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The Diels-Alder (DA) reaction is one of the important chemical transformations to create the C—C bonds with
predicted regio- and stereo-selectivity, which lead to the forming of bulk organic molecules. Despite of the
significant efforts in this filed, the control of the stereoselectivity of DA reactions remain so difficult. Despite
the significant efforts in this field, controlling of stereoselectivity of DA reactions remains so difficult. The
design of the enzymatic DA reactions provides scientists with a huge advantage in increasing the selectivity of
DA reaction products. This work aims to apply the friendly environmental method includes the application of
the current approach in enzymatic DA reactions by formation the new organic compounds through the
enzymatic DA reactions between anthracene derivatives as dines and pyrrole derivatives as dienophiles. All
DA reactions were curried out in the inert environment using the nitrogen gas. The prepared compounds were
caramelized using various techniques including mass spectroscopy, nuclear magnetic resonance, and Fourier
transform infrared. The results showed that all products of DA reactions containing unnatural dienes with endo-
configuration, in addition to obtain 53%-94% isolated yields. Consequently, this study provides an efficient
method to control the stereochemistry of DA reactions.

Diels-Alder, Morus
alba Diels-Alderase,
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1. Introduction

The Diels-Alder (DA) reaction is considered one of the most important implications in synthetic
organic chemistry, and it applied to develop new organic compounds. A conjugated diene reacts with
a dienophile to form a cyclohexene derivative during the DA reaction. This cycloaddition reaction
provides six stereocentres with three chirality centers in one step. Among classic approaches, the DA
reaction can be modified into hetero-DA, domino-DA, and dehydro-DA reactions to synthesize natural
products (1-3). In the last decades, the enzymes termed Diels-Alderases (DAses) have been used as
catalysts for the biosynthesis of myriad natural products. All natural DAses have been shown to
perform the intramolecular DA, except MaDA and EupfF, which can perform intermolecular [4+2]
cycloaddition reactions in the biosynthetic pathway (4-6). These types of enzymes provide
opportunities for regio- and stereoselectivity without needing post-reaction modifications, by-product
purification, or costly metal catalysts and ionic liquids (7). In 2021, the Nobel Prize in Chemistry was
provided to Benjamin List and David MacMillan for developing a new and ingenious molecule
building: organocatalysis. This innovation in molecular construction has led to an improvement in the
ability to find less expensive and more environmentally friendly biocatalyst pathways (8). Natural
products containing a 9,10-anthracenedione substructure have been studied. Recently, the
enzymatically catalyzed DA reaction has been applied to form novel organic compounds from
anthracene-9,10-diones derivatives (7-11). This work focuses on the current approach in enzymatic
Diels—Alder reactions. The new organic compounds have been synthesized in the presence of Morus
alba Diels-Alderase (MaDAase) as a catalyst.

The study aims to form new organic compounds by building up the block molecules thought the
enzymatic DA reactions between anthracene derivatives as dines and pyrrole derivatives as
dienophiles, as shown in Fig.1.
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Figure 1. Diels-Alder reactions are catalysed by MaDAase.
2. Methodology

This work was conducted at laboratory of postgraduate, Department of Chemistry, College of Science,
University of Kerbala, Karbala, Irag. The mass-spectroscopy measurements were performed using LC-
MS Agilent Infinity 1260, in the laboratory of Institution of Science Institute of Organic Chemistry,
N.D. Zelinsky Russian Academy of Science, Moscow, Russia. The Nuclear Magnetic Resonance
(NMR) were carried out using Avance Il 400 MHz NMR spectrometer, in the laboratory of
postgraduate, Department of Chemistry, College of Science, University of Basra, Basra, Iraqg.

All chemicals include 1-Methyl-1H-pyrrole-2,5-dione (97%), 1-Propyl-1H-pyrrole-2,5-dione (98%),
2-(2,5-Dioxo-2,5-dihydro- 1H-pyrrol-1-yl) acetic acid (97%), 9-Anthraceneboronic acid (98%), 9-
Anthracenemethanol (98%) and MaDAase (enzyme activity 1:10) were provided by Hunan Chemfish
Pharmaceutical Co., Ltd, Tokyo, Japan.

