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Introduction

Heterocyclic compounds have important applications in the
field of medicine, chemistry, materials science, etc.1–5 For
example,five- or six-membered heterocyclic compounds con-
taining nitrogen or oxygen are the skeleton structures ofmany
important clinical drugs (►Fig. 1). As we know, synthesis

protocols forheterocyclic compounds are traditionally focused
on ionic liquid-, nanoparticle-, or solid acid-catalyzed, and
ultrasonic radiation-promoted reactions, which are common-
ly accompanied by unfavorable reaction conditions, including
high temperature, employing catalysts being identified as
nonrecyclable, expensive or commercially unavailablemateri-
als, and inevitably using toxic or volatile organic solvents.
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Abstract Heterocyclic compounds are representative of a larger class of organic compounds, and
worthy of attention for many reasons, chief of which is the participation of heterocyclic
scaffolds in the skeleton structure of many drugs. Lipases are enzymes with catalytic
versatility, and play a key role in catalyzing the reaction of carbon–carbon bond
formation, allowing the production of different compounds. This article reviewed the
lipase-catalyzed aldol reaction, Knoevenagel reaction, Michael reaction, Mannich
reaction, etc., in the synthesis of several classes of heterocyclic compounds with
important physiological and pharmacological activities, and also prospected the
research focus in lipase-catalyzed chemistry transformations in the future.
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With the character of high efficiency, specificity, and
mildness, biocatalysis has been a hotspot in the field of green
synthetic chemistry. Biocatalysts lipases are the most com-
monly used enzymes in synthetic organic chemistry, and
favor the reaction with mild reaction conditions, as well as
require low amounts of coenzymes.6,7 This article reviews
the latest research in lipase-catalyzed synthesis of heterocy-
clic compounds, including five- and six-membered nitrogen-
containing and oxygen-containing heterocyclic compounds
or others synthesized in recent years, which may provide a
valuable reference for green synthesis of heterocyclic
compounds.

Lipase-Catalyzed Synthesis of Heterocyclic
Compounds

Synthesis of Five-Membered Heterocyclic Compounds

Synthesis of Five-Membered Heterocyclic Compounds
Containing Nitrogen
Pyrrole and its derivatives occurwidely in nature andpossess
bioactivity in medicine field, such as captopril (an angioten-
sin-converting enzyme inhibitor for hypertension therapy),8

atorvastatin (a hydroxymethylglutaryl coenzyme A reduc-
tase inhibitor for blood lipid regulation),9 and the anticancer
drug pyrotinib (an irreversible pan-ErbB inhibitor).10 In
addition to the medicine field, the application of pyrrole
compounds in materials science is also emerging, expanding
and deepening gradually.11

As we all know, the Paal–Knorr reaction represents an
effective and simple method to synthesize pyrrole. In 2013,
Zheng et al used enzymes to catalyze the Paal–Knorr reaction
for the preparation of pyrrole derivatives (►Scheme 1).12

They screened samples of commercially available enzymes
for their ability to catalyze the model reaction of the Paal–
Knorr reaction using 2,5-hexanedione and aniline as reac-
tion materials. They found that lipase led to moderate yields

(47 and 53% yields for Amano lipase M fromMucor javanicus
and Lipase AT30, respectively) when compared with those of
amylase and protease (60–99% yields).

Indole (benzopyrrole) is one of the important pyrrole
derivatives with various bioactive activities, including anti-
bacterial, anti-inflammatory, antitumor, antioxidation, and
hypoglycemic activity, and has been extensively studied in
the fields of medicine, materials science, food, fragrances,
dyes, etc.13,14 ►Fig. 2 lists some indole derivatives that are
clinically used as pharmaceuticals. In 2021, Li et al first
reported Candida rugosa lipase (CRL)-catalyzed reaction of
1,3-diketones with fumaronitrile to synthesize polycyano-
substituted indole with moderate to excellent yields
(►Scheme 2A).15 This report also suggested that steric hin-
drance of R1 and R2 decreased the total yield of the target
product. Encouragingly,when the substrate is an asymmetric
1,3-diketone, a higher regioselectivity and total yield of the
reaction were achieved when compared with a chemical
catalysis method. Unfortunately, in this reaction, R1 and R2

are limited to electron-donating alkyl groups, and the 1,3-
dione compound should not be a β-ketoester (for example,
diethyl malonate and methyl acetoacetate). This result sug-
gested that choosing CRL as a catalysis favored a higher
regioselectivity of the reaction, which made this enzymatic
method more attractive than the chemical method.16 A
plausible reaction mechanism for this process is depicted
in ►Scheme 2B: briefly, an enol anion is generated from
acetyl acetone 1 under the action of the Asp-His dyad and
stabilized by the oxyanion; the interaction between the enol

