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The one-pot stereoselective synthesis of (S)-flavanones from 2’-
hydroxyacetophenone and substituted aromatic aldehydes was
obtained by a double-face promiscuous chemo-enzymatic
cascade of porcine pancreas and Mucor javanicus lipases. The
reaction pathway comprises: A) cross-aldol condensation cata-
lysed by porcine pancreas lipase to yield chalcone intermedi-
ates; B) unprecedented intramolecular oxa-Michael addition of
chalcone intermediates to (S)-flavanones. Mucor javanicus lipase
was the most effective enzyme in step B. Imidazole and 2-
methylimidazole were studied as additive in order to improve
the efficacy of the overall transformation. The sustainability of

the chemo-enzymatic cascade was increased by immobilization
of lipases on cross-linked hydroxy-methylated kraft lignin nano-
particles, by use of concanavalin A. Immobilization conferred
considerable stability and reusability at the system for 4 runs.
Noteworthy, the reaction mixture was significantly enriched in
(S)-flavanones under both homogeneous and heterogeneous
conditions. Computational studies encompassing docking and
molecular dynamic analyses showed the role played by evolu-
tionary conserved oxyanion holes and catalytic triad of Mucor
javanicus lipase in the stereocontrol of the intra-molecular oxa-
Michael addition.

1. Introduction

Enzyme promiscuity unveils the remarkable capacity of
enzymes to catalyse non-natural reactions, exhibiting unex-
pected activities. This interesting behaviour shed light on novel
catalytic properties, improving the role of enzymes in green
and sustainable chemical and pharmaceutical transformations.[1]

Among promiscuous enzymes, lipases play a pivotal role
due to their availability, high stability, and broad range of
substrate and high stereo-, chemo- and regioselectivity.[2] In this
framework, aldolase activity in the formation of C� C bond has
been reported.[3] Examples of application of lipase from porcine
pancreas (PPL) in cross-aldol condensations, and their efficacy
in the transformation of aromatic aldehydes and aliphatic
ketones are discussed in detail, aromatic ketones showing
usually low reactivity.[4,5] In this latter case, the chalcone was
obtained in low yield.[5] Imidazole derivatives and others N-
heterocycles are useful additives in order to improve the
promiscuous activity of lipases in organic solvents.[6] They are
characterized by nucleophilic properties and general acidic and

basic catalysis, able to trigger the chemical transformation at
the active site of the enzyme.[7] In addition, the electron-rich
character of imidazole enables hydrogen bond networks and π–
π interactions with amino acids involved in the recognition site
of the enzyme.[8]

Flavanones are secondary metabolites with anti-inflamma-
tory, antioxidant, antifibrotic, neuroprotective, antibacterial, and
anticancer properties.[9] They are produced in the cell in the (S)-
enantiomeric pure form by intramolecular cyclization of the
corresponding chalcone under the control of chalcone isomer-
ase (CHI, EC 5.5.1.6).[10] The chemical synthesis of flavanones
usually requires harsh and tedious multistep procedures, often
associated to production of toxic wastes.[11] Bio-catalytic and
green pathways can in principle overcome this problem.
Despite this, the biotechnology preparation of flavanones is still
limited to the scaffold modification of pre-formed flavonoids by
yeast extracts.[12] Lipases have not hitherto used in the synthesis
of flavanones and no examples are reported in the oxa-Michael
addition. On the other hand, lipases can catalyse the formation
of C� C, C� S and C� N bonds by inter-molecular Michael
addition.[13] In these latter case, the Ser-His-Asp triad and the
oxyanion hole of the active site of the enzyme collaborate for
the activation of the Michael acceptor, facilitating the correct
orientation of the nucleophile.[13a,14] Among lipases, Mucor
javanicus lipase (MJL) is a low cost enzyme applied in different
Michael additions in organic solvents, such as the reaction of
pyrimidine and disaccharide acrylates, and of 4-hydroxycoumar-
in with α,β-unsaturated enones.[15] In addition, MJL showed
higher activity than lipase from Candida antarctica and PPL in
aza-Markovnikov transformation.[16]

We describe here the unprecedented and stereoselective
one-pot synthesis of (S)-flavanones from aromatic ketones and
substituted aldehydes by a double-face promiscuous chemo-
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enzymatic cascade reaction involving PPL and MJL. In this
transformation, MJL catalysed the oxa-Michael addition step.
The reaction was performed in iso-octane and dimethyl
sulfoxide (DMSO) in the presence of little amounts of distilled
water required for the hydration shell of the enzymes.[6b,17]

Imidazole derivatives triggered the first step of cross-aldol
condensation selectively controlled by PPL.[5] PPL and MJL were
mimic of less available and expensive chalcone isomerases.

The sustainability of the chemo-enzymatic cascade was
improved by immobilization of PPL and MJL on cross-linked
hydroxy-methylated kraft lignin nanoparticles.[18] They increased
the performance and stability of lipases, favouring the recovery
of the catalytic system and the application for more runs.[19]

Overall, the transformation showed excellent atom economy
and chemo- and stereoselectivity.

