UNIVERSIDADE FEDERAL DE SAO CARLOS
CENTRO DE CIENCIAS EXATAS E DE TECNOLOGIA
DEPARTAMENTO DE QUIMICA
PROGRAMA DE POS-GRADUACAO EM QUIMICA

“SYNTHESIS AND BIOTRANSFORMATION OF

DIARYLPENTADIENONES”

ZACCHEAUS OLUWATAYO ALABI*

Dissertation presented as part of the
requirements to obtain the title of
MASTER IN CHEMISTRY, concentration
area: ORGANIC CHEMISTRY.

Adviser: Prof. Dr. Edson Rodrigues Filho

*CAPES Scholar

Sao Carlos — SP
2019






UNIVERSIDADE FEDERAL DE SAO CARLOS

Centro de Ciéncias Exatas e de Tecnologia
Programa de Pés-Graduagdo em Quimica

Folha de Aprovacdo

Assinaturas dos membros da comissdo examinadora que avaliou e aprovou a Defesa de Dissertagéoc de Mestrado do
candidato Zaccheaus Oluwatayo Alabi, realizada em 20/12/2018:

" n }
= \Q’f‘ﬁ Edson Rodrigues Filho
¥ UFSCar

; t
Prof. Dr. H&tipe C hristoff Wouters
UFSCar

jﬁm ae Todwo $1980,

Profa. Dra. Taicia Pacheco Fill
UNICAMP







Dedication

To my parents, Mr. and Mrs. Alabi. They taught me to be strong.

To my siblings, Julius, Roseline and Samuel. They inspire me.

To the Almighty God, He gives grace and shows mercy.






Acknowledgment

My greatest praise goes to God Almighty, the giver of all life and

knowledge. He brought me here and continues to steer me on.

Similarly, my thanks goes to my research advisor, Professor Edson
Rodrigues-Filho of the Departamento de Quimica, Universidade Federal de
Sao Carlos for his guidance, advice and patience in the course of the
development of the project. He continued to steer me in the right direction

and motivated me when the chips were down. Thank you very much.

| am grateful to Professor (Dr.) Felipe Christoff Wouters, Professor
(Dr.) Moacir Rossi Forim and Professora (Dra.) Taicia Pacheco Fill for
accepting to be part of my thesis committee and providing me with technical

supports and encouragement in the course of my research.

Coming from an entirely different culture, settling in the laboratory
would have been difficult if not for the immense help | received from my
laboratory colleagues. | am grateful to Tatiana Salata, Diane Mirante, Alef
Santos, Luciana Amaral, Rebecca Previate, Amanda Lima and several others
who have contributed to my stay and work in the laboratory. | am also

thankful for the companionship of Yoisel and Herika Vidal.



My stay here was more worthwhile because of the presence of my
Nigerian and African friends. | am grateful to Bolaji Charles Dayo-
Owoyemi, Oyebayo Oloyede, Olaoba Olamide, Amos Akinyemi, Elijah and

several others. Thank you all.

This study was financed in part by the Coordenacdo de
Aperfeicoamento de Pessoal de Nivel Superior - Brasil (CAPES) - Finance

Code 001.

Similarly, I will forever relish the memory | have in the Department of
Chemistry, Universidade Federal de Sao Carlos, Brazil. Thank you to all the
members of faculty in the department and my professors in different courses,
short courses, seminars and symposia for making learning worthwhile. | am
grateful to both the technical, administrative and other staffs for their

continuous help in the course of my research.

To conclude, my deepest appreciation goes to my parents and family,
without whose love, support, prayers and encouragement | will not be here

today.

Zaccheaus Oluwatayo Alabi



'H NMR
ADH
BV

BVMO

DIMCARB

DMSO

Ee

ER

EWG

FAD

FMN

FMO

G-6-PDH

HPLC

LC-MS

Min

MO

NAD*

NADH

List of Abbreviations

Proton Nuclear magnetic resonance
alcohol dehydrogenase

Baeyer-Villiger

Baeyer-Villiger monooxygenase

Dimethyl ammonium dimethyle carbamate
Dimethylsulfoxide

enantiomeric excess

Ene/Enoate reductase
Electron-withdrawing group

flavin adenine dinucleotide

flavin mononucleotide

flavin-containing monooxygenase
glucose-6-phosphate dehydrogenase

High performance liquid chromatography
Liquid Chromatography-Mass Spectrometry
Minute

Monooxygenase

B-nicotinamide adenine dinucleotide

reduced B-nicotinamide adenine dinucleotide



NADP*

NADPH

NMR

NTR

OYE

Pd/C

B-nicotinamide adenine dinucleotide phosphate

Reduced [-nicotinamide
phosphate

Nuclear magnetic resonance
Nitroreductase

Old Yellow Enzyme

Palladium-on-carbon

adenine

dinucleotide



List of Figures

FIGURE 1.1 - The general formula for bisaryl compounds. ...............c........ 1
FIGURE 1.2 - The general structure of diarylpentanoids...............ccccccuevnenn 3
FIGURE 1.3 - Dibenzylideneacetone is a member of diarylpentadienones. 3
FIGURE 1.4 - Synthetic diarylpentanoids reported for their inhibitory effect
against nitric oxide (NO) production in macrophage cells. ....................... 11
FIGURE 1.5 - Structures of 2,6-bisbenzylidenecyclohexanones ............... 12