Fig. 1 Several skeleton structures of heterocyclic compounds that are
widely used in clinical setting.

Scheme 1 Enzyme-catalyzed Paal–Knorr reaction for the synthesis of
pyrrole compounds.

Fig. 2 Structures of indole natural products and pharmaceuticals.
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anion and the fumaronitrile 2 leads to the formation of
carbanion, followed by attacking the carbonyl group to
generate intermediate 4, which is converted into 1,5-dike-
tone enolate 5; then 5 undergoes protonation/deprotonation
process to produce intermediate 6; subsequently, 6 reacts
with another molecule of fumaronitrile via the Michael
addition, and then undergoes cyclization, protonation/
deprotonation, and aromatization to generate aniline inter-
mediates 7. The amino group in the structure of 7 attacks the
carbonyl group in themolecule under the activation of lipase
to form a five-membered heterocyclic intermediate 8; final-
ly, 8 undergoes dehydration and isomerization to produce
the target product, polycyano-substituted indole 3.

Xiang et al first suggested lipase-catalyzed the reaction
between aldehydes and indole to obtain bisindole.17 This

process was conducted in a solvent mixture [1,4-dioxane
containing 20% (v/v) water] at 50°C using porcine pancreas
Type II (PPL) as a catalyst. The yield was highly associated
with the electronic nature of aldehyde substituents: aromat-
ic aldehydes with electron-withdrawing substituents
showed higher reactivity than those with electron-donating
groups, and aliphatic aldehydes. Our research group has
improved this reaction by using the immobilized lipase
TLIM (derived from Thermomonas) to catalyze this reaction
in pure water. Excitingly, this method has a broad substrate
tolerance, including various aldehydes such as aromatic
aldehydes, heterocyclic aldehydes, and aliphatic aldehydes
substituted by various electron-withdrawing groups, elec-
tron-donating groups, and large steric hindrance groups. The
amount of enzyme (2mg/mL) is much lower than that of

Scheme 2 (A) Lipase-catalyzed synthesis of cyano-containing multisubstituted indoles, and (B) a plausible reaction mechanism.
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ordinary enzymatic reactions, and after repeated use, the
catalytic activity of enzymes is still good (►Scheme 3).18

Synthesis of Five-Membered Heterocyclic Compounds
Containing Oxygen
Furan compounds have been widely used in the field of
medicine. Currently, there are more than 10 furan drugs in
clinical application.19 In 2021, Liu et al presented a novel
synthesismethod of polyhydroxyalkyl furans, which is based
on the lipase-catalyzed Knoevenagel/oxo-Michael/Thorpe–
Ziegler cascade reaction in pure water.20 This method used
reducing sugars and malononitrile as substrates, selected
various lipases, such as lipase B from Candida antarctica
(CALB), Pseudomonas cepacia lipase (PSL), Novozym435
(immobilized CALB), PPL as well as CRL, as catalysts, and
acquiredmoderated to good yield (55–88%) (►Scheme 4A). It
is worth to notify that Novozym435 showed the highest
catalytic efficiency in comparison to other lipases. The
authors proposed the catalytic mechanism as follows: first,

the active methylene group in the malononitrile structure is
deprotonated by the lipase-catalyzed triad and the
oxygen anion hole; second, another substrate glucose and
deprotonated malononitrile undergo the Knoevenagel con-
densation reaction to produce intermediate 1; then, inter-
mediate 1 rapidly undergoes the lipase-catalyzed
oxo-Michael/Thorpe-Ziegler reaction to obtain intermediate
2; finally, polyhydroxyalkyl furan is generated by spontane-
ous aromatization and ring opening reaction of intermediate
2 (►Scheme 4B).