2. Results and Discussion

The one-pot synthesis of flavanones involved the two following
steps: (1) formation of chalcones from acetophenone deriva-
tives and substituted aromatic aldehydes by cross-aldol con-
densation (step A); and (2) intramolecular oxa-Michael addition
of chalcones to flavanones (step B). Step A and B were studied
alone to optimize the overall transformation.

2.1. Cross-Aldol Condensation (Step A)

The reaction of acetophenone 1 and benzaldehyde 3a with PPL
was studied as a representative example for the synthesis of
chalcones. The reaction was performed by addition of PPL
(150 mg, 4 KU)[5] and imidazole (ImH1; 1.06 mmol), or in
alternative, 2-methylimidazole (ImH2; 1.06 mmol), to equimolar
ratio of 1 (1.4 mmol) and 3a (1.4 mmol) in iso-octane (15.0 mL)
at 50 °C for 48 h under argon atmosphere, in order to avoid the
auto-oxidation of 3a.[6b,20] In accordance with previous studies, a
large number of PPL units was required to improve the
promiscuous activity of the enzyme.[4,5] As a consequence, a
large amount of ImH1 and ImH2 was necessary. The efficacy of
the reaction was not improved in the presence of higher
amount of imidazole. Chalcone 4a was recovered in 25% and
50% yield, respectively, besides to unreacted substrates, the
highest yield being obtained in the presence of ImH2 (Table 1,
entry 2 versus entry 1). Probably, the high electron-rich charac-
ter and basicity of ImH2 favoured the aldolase reactivity of
PPL.[21] This hypothesis is in accordance with the high catalytic
activity in aldol condensation showed by ImH2 when em-
bedded into metal-organic (MOF) architectures.[22] Chalcone 4a
was not obtained in the absence of imidazole derivatives or, in
alternative, in the absence of the enzyme (Table 1, entries 3 and
4). Note that the reaction performed in air afforded benzoic
acid (not showed) as the only recovered product.[20] No
reactivity was observed with Mucor javanicus lipase (MJL),
suggesting the specialized promiscuous aldolase activity of
PPL.[5] The different behaviour of PPL and MJL was not deeply
investigated. The low degree of sequence homology of Ser-His-

Asp triad in mammalian PPL and microbial MJL may be
responsible for the observed results.[13a,23] The scope of the
reaction was extended to benzaldehyde derivatives bearing
electron withdrawing substituents, p-fluorobenzaldehyde 3b, p-
chlorobenzaldehyde 3c, and p-bromobenzaldehyde 3d. The
selection of electron withdrawing substituents was due to well-
known effect of these substituents in the activation of the
aromatic aldehyde acceptor during aldol condensations cata-
lyzed by PPL.[4a] Chalcones 4b--d were recovered in high yield
(Table 1, entries 5–7). The order of reactivity (3b>3c>3d) was
in accordance with data previously reported.[24] The procedure
was operative also in the case of 2’-hydroxyacetophenone 2 to
synthesize 2’-hydroxychalcone derivatives for the intramolecular
oxa-Michael addition. The reaction of 2 with 3a--d afforded
chalcones 5a–d in acceptable yields (Table 1, entries 8–11). In
this latter case, the effect of the halogen substituent was not
significant in accordance with data previously reported.[24]

Structural data of chalcones 4a–d and 5a--d are reported in SI
1.

2.2. Intramolecular Oxa-Michael Addition (Step B)

No records are available for the promiscuous activity of lipases
in the oxa-Michael addition. For this reason, we decided to test
the efficacy of both PPL and MJL in the cyclization of 5a to

Table 1. Synthesis of chalcones 4a–d and 5a--d by cross-aldol condensa-
tion of benzaldehyde derivatives and aromatic ketones in the presence of
PPL and imidazoles.

Entry Ketone Aldehyde ImH Product Yield (%)[a]

1 1 3a ImH1 4a 25

2 1 3a ImH2 4a 50

3 1 3a / / /

4 1 3a ImH2[b] / /

5 1 3b ImH2 4b 65

6 1 3c ImH2 4c 62

7 1 3d ImH2 4d 58

8 2 3a ImH2 5a 52

9 2 3b ImH2 5b 55

10 2 3c ImH2 5c 53

11 2 3d ImH2 5d 52

[a] Yield was evaluated on the basis of the amount (mmol) of product
recovered from the reaction mixture after purification with respect to
starting material. [b] No reaction was observed in the absence of lipase.
ImH1: imidazole. ImH2: 2-methylimidazole.
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flavanone 6a. Compound 5a (0.7 mmol) in DMSO (9.0 mL) was
treated with the appropriate lipase (PPL and MJL, 2.0 KU) at
50 °C for 48 h under gentle magnetic stirring in the presence of
low amount of deionized water (1.0 mL) for the hydration shell
of the enzyme.[17,18] DMSO was selected due to the efficacy in
the oxa-Michael addition of aromatic aldehydes and aliphatic
ketones in the presence α-amylases.[17] Flavanone 6a was
recovered from acceptable to high yield, MJL showing the
highest activity (Table 2, entries 1 and 2). Note that MJL was
unreactive in cross-aldol condensation step. The procedure was
extended to chalcones 5b--d in the presence of more reactive
MJL to afford flavanones 6b–d in yield of the same order of
magnitude than traditional chemical procedures (Table 2,
entries 3–5).[25] The synthesis of flavanone 6a (as a selected
case) was also effective under argon atmosphere (Table 2,
entry 6), confirming the possibility for step A and step B to
occur contemporary in the final enzymatic cascade. Structural
data of flavanones 6a--d are reported in SI 2. The enantiomeric
excess (ee) of compounds 6a–d was determined by chiral HPLC
analysis as reported in SI 3. The stereochemical behaviour of
the reaction is discussed next.