The solvents include tetrahydrofuran (THF) (99%), absolute ethanol (99%), acetonitrile (97%),
deuterated water (D20) (99%), deuterated dimethyl sulfoxide (DMSO-d6) (99%) and deuterated
chloroform (DCI3) (99%) were provided by Sigma-Aldrich, Inc., St. Louis, USA.

All enzymatic DA reactions were performed in an inert environment in the presence of nitrogen gas
and completely isolated from the air using the Schlink line technique. The MaDAase enzyme (5 ml,
0.5% wi/v) was added into the mixture of anthracene derivative (1 mmol.) and pyrrole derivative in 25
ml tetrahydrofuran (THF). The mixture was reflexed for about 1 hour at 40°C. The product was
filtrated and washed three times using the mixture of deionized water and absolute ethanol (7:3). After
that the product dry under vacuum for 2 h, and then recrystallisation and purification using acetonitrile.
The physical properties of products for enzymatic DA reactions are presented in Table 1.

Table 1. Physical properties and the yield of DA products

Compound | Chemical Mol. wt. Colour Melting Point Yield %
Symbol Formula
P, C20H17NO3 319 Pale yellow 164-166 74
P C22H21NOs3 347 Pale yellow 214-216 53
P3 C21H17NOs 363 Pale yellow 145-147 57
Py Ci19H16BNO4 333 Pale yellow 143-145 60
Ps C21H20BNO4 361 Pale yellow 192-194 70
Ps C20H16BNOg 377 Pale yellow 194-196 94

3. Result and Discussion
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Mass spectroscopy of synthesized compounds

The mass spectrum of P appears signal at (320.1 m/z) relative to the molecular ion, the value close to
the calculated molecular weight (319 g/mole), as shown in Fig. 2. The mass spectrum of P> appears at
(348.3 m/z) relative to the molecular ion, the value close to the calculated molecular weight (347
g/mole), as shown in Fig.3. The mass spectrum of P3 appears in the signal at (364.1 m/z) relative to the
molecular ion, the value close to the calculated molecular weight (363 g/mole), as shown in Fig.4.
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Figure 2. Mass spectrum of P

Figure 3. Mass spectrum of P>
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Figure 5. Mass spectrum of Pa.

The mass spectrum of P4 appears in the signal at (332.9 m/z) relative to the molecular ion, the value
close to the calculated molecular weight (333 g/mole), as shown in Fig.5. The mass spectrum of Ps
appears in the signal at (362.1m/z) relative to the molecular ion, the value close to the calculated
molecular weight (361 g/mole), as shown in Fig.6. The mass spectrum of Pe appears in the signal at
(378m/z) relative to the molecular ion, the value close to the calculated molecular weight (377 g/mole),
as shown in Fig.7.
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Figure 7. Mass spectrum of Pe.

NMR spectroscopy

H NMR of synthesized compounds

The *H NMR spectrum for Pz in D20 Fig.8 display the singlet peak at & (1.32) ppm belong to protons
of CHjs attached to N of pyrrole ring, while the protons of the two CH groups that attached to carbonyl
of pyrrole showed multiplet at 6 (2.31-2.34) ppm and at o (2.46-2.50) ppm, respectively. The multiplet
peak at 6 (3.25-3.29) ppm belong to CH proton of the 9-H anthracene. The signal of (OH) proton of
the 10-methyol anthracene appeared the peak at 6 (4.68) ppm, in addition to the triplet peak at & (5.27-
5.30) ppm attributed to the protons of CH> that attached to hydroxyl group appear. The multiplet peaks
at 6 (7.09-7.14) ppm, 3 (7.21) ppm, 6 (7.42-7.44) ppm, and 6 (7.65) ppm belong to protons of aromatic

rings of anthracene.
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Figure 8. 'H NMR spectrum of Py

The H NMR spectrum for P, in D,O Fig.9 display the quartet peak at § (0.36-0.41) ppm attributed to
the terminal CHz of propyl group, which attached with pyrrole, the hexate peak at & (0.68-0.71) ppm
belong to the protons of middle CH2 of propyl, and the triplet peak at & (1.2-1.22) belong to the CH>
of propyl that attached to N of pyrrole ring. The protons of the two CH groups that attached to carbonyl
of pyrrole showed multiplet at 6 (2.47-2.50) ppm and at & (2.89-2.93) ppm respectively. The multiplet
peak at 6 (3.25-3.29) ppm belong to CH proton of the 9-H anthracene. The signal of (OH) proton of
the 10-methyol anthracene appeared the peak at d (4.68) ppm, in addition to the triplet peak at & (5.30-
5.34) ppm attributed to the protons of CH> that attached to hydroxyl group. The multiplet peaks at 6
(7.11-7.14) ppm, 6 (7.41-7.44) ppm, o (7.64-7.67) ppm, and & (8.06-8.09) ppm belong to protons of
aromatic rings of anthracene.