The five-membered lactone ring is a special furan deriva-
tive structure. In 2019, Xu and Hu used cascade lipase CALB-
catalyzed lactonization to achieve dynamic hemithioacetal
formation, leading to efficient synthesis of five-membered
lactone with chiral discrimination (►Scheme 5).21 Solvent-
dependent regioselectivity was observed for the selective
formation of 1,3-oxathiolan-5-one in weakly polar solvents,
and γ-butyrolactone in the polar tetrahydrofuran (THF)
solvent. Gutman et al realized that PPL could catalyze
intramolecular transesterification of γ-hydroxy esters in
the organic phase to obtain optically active γ-butyrolactones
(►Scheme 6).22Organic solvents with strong hydrophobicity
are beneficial to the reaction. The initial reaction rate in n-
hexane is two to four times those of solvents, such as ether,
THF, and chloroform, yet, the reaction cannot proceed in an
aqueous system. The study also suggested that the
initial reaction rate of the γ-position of the substrate

Scheme 4 (A) Lipase-catalyzed synthesis of polyhydroxyalkyl furans, and (B) a plausible reaction mechanism.20

Scheme 3 Lipase-catalyzed synthesis of bis(indolyl)methanes.

Scheme 5 Lipase-catalyzed synthesis of five-membered lactones.
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substituted by an alkyl group is about one order of magni-
tude faster than that substituted by an aryl group, and
the configuration is just the opposite (the configuration of
the alkyl-substituted lactone product is S, and the aryl-
substituted the lactone product’s configuration is R). More-
over, both the initial reaction rate and stereospecificity are
significantly reducedwhen the substrate has a substituent at
the α-position.

Synthesis of Six-Membered Heterocyclic Compounds

Synthesis of Six-Membered Heterocyclic Compounds
Containing Nitrogen
Pyridine and its derivatives have a wide range of applica-
tions. They can be used as denaturants, dye assistants,
photosensitizers, color developers, etc. Some of them are
important components of vitamins, enzymes, and coen-
zymes.23 Imidazo[1,2-a]pyridine is a valuable framework
found in several nitrogen-containing heterocycles, and sev-
eral drugs containing a pyridine core have been commercial-
ized, such as zolpidem (a hypnotic drug), alpidem (anxiolytic
drug), saripidem (anxiolytic drug), zolimidine (the antiulcer
agent), as well as olprinone (a PDE-3 inhibitor for heart and
circulatory failure therapy) (►Fig. 3). Budhiraja et al dis-

closed the CALB-catalyzed Groebke–Blackburn–Bienaymé
(GBB) multicomponent reaction, which was used for the
synthesis of imidazo[1,2-a]pyridine derivatives from 2-ami-
nopyridine, aromatic benzaldehyde, and isocyanides
(►Scheme 7).24 They suggested that the reactionwas greatly
influenced by the different substituents on the aryl benzal-
dehyde and 2-aminopyridine ring. When there was a strong
electron-withdrawing group 5-NO2 in the 2-aminopyridine
ring structure, the reaction could not proceed. Molecular
docking and molecular dynamics simulations showed that
Thr40 and Ser105 residues in the CALB peptide chain played
a crucial role in catalyzing the multicomponent reaction of
GBB.

Quinoline (benzopyridine) is a research hotspot in nitro-
gen-containing six-membered heterocyclic benzo systems,
and is widely used in medicine, agriculture, printing, dyeing
and other fields.25,26 In 2012, Zheng et al reported a lipase-
catalyzed reaction between 2-amino-3,5-dibromobenzalde-
hyde and cyclopentanone to synthesize quinoline derivatives
(►Scheme 8A).27 The reaction could be catalyzed by PPL,
pepsin, albumin from bovine, and other enzymes with the
best catalytic effect being found in PPL (15mg/mL). The yield
can be achieved at 95%. The authors proposed the reaction
mechanism as the following: lipase promotes the formation
of enolate intermediates, which undergo aldol reaction with

Scheme 6 Lipase-catalyzed synthesis of optically active γ-
butyrolactones.