2.3. Synthesis of Flavanones by Homogeneous Chemo-
Enzymatic Cascade of PPL and MJL

We evaluated the efficacy of the PPL/MJL chemo-enzymatic
cascade in the condensation between 2’-hydroxyacetophenone
2 and benzaldehyde 3a. Briefly, compounds 2 and 3a
(equimolar ratio; 1.4 mmol) and ImH2 (1.1 mmol) in iso-octane
(15.0 mL) and DMSO/deionized water (10 mL; ratio DMSO:H2O=

9 :1) were treated with PPL (4.0 KU) and MJL (2.0 KU) at 50 °C for
48 h under argon atmosphere. The ratio of lipases was selected

on the basis of optimal experimental conditions previously
determined for step A and step B, respectively, and on the basis
of previous studies.[4,5] Flavanone 6a was obtained in 35% total
yield, besides low amount of 5a and unreacted substrates
(Table 3, entry 2). The reaction repeated under similar exper-
imental conditions in the presence of PPL alone (6.0 KU)
afforded 5a in high amount (Table 3, entry 1), confirming the
key role of MJL in the intramolecular oxa-Michael addition step.
Benzaldehydes 3b--d were successively used as Michael accept-
or to afford flavanones 6b–d in yield ranging from 35% to
38%, respectively, besides low amount of 5b--d and unreacted
substrate (Table 3, entries 3–5). No specific effect from halogen
substituent was observed.[26] Noteworthy, 6a–d were obtained
as prevailing (S)-enantiomers (SI 3; original chromatograms
from Figures S1 to S4). The stereochemical behaviour of the
reaction is discussed next.

2.4. Preparation of Heterogeneous Chemo-Enzymatic Cascade
of PPL and MJL

We addressed the problem of enzymatic cascade stability and
recycling. The efficacy of lignin nanoparticles (LNPs) in the
immobilization of lipases is reported.[19a–d,31] In these latter cases,
concanavalin A (Con A) was applied as a specific glycoprotein
orienting agent, able to favour the tunnelling effect between

Table 2. Synthesis of flavanones 6a–d from chalcones 5a–d in the
presence of PPL or MJL.

Entry Substrate Enzyme Product Yield (%)[a] ee (%)[b]

1 5a PPL 6a 37 /

2 5a MJL 6a 70 64

3 5b MJL 6b 69 74

4 5c MJL 6c 68 72

5 5d MJL 6d 67 65

6 5a MJL 6a 70 65

[a] Yield was evaluated on the basis of the amount (mmol) of product
recovered from the reaction mixture after purification procedure with
respect to starting material. [b] Enantiomeric excess (ee) was determined
by HPLC analysis on a Chiralpak OD-H column.

Table 3. One-pot synthesis of flavanones 6a–d from 2’-hydroxyacetophe-
none 2 and benzaldehyde derivatives 3a–d by chemo-enzymatic cascade
of PPL and MJL under homogeneous conditions.

Entry Aldehyde Enzyme Product(s)[a] Yield
(%)[b]

ee
(%)[c]

1 3a PPL 6a (5a) 14(28) /

2 3a PPL/
MJL

6a[d] (5a) 35(5) 64

3 3b PPL/
MJL

6b[e] (5b) 38(4) 75

4 3c PPL/
MJL

6c[f] (5c) 36(5) 72

5 3d PPL/
MJL

6d[g] (5d) 35(3) 66

[a] Brackets are referred to side-product. [b] Yield was evaluated on the
basis of the amount (mmol) of product recovered from the reaction
mixture after purification procedure with respect to starting material. [c]
Enantiomeric excess (ee) was determined by HPLC analysis on a Chiralpak
OD-H column. [d] a½ �20D = � 42° (c 0.5, CHCl3) [lit. a½ �20D = � 62° (c 0.5, CHCl3)]
Reference [27]. [e] a½ �10D = � 139.4° (c 0.1, CHCl3) [lit. a½ �10D = � 168° (c 0.1,
CHCl3)], Reference [28]. [f] a½ �25D = � 38.3° (c 2.51, CHCl3) [lit. a½ �25D = � 43.7°
(c 2.51, CHCl3)] Reference [29]. [g] a½ �24D = � 39° (c 0.26, EtOH) [lit. a½ �24D =