CaEs

Figure 9. *H NMR spectrum of P,

The *H NMR spectrum for P3 in D20 Fig.10 display the singlet peak at & (1.21) ppm attributed to the
CH: of acetyl group, which attached with the N of pyrrole. The protons of the two CH groups that
attached to carbonyl of pyrrole showed multiplet at 6 (2.48-2.50) ppm. The multiplet peak at & (3.26-
3.4) ppm belong to CH proton of the 9-H anthracene. The signal of (OH) proton of the 10-methyol
anthracene appeared the peak at 6 (4.70) ppm, in addition to the triplet peak at 6 (5.35-5.43) ppm
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attributed to the protons of CH: that attached to hydroxyl group. The signal peak at & (8.07) ppm
attributed to the (OH) of acetyl that attached with pyrrole. The multiplet peaks at & (7.14-7.18) ppm,
3 (7.64-7.66) ppm, and & (8.43-8.56) ppm belong to protons of aromatic rings of anthracene.
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Figure 10. *H NMR spectrum of P3

The *H NMR spectrum for P4 in DO Fig.11 display the singlet peak at § (1.22) ppm belong to protons
of CHjs attached to N of pyrrole ring, while the protons of the two CH groups that attached to carbonyl
of pyrrole showed multiplet at 6 (2.29-2.31) ppm and at 6 (2.47-2.50) ppm, respectively. The multiplet
peak at 6 (3.16-3.34) ppm belong to CH proton of the 9-H anthracene. The signal of protons of the two
(OH) groups of the 10-boricacid-anthracene appear the peaks at 6 (8.47) ppm and & (8.80) ppm,
respectively. The multiplet peaks at 6 (7.00-7.02) ppm, & (7.12-7.14) ppm, and & (8.05-8.07) ppm
belong to protons of aromatic rings of anthracene.

The *H NMR spectrum for Ps in D,O Fig.12 display display the quartet peak at § (0.41-0.43) ppm
attributed to the terminal CHs of propyl group, which attached with pyrrole, the hexate peak at & (0.67-
0.72) ppm belong to the protons of middle CH: of propyl, and the triplet peak at 6 (1.21-1.22) belong
to the CH> of propyl that attached to N of pyrrole ring. The protons of the two CH groups that attached
to carbonyl of pyrrole showed multiplet at & (1.72-1.76) ppm and at 6 (2.48-2.50) ppm, respectively.
The multiplet peak at & (3.35-3.62) ppm belong to CH proton of the 9-H anthracene. The signal of
protons of the two (OH) groups of the 10-boricacid-anthracene appear the peaks at & (8.47) ppm and &
(8.80) ppm, respectively. The multiplet peaks at & (7.12-7.15) ppm, & (7.45-7.50) ppm, and o (8.03-
8.08) ppm belong to protons of aromatic rings of anthracene.
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Figure 11. 'H NMR spectrum of P4

Figure 12. *H NMR spectrum of Ps

The 'H NMR spectrum for Ps in D20 Fig.13 display the singlet peak at & (1.23) ppm attributed to the
CH: of acetyl group, which attached with the N of pyrrole. The protons of the two CH groups that
attached to carbonyl of pyrrole showed multiplet at & (2.47-2.50) ppm and at & (3.34-2.36) ppm,
respectively. The multiplet peak at 6 (3.76-3.77) ppm belong to CH proton of the 9-H anthracene. The
signal of protons of the two (OH) groups of the 10-boricacid-anthracene appear the peak at 6 (8.81)
ppm. The multiplet peaks at & (7.12-7.16) ppm, 6 (7.47-7.52) ppm, and 6 (8.04-8.08) ppm belong to
protons of aromatic rings of anthracene. The signal peak at 6 (12.97) ppm attributed to the (OH) of

acetyl that attached with pyrrole.