Fig. 3 Examples of drugs containing the imidazo[1,2-a]pyridine
framework.

Scheme 7 Lipase-catalyzed synthesis of imidazo[1,2-a]pyridine
derivatives.

Scheme 8 (A) Lipase-catalyzed synthesis of quinoline derivatives, and
(B) a plausible reaction mechanism.
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the substrate 2-amino-3,5-dibromobenzaldehyde, and sub-
sequently, intramolecular cyclization was performed
through enzyme-assisted dehydration to generate the quin-
oline products (►Scheme 8B).

Synthesis of Six-Membered Heterocyclic Compounds
Containing Oxygen
Pyran compounds are common six-membered heterocyclic
compounds containing one oxygen heteroatom. There are
two isomers of pyran: α-pyran (2H-pyran) and γ-pyran (4H-
pyran) with neither of them being found naturally, but their
derivatives are widely found in nature. Among the pyran
derivatives, benzopyrans, namely chromones, have exhibited
a broad range of physiological activities, such as antioxidant,
anticancer, antibacterial, antiallergic and anti-human
immunodeficiency virus (HIV) activities.28,29 Pyran com-
pounds also exhibit inhibitory activity of cholinesterase,30

and therefore can be used to treat neurodegenerative dis-
eases such as Parkinson’s disease, Alzheimer’s disease, Hun-
tington’s disease, etc. Chai et al reported that PPL can
efficiently catalyze the Knoevenagel condensation–Michael
addition cascade reaction of isatin, malononitrile/ethyl cya-
noacetate, and various carbonyl compounds in EtOH/H2O
solvent to produce 4H-pyran compounds with a spiro ring
structure (►Scheme 9), and the yield can be achieved as high
as 82 to 95%.31

In 2011, Xu et al first reported that PPL could efficiently
catalyze the one-pot condensation of aldehyde, 1,3-cyclo-
hexanedione, and malononitrile in a 10% (v/v) ethanol to
produce 4H-pyridine in a yield of more than 90%.32However,
when the malononitrile was replaced by ethyl cyanoacetate,
the yield would be significantly reduced. Based on the
previous study, our research group further optimized the
reaction by screening the catalytic activity of other lipases.
We found that immobilized lipase TLIM could efficiently
catalyze the condensation reaction of aromatic
aldehyde/aliphatic aldehyde/heterocyclic aldehyde, 1,3-
cyclohexanedione, and malononitrile/ethyl cyanoacetate,
with a good to excellent yield (82–99%). When 1,3-cyclo-
hexanedione was replaced by 4-hydroxycoumarin, the
reaction also proceeded successfully (yield: 75–99%)
(►Scheme 10A). Our data also showed that lipase TLIM had
a broad spectrum of substrates, and the yield was still good
after five repeated uses of the enzyme.33 Compared with the
traditional chemical methods, our reaction system offers
great advantages in terms of temperature, catalyst reusabili-
ty, and target product yield.34–36 The reaction mechanism is
proposed as following: first, the Knoevenagel condensation

reaction of 4-chlorobenzaldehyde 1 and malononitrile 2
takes place to obtain intermediate product 4; then, 4 com-
bined with 4-hydroxycoumarin 3 via the Michael addition
reaction to obtain intermediate 5, which undergoes enoliza-
tion, cyclization, and isomerization to produce the target
product 6 (4H-pyran) (►Scheme 10).

In 2015, Yang et al suggested the PPL-catalyzed reaction of
salicylaldehyde, 2,4-pentanedione, and aliphatic alcohol for
the synthesis of 2H-chromene derivatives in aqueous
DMF/H2O solvent (►Scheme 11).37 With the increase in
carbon chain, the reaction rate and yield will be decreased,
and when the carbon chain length is greater than that of
pentanol, the reaction cannot proceed.