� 47.8° (c 0.26, EtOH)] Reference [30].
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the active sites of adjacent enzymes.[19d,32] Examples of the
beneficial effect of Con A in the control of proximity and
orientation during immobilization of enzymes are reported, and
the role of the glycoprotein recognition site in the
supramolecular interaction was discussed in detail.[32] In addi-
tion, hydroxyl-methylation and cross-linking procedures im-
prove the stabilization of LNPs in organic solvents.[18] Hydroxyl-
methylated kraft lignin (HKL) was prepared[18b] and character-
ized in the phenolic sub-units’ content by quantitative 31P NMR
analyses (SI 4, Table S1).[33] HKL nanoparticles (HKLNPs) were
obtained by nanoprecipitation and thermal cross-linking (SI 5).
Their morphological characterization, hydrodynamic diameter,
poly-dispersion index and ζ- potential, are in SI 5 (Figure S10
and Table S2).[18] The hydrodynamic diameter distribution of
HKLNPs was of the same order of amplitude than other lignin
nanoparticles prepared in a similar way.[18] Catalyst I was
obtained by immobilization of PPL (4 KU) and MJL (2 KU) on
HKLNPs in the presence of Con A as a molecular spacer. Briefly,
Con A (30 mg) in PBS (15 mL) was deposited on HKLNPs
(60 mg) in PBS (15 mL) under gentle sonication for 5 min at
room temperature to afford HKLNPs/Con A intermediate
(Scheme 1). Next, PPL (4 KU) and MJL (2 KU) in PBS (30 mL)
were added to HKLNPs/Con A intermediate in PBS, and the
mixture was stirred at 4 °C for 24 h.[19a–b,d] The suspension was
centrifuged and washed two times with PBS to afford Catalyst I
in 98% yield. A schematic representation of Catalyst I in which
Con A contemporary supports MJL and PPL is reported in
Scheme 1 as a working hypothesis. Confocal analysis of Catalyst
I in the presence of labelled PPL (FITC-PPL, green) and MJL
(Rhodamine B-MJL, red) (Figure S11) showed that lipases <are
localized in proximity (experimental details for the labelling
procedure are in SI 6).

Field emission scanning electron microscopy (FE-SEM)
showed nanoparticles with regular spherical shape character-
ized by the typical corona-like structural motif associated to
Con A (Figure 1, panel A).[19d,32d] Dynamic light scattering (DLS)
analysis is reported in Figure 1 (panel B) in comparison with
HKLNPs (Figure S10, Panel B). Catalyst I showed an average

diameter of 283 nm higher than HKLNPs (107 nm). Note that,
the average diameter of Catalyst I increased of c.a. 170 nm with
respect to starting nanoparticle (Figure S10) after the deposition
of Con A, PPL and MJL. This result was in accordance with
previous data.[32d] The ζ- potential value of Catalyst I was
� 6.02 mV, similar to that of HKLNPs (� 10.15 mV).

The immobilization parameters of Catalyst I were evaluated
as reported in Equations (1) and (2).

Immobilization yields ð%Þ ¼ ½ðUa –UrÞ=Ua�x100 (1)

Activity ðunits=mgÞ ¼ Ux=mgsupport (2)

Where Ux are the units of immobilized enzyme, Ua are the
total units of the enzyme added to the solution, and Ur are the
residual units of the enzyme in the washing solution.

The activity parameters were measured by the standard
para-nitrophenol assay.[34] In a typical experiment, Catalyst I
(1.5 mg/mL in PBS) was added to p-nitrophenyl laurate (20 mM)
in Tris-HCl at 25 °C. The international unit of lipase activity was
defined as the amount of enzyme necessary to hydrolyse
1.0 μmol of p-NPL in 1 min at 25 °C and optimal pH. Immobiliza-
tion yield of lipases was 98%, while the overall activity of
Catalyst I was 94 U/mg. Note that, PPL and MJL were
immobilized in the optimal 2 : 1 ratio, in accordance with the
relative amount of the two enzymes applied under homoge-
neous conditions.

2.5. Synthesis of Flavanones by Heterogeneous Chemo-
Enzymatic Cascade of PPL and MJL

Compounds 2 (1.4 mmol) and 3a–d (1.4 mmol) and ImH2
(1.1 mmol) were treated with Catalyst I (64 mg, 6 KU) at 50 °C
for 48 h in the biphasic system iso-octane (15.0 mL) and DMSO/
deionized water (10 mL) under argon atmosphere. Under these
experimental conditions, flavanones 6a–d were isolated from
acceptable to high yield (Table 4, entries 1–4) besides unreacted
substrates and traces of 5a–d. Catalysts I was more active than
the homogeneous mixture of native lipases (Table 4 versus
Table 3), probably due to the occurrence of stability and
tunnelling effect in the enzymatic cascade.[35] The reactivity of
Catalyst I was retained for at least 4 runs in the case of 6a
(Table 4, entries 5–8), confirming the reusability of the enzy-
matic cascade for more transformations. Again, the reaction
was stereoselective, and flavanones 6a--d were isolated as (S)-
enantiomers in enantiomeric excess higher than that previously
observed for homogeneous conditions (Table 4) (SI 3; original
chromatograms from Figures S5 to S8). Note that ee was
retained during recycling of Catalyst I.