11 (gt

Figure 13. 'H NMR spectrum of Pg
13C NMR of synthesized compounds
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The 3C NMR spectrum of P; in DMSO-d® showed the peak of the carbon atom of methyl group that
attaches to N at & (24.30) ppm. The peak at & (45.34) ppm belong to the 10-carbon of anthracene that
attached to the 10- hydroxymethyl (CH>-OH) group. The peak at 6 (46.06) ppm belong to 9-carbon of
anthracene which closed the cycle with pyrrole. The peaks at ¢ (48.13) ppm and & (49.67) ppm
attributed to the two alpha carbons of pyrrole, respectively. The peak at 6 (58.72) ppm belong to carbon
of hydroxymethyl that attached to the anthracene. The peaks at 6 (122.80) ppm, & (124.06) ppm, &
(124.82) ppm, 6 (125.04) ppm, 6 (125.27) ppm, 6 (125.50) ppm, 6 (126.23) ppm, 6 (126.27) ppm,
(126.57) ppm, 6 (126.74) ppm, & (127.50) ppm, & (143.05) ppm, and & (143.10) ppm attributed to the
carbons of the anthracene rings. The peaks at 6 (176.38) ppm and & (177.04) ppm attributed to the
carbons of the two carbonyl groups for the pyrrole, respectively, Fig.14.

The ¥C NMR spectrum of P, in DMSO-d® showed a peak at § (11.22) ppm attributed to the terminal
CHjs of propyl that linked with pyrrole, a peak at 6 (20.46) ppm attributed to the middle CHz of propyl,
and a peak at 6 (39.56) ppm attributed to the CH> of propyl that attached to the N of pyrrole. The peak
at & (45.33) ppm belong to the 10-carbon of anthracene that attached to the 10- hydroxymethyl (CH2-
OH) group. The peak at & (45.80) ppm belong to 9-carbon of anthracene which closed the cycle with
pyrrole. The peaks at 6 (47.84) ppm and & (49.61) ppm attributed to the two alpha carbons of pyrrole,
respectively. The peak at 6 (58.70) ppm belong to carbon of hydroxymethyl that attached at 10-
anthracene. The peaks at & (124.06) ppm, 6 (124.82) ppm, 6 (125.53) ppm, 0 (126.26) ppm, & (126.57)
ppm, 6 (126.73) ppm, 6 (127.52) ppm, 6 (129.16) ppm, o (140.49) ppm, and o (143.21) ppm attributed
to the carbons of the anthracene rings. The peaks at 6 (176.36) ppm and & (177.07) ppm attributed to
the carbons of the two carbonyl groups for the pyrrole, respectively, see Fig.15.

The ¥C NMR spectrum of P in CDCls showed the peak at & (39.10) ppm attributed to the CH, of
acetyl group, which attached with the N of pyrrole. The peak at & (39.60) ppm belong to the 10-carbon
of anthracene that attached to the 10- hydroxymethyl (CH2-OH) group. The peaks at & (45.20) ppm
and o (45.80) ppm attributed to the two alpha carbons of pyrrole, respectively. The peak at & (55.75)
ppm belong to the carbon of hydroxymethyl that attached at 10-anthracene. The peak at 6 (58.64) ppm
belong to 9-carbon of anthracene which closed the cycle with pyrrole. The peaks at 6 (125.14) ppm, &
(125.26) ppm, 6 (126.24) ppm, 6 (126.71) ppm, & (129.17) ppm, 6 (130.21) ppm, & (139.73) ppm, &
(140.17) ppm, o (143.12) ppm, and 6 (143.23) ppm attributed to the carbons of the anthracene rings.
The peak at & (168.04) ppm belong to the carbon of the carbonyl for the acetyl that attached to the
pyrrole. The peaks at 6 (176.36) ppm and 6 (177.07) ppm attributed to the carbons of the two carbonyl
groups for the pyrrole ring, respectively, see Fig.16.

The 3C NMR spectrum of P4 in DMSO-d® showed the peak of the carbon atom of methyl group that
attaches to N at & (24.24) ppm. The peak at & (45.84) ppm belong to the 10-carbon of anthracene that
attached to the boric acid. The peak at 6 (47.80) ppm belong to 9-carbon of anthracene which closed
the cycle with pyrrole. The peak at 6 (48.51) attributed to the two alpha carbons of pyrrole. The peaks
at 0 (125.46) ppm, o (125.60) ppm, & (125.72) ppm, 6 (126.07) ppm, & (126.37) ppm, 6 (127.07) ppm,
0 (128.89) ppm, 6 (129.50) ppm, & (131.22) ppm, 6 (140.52) ppm, o (141.78) ppm, 6 (143.69) ppm,
and 0 (144.41) ppm attributed to the carbons of the anthracene rings. The peaks at 6 (177.42) ppm and
8 (178.25) ppm attributed to the carbons of the two carbonyl groups for the pyrrole ring, respectively,
see Fig.17.