Xanthones are also important six-membered heterocyclic
compounds containing an oxygen heteroatom, which are
sensitive to nucleophiles and light energy, so they are widely
used in many fields such as medicine, materials science,
etc.38,39 In2018, our researchgroupdiscoveredanovelmethod
for the synthesis of xanthones: lipase TLIM-catalyzed Knoe-
venagel–Michael cascade reactions of 1,3-diketones with aro-
matic aldehydes/heterocyclic aldehydes/aliphatic aldehydes
in n-hexane (►Scheme 12).40 The yield can be up to 80 to
97%. Target products of this reactionwere usually ring-opened
xanthonecompounds,yet, ring-closedxanthoneswere formed
when pyridine-2-carboxaldehyde/2,6-dichlorobenzaldehyde
reacted with 1,3-cyclohexanedione under a high temperature
or strong acid. It is worthmentioning that the structure of the
targetproductmaybedifferent fromthatobtainedbyordinary
chemical methods when benzaldehyde (containing hydroxyl
in the ortho position) reacted with 1,3-cyclohexanedione
using this method. After three repeated uses of the lipase,
the yield was significantly reduced.

Dicoumarol derivatives have a wide range of pharmaco-
logical and physiological activities. They can be used as a
vitamin K antagonist to prevent blood clotting.41 They also
have antibacterial activity and can be used as antifever
medicine, etc.42 In 2019, Fu et al for the first time reported
immobilized lipase RMIM (from Rhizomucor miehei)-cata-
lyzed Knoevenagel–Michael cascade reaction, which was
used to generate dicoumarol derivatives (►Scheme 13).43

The method tolerates the reaction of 4-hydroxycoumarin
with various aldehydes (aromatic aldehydes/heterocyclic
aldehydes/aliphatic aldehydes) in a pure water with a yield
of 81 to 98%. Circular dichroism spectroscopy revealed that
the secondary structure of RMIM was changed after five
times of repeated use of the enzyme. When the ratio of α-
helix and β-fold was decreased, the enzyme activity was
reduced, yet, the yield of the reaction was still 81%.

Scheme 9 Lipase-catalyzed synthesis of 4H-pyran derivatives with spiro structure.
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Synthesis of Other Heterocyclic Compounds

Oxazolidinone derivatives are widely used in the treatment
of acute bacterial skin infections and other severe infections
induced by gram-positive bacteria and MRSA (methicillin-
resistant Staphylococcus aureus).44 In 2015, the synthesis
of chiral oxazolidinone through lipase-catalyzed kinetic
resolutionwas first described.45 Lipase PS-IM (from Burkhol-
deria cepacia) catalyzed the reaction of α-amino alcohol
and bisacyl donor carbonate in tert-butyl methyl ether at
room temperature (r.t.), and the chiral oxazolidinone can be
obtainedwith a certain ee% value of up to 95% (►Scheme 14).
However, to achieve the complete conversion of selected
enantiomer, a longer reaction time was necessarily needed.
Fortunately, a catalytic amount of the Lewis acid SiO2 can
shorten the reaction time from 4 days to 3 hours with no

erosion on the enantioselectivityof the product. The reaction
mechanism is proposed as follows: the first step was kinet-
ics-controlled carbamoylation, followed by lipase-catalyzed
cyclization to obtain enantiomerically enriched oxazolidi-
none derivatives (►Scheme 14B).

Lipase can be used to catalyze intramolecular transester-
ification of hemithioacetals to synthesize 1,3-oxathiolan-5-
one derivatives (►Scheme 15) with the best reactivity being
found in lipase CALB or novozyme 435.46 The reaction
mechanism may be attributed to the following: first, under
the catalysis of triethylamine, 1 (2-methylpropanal) and 2
(octanal) [or, 3 (pyridine-2-carbaldehyde)] react with mer-
captan A (methyl 2-mercaptoacetate) or mercaptan B (meth-
yl-3-mercaptopropionate) to produce γ- and d-hydroxyl
ester intermediates 1A–3A and 1B–3B, respectively. Subse-
quently, lipase-catalyzed intramolecular transesterification
to selectively generate γ-lactone. d-Hydroxy ester intermedi-
ates (1B–3B) did not react during the enzymatic catalysis.
The studyalso found that the rigidity of the enzyme structure
will be increased at low temperatures, which can improve
substrate selectivity and product enantioselectivity.

1,3-Oxazines are one class of themost important heterocy-
clic compounds, which possess a variety of pharmacological

Scheme 10 (A) Lipase-catalyzed synthesis of 4H-pyran derivatives, and (B) a plausible reaction mechanism.