2.6. Stereochemical Behaviour and Computational Analysis

Flavanones 6a--d were isolated under homogeneous conditions
as (S)-enantiomer with 64%–75% ee (Table 3, entries 2–5). This
trend was in accordance with the selectivity pattern of chalcone

Scheme 1. Preparation of Catalyst I. Con A was used as a molecular spacer.

Figure 1. Panel A: FE-SEM images of Catalyst I. Panel B: DLS size analysis.
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isomerases in the cyclization of chalcone to flavanone, and with
previously results reported for the intermolecular Michael
addition of cyclohexanone and acetyl-acetone.[10b,d,13b] No data
are available for the stereochemistry of the intramolecular oxa-
Michael addition in the presence of lipases. The possibility that
ImH2 could act as base to promote racemization process was
ruled out by the fact that similar ee values were obtained in the
synthesis of 6a–d in the presence (Table 3) or absence (Table 2)
of imidazole derivatives. Accordingly, 6a suspended in DMSO/
H20 at 50 °C for 48h in the presence of ImH2 retained the
original ee value.

The reaction pathway for the synthesis of 6a is schemati-
cally described in Scheme 2 as an adaptation of the hypothesis
previously reported for the aza-Michael addition catalysed by
lipase B from Candida antarctica.[14] It involves the coordination
of 5a with the oxyanion hole of the enzyme (Thr and Gln),
followed by nucleophilic activation of the 2’-hydroxy group by
Ser-His-Asp triad and successive intramolecular oxa-Michael
addition.[14] Note that, the oxyanion hole and the Ser-His-Asp
triad are highly conserved amino acid residues in the lipase
family.[36]

Computational studies were performed in order to ration-
alize the observed (S)-stereochemistry. Since crystallographic
data of MJL are not available, the tertiary structure of the
enzyme was predicted by combining four molecular modelling
programs, namely Modeller, AlphaFold2, RoseTTAFold, and I-
TASSER.[22,37–40] In addition, PROCHECK, ERRAT, and VERIFY-3D,

were used to validate the predicted structures.[41–43] The detailed
description of the simulation process is reported in SI 7. Among
the tested programs, RoseTTAFold furnished the best 3-dimen-
sional structure model, 2.R, as further confirmed by ProSA-web
and QMEANBrane server (Table S3).[44,45] The predicted structure
falls perfectly within the mean for proteins with a similar
number of residues (ProSA-web), showing no critical regions
(Figure S12, Panel B). To confirm the accuracy of model 2.R, the
stability of the structure was successively analysed in water by a
long molecular dynamics’ simulation (1 μs; GROMACS software,
SI 8).[46] The root mean square deviation (RMSD) of the alpha-
carbon atoms from the initial conformation of the protein was
considered. The protein deviates from the initial structure for
the first 220 ns, then undergoes a sudden drop for another
50 ns, until reaching a plateau at 280 ns (RMSD, 0.75�0.09 nm).
The initial structural drift left to a potential energy minimum for
the remainder of the simulation (Figure S13, Panel A). The
average value of Solvent Accessible Surface Area (SASA) was
202�6 nm2 (Figure S13, Panel B), and it was constant during
the simulation, suggesting that the variation of RMSD in the
structural settling phase was probably due to the reorganiza-
tion of intra-chain molecular interactions in the non-surface-
exposed region. The radius of gyration (Rg) was also inves-
tigated (Rg was 2.136�0.020 nm), indicating strong structural
stability (Figure S13, Panel C). The region comprising residues
32–55 (red) showed the highest RMSF peak corresponding to
the LID domain of MJL, which is a regulatory domain for the
catalytic site.[2b] Residues 76–79 and 98–108 (yellow) showed
greater flexibility compared to the rest of the protein, while the
region comprising residues 80–97 (lilac) was composed by α-

Table 4. Multienzymatic cascade for the one-pot synthesis of flavanones
6a--d under heterogeneous conditions.

Entry Aldehyde Product Yield (%)[a] ee (%)[b]

1 3a 6a[c] 42 84

2 3b 6b[d] 45 92

3 3c 6c[e] 44 89

4 3d 6d[f] 42 87

5 3a 6a 40 (Run n.1) 84

6 3a 6a 38 (Run n.2) 83

7 3a 6a 37 (Run n.3) 83

8 3a 6a 34 (Run n.4) 84

[a] Yield was evaluated on the basis of the amount (mmol) of product
recovered from the reaction mixture after purification procedure with
respect to starting material. [b] Enantiomeric excess (ee) was determined
by HPLC analysis on a Chiralpak OD-H column. [c] a½ �20D = � 56.7° (c 0.5,
CHCl3) [lit. a½ �20D = � 62° (c 0.5, CHCl3)] Reference [27]. [d] a½ �10D = � 162.6° (c
0.1, CHCl3) [lit. a½ �10D = � 168° (c 0.1, CHCl3)], Reference [28]. [e] a½ �25D = � 47°
(c 2.51, CHCl3) [lit. a½ �25D = � 43.7° (c 2.51, CHCl3)] Reference [29]. [f] a½ �24D =

� 52.3° (c 0.26, EtOH) [lit. a½ �24D = � 47.8° (c 0.26, EtOH)] Reference [30].