The 3C NMR spectrum of Ps in CDCls showed a peak at & (11.36) ppm attributed to the terminal CHs
of propyl that linked with pyrrole, a peak at & (20.40) ppm attributed to the middle CH> of propyl, and
a peak at 0 (39.93) ppm attributed to the CH> of propyl that attached to the N of pyrrole. The peak at &
(40.21) ppm belong to the 10-carbon of anthracene that attached to the boric acid. The peak at & (40.48)
ppm belong to 9-carbon of anthracene which closed the cycle with pyrrole. The peak at 6 (40.76) ppm
attributed to the two alpha carbons of pyrrole ring. The peaks at & (124.53) ppm, & (124.88) ppm, 6
(125.46) ppm, 6 (125.60) ppm, o (125.72) ppm, 6 (126.05) ppm, o (126.33) ppm, 6 (126.38) ppm, o
(127.16) ppm, 6 (131.22) ppm, & (133.18) ppm, & (140.63) ppm, and 6 (143.84) attributed to the carbons

of the anthracene rings. The peaks at 6 (177.37) ppm and 6 (178.23) ppm attributed to the carlbons of
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the two carbonyl groups for the pyrrole, respectively, see Fig.18.

The 3C NMR spectrum of Pg in DMSO-d® showed the peak at & (39.19) ppm attributed to the CH; of
acetyl group, which attached with the N of pyrrole. The peak at & (41.98) ppm belong to the 10-carbon
of anthracene that attached to the boric acid. The peaks at 6 (45.80) ppm and 6 (47.62) ppm attributed
to the two alpha carbons of pyrrole, respectively. The peak at 6 (48.41) ppm belong to 9-carbon of
anthracene which closed the cycle with pyrrole. The peaks at & (124.66) ppm, 6 (124.83) ppm, o
(125.47) ppm, 6 (125.61) ppm, 6 (126.20) ppm, 6 (126.39) ppm, & (126.48) ppm, 6 (127.15) ppm, 6
(128.90) ppm, o (131.23) ppm, 6 (140.35) ppm, and 6 (141.63) ppm attributed to the carbons of the
anthracene rings. The peak at & (168.22) ppm belong to the carbon of the carbonyl for the acetyl that
attached to the pyrrole. The peaks at & (176.55) ppm and 6 (177.31) ppm attributed to the carbons of
the two carbonyl groups for the pyrrole ring, respectively, see Fig.19.
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Figure 15. 1*C NMR spectrum of P
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Figure 16. 1*C NMR spectrum of P3
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13C NMR spectrum of Ps
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Figure 19. 1*C NMR spectrum of Ps.
Fourier transform infrared (FTIR) spectroscopy

The FTIR spectrum of P; exhibited a medium broad peak at 3502 cm™ refer to the OH belong to
terminal OH of hydroxymethyl that attached at 10-anthracene. The weak peak at 3066 cm™ belong to
the stretching C-H (SP?) for the pyrrole ring. In addition, the two weak peaks at 2958 cm™, and 2877
cm belong to C-H(SP?) of the methyl, which linked to the pyrrole ring. The two peaks that related to
stretching active carbonyl amide groups of pyrrole ring appeared as the weak peak at 1766 cm™ and
the strong sharp peak at 1693 cm™. The medium peak at 1462 cm™ belong to C=C of anthracene rings.
The medium peak at 1207 cm™ attributed to the (C-O) bond of alcohol for the hydroxymethyl.

The FTIR spectrum of P, showed a medium peak at 3495 cm™ belong to terminal OH of hydroxymethyl
that attached at 10-anthracene. The weak peak at 3066 cm™ attributed to the stretching C-H (SP?) for
the pyrrole ring. The weak peaks at 2943 cm, 2897 cm™, and 2839 cm™ belong to C-H (SP?) of the
propyl, which linked to the pyrrole ring. The two stretching peaks related to the active carbonyl for
pyrrole ring, appeared as the weak peak at 1766 cm™ and the strong sharp peak at 1689 cm™. The weak
peak at 1546 cm™ belong to C=C of the anthracene rings. The medium peak at 1292 cm™ attributed to
the (C-O) bond of alcohol for the hydroxymethyl.