Scheme 11 Lipase-catalyzed synthesis of 2H-pyran derivatives.
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activities, such as bactericidal, antitumor, anti-HIV, anti-in-
flammatory, etc., and have been widely used in medicine.47

Zhang et al reported a combined catalytic system using lipase
CALB andRu(bpy)3Cl2 for the reactionof naphthol and ethylN-
arylglycinate (instead of ethyl N-alkylglycinate) to produce
1,3-oxazine derivatives (►Scheme 16).48 The reaction was
conducted at r.t. in acetonitrile for 48hours under a 12W
fluorescent bulb (Philips), and the yield achieved was 19 to
69%. Ethyl N-arylglycinatewith its electron-rich and electron-
neutral nature showed higher reactive activity in comparison
to that with electron-withdrawing nature. Mechanistically,
the protocol consists of sequential enzymatic hydrolysis and
visible-light-excited decarboxylation of ethyl N-aryl glycinate
to generate α-amino radicals, which are oxidized to give
iminium ions. The Mannich reaction with β-naphthols, tran-
simination, and intramolecular cyclization furnished the 1,3-
oxazine derivatives.

Heterospirocyclic compounds widely exist in various
pharmacological agents and agricultural products, and
can be used as anticancer, anticonvulsant, and antimicrobi-
al agents.49 Wang et al reported the synthesis of spiroox-

azine derivatives through immobilized CALB-initiated
multicomponent reaction from nitrostyrene, cyclohexa-
none, p-nitrobenzaldehyde, and acetamide substrates, en-
abling six C–C/C–N bonds and two heterocycles in one-pot
operation (►Scheme 17A).50 When p-nitrobenzaldehyde
was replaced by other aromatic aldehydes, the yield was
very low. Substituted nitrostyrene with an oxygen group
afforded better yields in comparison to other nitrostyrenes.
Besides, during the reaction, acetamide could play a syner-
gistic role with enzyme. Through isotope labeling and
control experiments, a reasonable mechanism was pro-
posed as the following: first, aldol reaction of p-nitroben-
zaldehyde and cyclohexanone was catalyzed by CALB and
acetamide to produce β-hydroxyketone (compound A) fol-
lowed by condensation and hydrolysis in the presence of
CALB to form enamine intermediate C, then C underwent
Michael addition with nitrostyrene and the intramolecular
Nef reaction to produce intermediate D, which was con-
densated with another molecule of cyclohexanone to form
the target spiro product E (►Scheme 17B).

Conclusion and Perspectives

With the development of lipase versatility, lipases catalyze a
wide range of reactions, especially for the synthesis of many
heterocyclic compounds that are difficult to be prepared by
classical chemical methods. Lipase may represent a promis-
ing strategy for the green synthesis of drugs and intermedi-
ates. However, lipases from natural sources have
shortcomings, such as intolerance to high temperature,
extreme pH, as well as poor stability in organic solvents,
which limit its use in industry practice.

Scheme 12 Lipase-catalyzed synthesis of xanthone derivatives.

Scheme 13 Lipase-catalyzed synthesis of dicoumarol derivatives.
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X-ray crystallography makes the spatial structure of
lipases readily available to scientists. With the development

of molecular biology, lipase can be improved through molec-
ular biological methods, such as directed evolution, site-
directed mutagenesis, chemical modification, immobiliza-
tion, etc. to acquire stronger environmental tolerance, great-
er stability, as well as higher catalytic efficiency abilities.
Furthermore, combined with the new technology of bioin-
formatics, the underlying mechanism of lipase-catalyzed
reactions can be stated more clearly and in-depth. Last but
not least, lipase-catalyzed strategies combined with tradi-
tional and novel organic synthesis methods may provide
more options for the synthesis of target products, including
chiral heterocyclic compounds.

Scheme 14 (A) Lipase-catalyzed synthesis of chiral oxazolidinone derivatives, and (B) a plausible reaction mechanism.

Scheme 15 Lipase-catalyzed synthesis of 1,3-oxathiolan-5-one derivatives.

Scheme 16 Lipase-catalyzed synthesis of 1,3-oxazine derivatives.
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