Scheme 2. Proposed mechanism for lipase mediated oxa-Michael addition.
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helix and showed no marked flexibility. Residues 123–131 form
a loop (magenta) connecting the α-helix of the previously
described domain to the “Rossmann fold” architecture (Fig-
ure 2).

Next, we performed the molecular docking of 5a in the
predicted catalytic site of the enzyme. CASTp software was
used in order to identify the binding pocket and the amino
acids involved in the coordination.[47] Ser188, Asp189, Thr190,
Thr210, Ser216, Asp219, Gln221, Asp223, His236, Ser242, His271,
and Gln277 were identified in the enzyme-substrate interaction.
The exploration of the stereochemistry was performed by
docking software Autodock Vina.[48] 200 molecular docking
simulations were calculated by comparison of 5a in the optimal

conformation for the S-ring closure with the corresponding R-
ring closure counterpart (Figure 3). The docking data (best
poses) were obtained by PLIP software (SI 9).[49] As reported in
Table S4, 5a formed only one hydrogen bond with Gln277
(3.176�0.018 Å) in all trials (N.100) analysed for the R-ring
closure (Figure 3, Panel B), probably due to the steric hindrance
of the aromatic moiety with the bulky of the enzyme,
maintaining high mobility within the catalytic pocket. In
contrast, 5a formed two hydrogen bonds with Gln277 (2.808�
0.004 Å) and Ser216 (3.27�0.17 Å) in 21% of the trials when
arranged for the S-ring closure (Figure 3, Panel A). Note that,
Thr residue was not involved in the coordination of the
carbonyl moiety of chalcone. This pattern was different from
that previously hypothesized for lipase from Candida
antarctica[14b]. The Gibbs free energy of 5a was calculated by
steered molecular dynamics (SMD) analyses with umbrella
sampling, exploiting the relationships between ~G and the
work done to force the system along a path from A to B (WAB)
by the following equation:

DGAB ¼ � kBT logðe
� bWABÞ (3)

Where angle brackets indicate the average over a canonical
ensemble of the initial state A, and β=1/kBT.[50] Details of SMD
are in SI 10. In addition, CAVER 3.0 software (PyMOL) was used
to find the most suitable direction of the harmonic oscillator
(Figure S14, Panel A).[51] From each simulation, the potential
mean force (PMF) was extracted by the Weighted Histogram
Analysis Method (WHAM) included in GROMACS (Figure S14,
Panel B). The obtained Gibbs free energy values for ligand
insertion were � 4.19�1.15 kcal/mol for 5a in the conformation
for the S-ring closure, and � 3.35�0.97 kcal/mol in the R-ring
closure counterpart. Overall, computational analysis confirmed
the prevalence of the ring-closure of 5a to yield (S)-flavanone.

Figure 2. Figure highlighting the various regions showing greater fluctuation
in the RMSF: residues 32–55 in red, LID domain; residues 76–79 and 98–108
in yellow; residues 80–97 in light blue, α-helix; residues 123–131 in magenta,
loop connecting the α-helix to the Rossmann fold.

Figure 3. Panel A: Interactions of 5a with the active site of MJL in the optimal conformation for the S-ring closure. Hydrophobic interactions are represented
by dashed grey lines and hydrogen bonds by yellow lines. Panel B: Interactions of 5a with the active site of MJL in the optimal conformation for the R-ring
closure.
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Noteworthy, the stereoselectivity of the reaction was
improved in the presence of Catalyst I, in which case
flavanones 6a–d were isolated as (S)-enantiomer with 84%–
92% ee (Table 4, entries 1–4).

3. Conclusions

We demonstrated that PPL and MJL work as a double-face
promiscuous chemo-enzymatic cascade for the one-pot syn-
thesis of (S)-flavanones from aromatic ketones and aromatic
aldehydes. PPL selectively mediated the cross-aldol condensa-
tion, while MJL was the most effective enzyme in the intra-
molecular oxa-Michael addition. The scope of the reaction was
extended from homogeneous to heterogeneous conditions by
immobilization of lipases on hydroxyl-methylated and cross-
linked lignin nanoparticles resistant to organic solvent, in the
presence of Concanavalin A as a proximity orienting spacer. The
yield of flavanones was higher under heterogeneous conditions
than homogeneous counterpart, confirming the beneficial role
of the immobilization procedure. Noteworthy, (S)-flavanones
were obtained as the prevailing stereoisomers. This stereo-
selectivity was in accordance with the reaction pattern of
chalcone isomerases.[10] The computational analysis, performed
after modelling the MJL active site involved in the stereo-
selective intramolecular oxa-Michael addition, showed the key
role played by highly conserved oxyanion hole and Ser-His-Asp
triad in the stabilization of the chalcone intermediate for the S-
ring closure. The enantiomeric excess of (S)-flavanones in-
creased after immobilization of the enzymatic cascade. Even if
computational analyses were not performed in this latter case,
examples of increased stereoselectivity of lipases after immobi-
lization procedure are reported, due to beneficial modification
of the enzyme shape and features at the active site.[52] Lipase
from porcine pancreas immobilized on commercial DEAE-
Sepharose displayed enantioselectivity higher than the free
enzyme in the resolution of glycidyl butyrate,[53] and lipase from
Candida rugose and from Candida antarctica improved their
enantioselectivity after immobilization on aminated supports.[54]