The FTIR spectrum of P3 showed a medium broad peak at 3417 cm™ belonging to OH for both the
acetyl linked to the pyrrole and the terminal OH of hydroxymethy| attached at 10-anthracene. The weak
peak at 3093 cm™ refer to the stretching C-H (SP?) for the pyrrole ring. The weak peaks at 2951 cm™
and 2912 cm* attributed to C-H (SP®) of acetyl. The weak peak at 1766 cm™ and the strong peak at
1697 cm attributed to the stretching active carbonyl amide of pyrrole. The weak peak at 1516 cm™
belong to C=C of the anthracene rings. The medium peak at 1234 cm™ attributed to the (C-O) bond of
alcohol for the hydroxymethyl.

The FTIR spectrum of P4 exhibited the strong a broad peak at 3333 cm™ and the medium broad peak
at 3279 cm attributed to the two OH of the boric acid that linked at 10-anthracene. The weak peak at
3074 cm belong to the stretching C-H (SP?) for the pyrrole ring. In addition, the weak peak at 2955
cm™ belong to C-H (SP?) of the methyl, which linked to the pyrrole ring. The two peaks that related to
stretching active carbonyl amide groups of pyrrole ring appeared as the weak peak at 1766 cm™ and
the strong sharp peak at 1685 cm™. The weak peak at 1550 cm™ belong to C=C of anthracene rings.

The FTIR spectrum of Ps appeared the strong a broad peak at 3329 cm™ attributed to the two OH of
the boric acid that linked at 10-anthracene. The weak peak at 3051 cm™ attributed to the stretching C-
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H (SP?) for the pyrrole ring. The weak peaks at 2943 cm™, 2878 cm™, and 2885 cm™ belong to C-H
(SP?) of the propyl, which linked to the pyrrole ring. The two stretching peaks related to the active
carbonyl for pyrrole ring, appeared as the weak peak at 1763 cm™ and the strong sharp peak at 1681
cm™. The weak peak at 1554 cm™ belong to C=C of the anthracene rings.

The FTIR spectrum of Ps showed the strong a broad peak at 3329 cm™ attributed to the two OH of the
boric acid that linked at 10-anthracene and the acetyl linked to the pyrrole. The weak peak at 3051 cm-
! refer to the stretching C-H (SP?) for the pyrrole ring. The weak peak at 2958 cm™ attributed to C-H
(SP?) of acetyl. The weak peak at 1734 cm™ and the strong peak at 1693 cm™ attributed to the stretching
active carbonyl amide of pyrrole. weak peak at 1620 cm™ belong to the carbonyl of acetyl that linked
to the pyrrole ring. The weak peak at 1558 cm™ belong to C=C of the anthracene rings. The medium
peak at 1255 cm attributed to the carboxylic (C-O) bond of acetyl that attached pyrrole.

Discussion

The study showed that it can be explored whether the peri-selectivity of MaDAase could be switched
to favour of the hetero-Diels—Alder reaction. To take advantage of their substrate promiscuity, endo-
selective MaDA was used for the chemo-enzymatic synthesis of D-A natural products. All products of
DA reactions containing unnatural dienes with endo-configuration were obtained as the main product
in 53%-94% isolated yields using MaDA as the catalyst, these findings are analogs to the previous
study containing non-natural dienes or/and dienophiles (12). On the other hand, the two different
approaches to artificially create intermolecular Diels-Alderases were performed in earlier work (13).
Further applications for the genome mining of new Diels-Alderases from microbial natural products
provided strong evidence of these biosynthetic pathways to formation of the novel organic compounds
(14). Although considerable achievements in this research area, the comparing between intermolecular
Diels-Alderases and intramolecular Diels-Alderases in nature still very limited.

In general, this study applies the updated remarkable discoveries of intermolecular Diels-Alderases
and provides a future vision of the potential applications of Diels-Alderase in biocatalysis. As a
result, efforts are made to discover and implement the biosynthetic pathways to improve the ability to
form functional organic molecules more efficiently.
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