Overall, the use of commercially available and low cost lipases
instead of chalcone isomerases, the high atom economy
associated to the enzymatic cascade and the limitation of
tedious purification steps and chemical reagents, associated to
the high stereoselectivity and recoverability of the heteroge-
neous biocatalyst, highlighted PPL and MJL enzymatic cascade
as a green alternative to conventional procedures for the one-
pot synthesis of (S)-flavanones.

Experimental Section

Material and Methods

Acetophenone, benzaldehyde, imidazole, 2-methyl-imidazole, p-
fluorobenzaldehyde, p-chlorobenzaldehyde, p-bromobenzaldehyde,
2’-hydroxyacetophenone, lipase from porcine pancreas (PPL 30 U/
mg), lipase M from Mucor javanicus (MJL, 300 U/mg), concanavalin
A (Con A) type IV from Canavalia ensiformis (Jack bean), 4-

nitrophenyl palmitate and formaldehyde, were purchased from
Sigma-Aldrich. Kraft lignin was purchased from Stora Enso. Organic
solvents were purchased from Sigma-Aldrich and were used with-
out further purification. Sodium phosphate buffer (PBS 0.1 M, pH 7)
was prepared by using MilliQ water. Spectrophotometric analysis
was performed with Cary 60 UV-Vis spectrophotometer equipped
with a single cell peltier thermostated holder. Chemical reactions
were monitored by using thin layer chromatography on pre-coated
aluminium silica gel Merck 60 F254 plates and UV lamp (λmax=
254 nm) for visualization. 1H NMR and 13C NMR spectra were
recorded on a Bruker (400 MHz) spectrometer using CDCl3.
Chemical shifts (δ) are expressed in parts per million (ppm).
Coupling constants J are expressed in hertz (Hz). Spin multiplicities
are given as s (singlet), d (doublet), dd (doublet of doublets), and m
(multiplet). MS data were obtained by using LC/MS Agilent 1100
LC–MSD VL system (G1946 C) interfaced with an ESI source (spray
voltage of 4.5 kV and nitrogen as sheath gas). HPLC measurements
were performed using an Ultimate 3000 Rapid Resolution UHPLC
system (ThermoFisher scientific) equipped with a Daicel Chiralpak
OD� H column and a multiwavelength detector. Optical rotations
were measured by Anton Paar MCP 4100 Polarimeter at λ=589 nm.

Cross-Aldol Condensation (Step A)-General Procedure

The reactions were performed with ketones 1–2 (1.4 mmol) and
aldehydes 3a–d (1.4 mmol) in iso-octane (15.0 mL) in the presence
of PPL (150 mg, 4 KU) and 2-methyl-imidazole (ImH2; 1.06 mmol), at
50 °C for 48 h under argon atmosphere.[5,6b,20] The reactions were
monitored by thin layer chromatography (TLC, n-hexane/EtOAc=

9.0 :1.0) developed with phosphomolybdic acid. At the end, the
reactions were diluted with deionized water to remove the
suspended solid enzyme and ImH2. The organic layer was
separated, washed with deionized water, and carefully evaporated
under reduced pressure. The crude was dissolved in MeOH (2 mL)
and kept at 4 °C overnight. The chalcones were isolated as crystals
after filtration, washed carefully with ice water and cold MeOH to
neutral reaction, and further purified by crystallization.[55] The
original 1H NMR and 13C NMR spectra of chalcones are in SI 1.

Intramolecular Oxa-Michael Addition (Step B)-General
Procedure

The reactions were performed with chalcones 5a–d (0.7 mmol) in
DMSO (9.0 mL) and deionized water (1.0 mL) in the presence of MJL
(2.0 KU) at 50 °C for 48 h under gentle magnetic stirring.[17,18] The
reactions were monitored by thin layer chromatography (TLC, n-
hexane/EtOAc=9.0 : 1.0). At the end, the organic phase was
separated, and the organic solvent was evaporated under reduced
pressure. The resulting flavanones were purified by flash chroma-
tography. The original 1H NMR and 13C NMR spectra of flavanones
are in SI 2.

Synthesis of flavanones by homogeneous chemo-enzymatic cas-
cade of PPL and MJL-General procedure. The reactions were
performed with ketone 2 (1.4 mmol) and aldehydes 3a–d
(1.4 mmol) and ImH2 (1.1 mmol) in iso-octane (15.0 mL) and DMSO/
deionized water (10 mL; ratio DMSO: H2O=9 :1), by addition of PPL
(4.0 KU) and MJL (2.0 KU). The reaction was stirred at 50 °C for 48 h
under argon atmosphere.[5,6b,17–18,20] At the end, the organic phase
was separated, and the organic solvent was evaporated under
reduced pressure. The resulting flavanones were purified by flash
chromatography. The original 1H NMR and 13C NMR spectra of
flavanones are in SI 2.
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Preparation of Catalyst I-General Procedure

For the preparation of Catalysts I, 15 mL of Con A solution (2.0 mg/
mL) in PBS (0.1 M, pH 7.0) were added to 15 mL of HKLNPs (4.0 mg/
mL) in PBS (0.1 M, pH 7.0) under gentle sonication conditions for
5 min at room temperature to afford HKLNPs/Con A intermediate.
Next, PPL (4 KU) and MJL (2 KU) dissolved in PBS (30 mL, 0.1 M,
pH 7.0) were added to HKLNPs/Con A intermediate, and the mixture
was stirred at 4 °C in orbital shaking for 24 h.[19a–b,d] The suspension
was centrifuged (14339 RCF, 4 °C for 10 min) and washed two times
with PBS (0.1 M, pH 7.0) to afford Catalyst I in 98% yield.

Synthesis of Flavanones by Heterogeneous Chemo-Enzymatic
Cascade of PPL and MJL-General Procedure

The reactions were performed with ketone 2 (1.4 mmol) and
aldehydes 3a–d (1.4 mmol) and ImH2 (1.1 mmol) in iso-octane
(15.0 mL) and DMSO/deionized water (10 mL; ratio DMSO: H2O=

9 :1), by addition of Catalyst I (64 mg, 6 KU). The reaction was
stirred at 50 °C for 48 h under argon atmosphere.[5,6b,17–18,20] At the
end, the reaction was filtered to recover Catalyst I, the organic
phase was separated, and the organic solvent evaporated under
reduced pressure. The resulting flavanones were purified by flash
chromatography. The original 1H NMR and 13C NMR spectra of
flavanones are in SI 2.

Computational Analysis-General Procedure

Modeller 10.5, AlphaFold2, RoseTTAFold, and I-TASSER prediction
software tools were employed.[37–40] The quality of produced models
was evaluated by ERRAT, PROCHECK, and VERIFY-3D.[41–43] The
optimal model was further analysed with the following tools: (1):
ProSA-web to evaluate the free energy difference between MJL and
reference proteins with known 3D structures; and (2): QMEANBrane
to verify the water solubility and globular properties.[44,45] GROMACS
software (version 2023.3) was used with the “charmm36-jul2022”
force field, for molecular dynamics (MD) study and trajectory
analysis.[46,56] Chalcone topologies were generated with CharmGUI
software, which incorporates the Charm atomic definitions.[57] The
initial structures for MD simulation were based on predicted MJL
model in the presence of chalcone and optimized by molecular
docking. The systems were cantered within a simulation box and
solvated using the TIP3P water model.[58] A standard protocol for
the production of the molecular dynamics trajectory was used. The
energy minimization employed the steepest descent method,
setting a limit of 50,000 steps and terminating when forces
decreased to below 1000 kJ/mol/nm. An NVT equilibration phase
was applied, lasting 1 ns at a constant temperature of 300 K,
employing the V-rescale algorithm. Subsequently, NPT equilibration
phase of 2 ns was performed, utilizing the Parrinello-Rahman
pressure coupling with pressure set at 1 bar. The particle mesh
Ewald method was used to handle long-range electrostatic
interactions within the system. The solvated protein was then
subjected to 1 μs production MD simulation, using a time-step of
2 fs. All the MD simulations were performed on the Tier-0 Leonardo
Supercomputer of the Cineca Consortium (leonardo supercompu-
ter.cineca.eu/ffplus-innovation-in-industry).[59] The identification of
the binding pocket was performed using the software CASTp.[47]

Molecular docking was carried out using AutoDock Vina 1.1.2.[48]

The binding interactions were analyzed by the PLIP software.[49,60]

The calculation of the binding free energy was carried out through
steered molecular dynamics with umbrella sampling.[50] This proto-
col was implemented using the CAVER 3.0 plugin for PyMOL (The
PyMOL Molecular Graphics System, Version 2.5.4 Schrödinger, LLC)
and GROMACS with the gmx wham module.[51]

4. Supporting Information Summary

SI 1. 1H NMR and 13C NMR spectra of chalcones 4a--d and 5a–d.
SI 2. 1H NMR and 13C NMR spectra of compounds 6a–d. SI 3.
Chiral HPLC analysis of compounds 6a–d. SI 4. Preparation and
structural characterization of HKL. SI 5. Preparation and
structural characterization of HKLNPs. SI 6. Labelling procedure
and confocal analysis of Catalyst I. SI 7. 3D MJL Model. SI 8.
Stability of the 3D MJL Model. SI 9. Docking analysis. SI 10. SMD
analysis of Gibbs free energy. The authors have cited additional
references within the Supporting information (Ref. [61–67]).
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