FIGURE 1.6 - This analog showed improved anti-oxidant activities......... 13

FIGURE 1.7 - Some species of P. brasilianum. ..............c.ccccooiiiiinnnnnnnnn, 21
FIGURE 3.1 - Penicilium brasilianum .........ccccoooviviiiieiinie e, 44
FIGURE 3.2 - Saccharomyces cerevisiae meyen yeast strain................... 48
FIGURE 4.1 - TLC for compound L. .......cccoeviriiiriieeieesee e e 49
FIGURE 4.2 - TLC for compound 2. ........ccceveeiieiieeieesee e sie e 50
FIGURE 4.3 - TLC for compound 3.........ccoevieiiiiie e 50

FIGURE 4.4 - The chromatogram for the biotransformation of compound 5
DY PD236.....veoeeeeeeeeeee e ee e e ettt r e 53
FIGURE 4.5 - The chromatogram for the biotransformation of compound 5
DY PBAG30 ...t 54
FIGURE 4.6 - The chromatogram for the biotransformation of compound 5

DY POANRPSO7 ..o seseeeeeeeeseees e eeeseesseseeeseeees e eesseaeseeenes 54

Xi



FIGURE 4.7 - The chromatogram for the biotransformation of compound 5
DY PDANRPS23 ...ttt 55
FIGURE 4.8 - Comparison of fraction ¢ in FIGURE 4.4 and the

corresponding fractions in FIGURE 4.6 and FIGURE 4.7 with compound 5.

FIGURE 4.9 - The chromatogram for the biotransformation of compound 4
DY PD236..veoeeoeee e s e 57
FIGURE 4.10 - The chromatogram for the biotransformation of compound
B DY PDAG30 oo es e es e s s es e s s s s 58
FIGURE 4.11 - The chromatogram for the biotransformation of compound
4 DY PDANRPSO7 ..ottt ettt 58
FIGURE 4.12 - The chromatogram for the biotransformation of compound
4 DY PDANRPS23 ...ttt et e 59
FIGURE 4.13 - Chromatogram for the biotransformation of compound 2 by
the resting mycelium of P. brasilianum Pb236. ............cccccovevveiieiiecinee, 62
FIGURE 4.14 - The chromatogram for the biotransformation of compound
2 DY PD23B.....eiceeeee s 62
FIGURE 4.15 - *H NMR spectra of compound 10. .........cccevvevervririerennne, 63
FIGURE 4.16 - The chromatogram for the biotransformation of compound
2 DY Broth 0f PD236........ccoiiiiiiiii e 65

FIGURE 4.17 - *H NMR spectra of compound 11..........ccccceveveviviererereneee, 66

Xli



FIGURE 4.18 - The TLC for the extract of biotransformation of 7 by P.
DraSTIANUM......c.oiiiiiii e 70
FIGURE 4.19 - The TLC spots correspond to the fractions obtained from the
extract of the biotransformation of compound 5 using P. brasilianum......71
FIGURE 4.20 - The chromatogram for the extract of the catalytic
hydrogenation OF 5. ......ccoiiii i 76
FIGURE 4.21 - Comparison of the fractions obtained in FIGURE 4.20 with
5 using analytical HPLC. ........c.coov i 76
FIGURE 4.22 - The TLC analysis of the 10 fractions obtained from the
bioreduction of 9 by baker’s yeast ........cccevvveiiiiiieeii e 78

FIGURE 4.23 - Comparison of the *H NMR spectra of 9 (top) and spot 3 in

the TLC (DOEOM). ..o 79
FIGURE 4.24 - The aliphatic region of the spectra of spot 3. ................... 80
FIGURE 4.25 - The aromatic region of the spectra of spot 3.................... 81

FIGURE 4.26 - Comparison of the *H NMR spectra of compound 5 (top)

and spot 8 in the TLC in FIGURE 4.22 (bottom). ........ccccocvvvveveeviciiece, 83

Xiii



Xiv



List of Tables

TABLE 3.1 - The monoarylidenes and diarypentadienones synthesized in the
PrESENE WOIK. ..ot 42
TABLE 3.2 - The diarypentadienones obtained from the previous works in

(01U gl F=T oo 10 Y TSR PRSPRRTRN 43

XV



XVi



List of Schemes

SCHEME 1.1 - Biosynthetic pathways for bisaryl compounds.................... 2
SCHEME 1.2 - Synthesis of diarylpentadienones. ...........cccocevveiieiveeninene. 4
SCHEME 1.3 - Synthesis of asymmetrical diarylpentadienones. ................ 5
SCHEME 1.4 - Synthesis of mono-2-arylidenes. ..........ccccccovvvivniiiieeninene, 6

SCHEME 1.5 - Reaction pathway of benzaldehyde and cylohexanone in
DIMCARB. .. 7
SCHEME 1.6 - Synthesis of monoarylidene ketones from different
aldehydes and KEtONES. .........cccviiiiiiiie s 8
SCHEME 1.7 - Mechanism of synthesis of monoarylidene by DIMCARB
Catalyzed reaCHION. .......cccvee e 9
SCHEME 1.8 - Baeyer-Villiger oxidation of menthone............ccc.ccceevvenen. 15

SCHEME 1.9 - Mechanism of the BV oxidation of ketones with peracids.

SCHEME 1.10 - Biotransformation of 1-indanone by P. brasilianum. .....23
SCHEME 1.11 — Mechanism of biotransformation of the Diels—Alder
cycloadducts by P. brasilianum. ............ccccoiviiiiiiininc e 25

SCHEME 1.12 - Co-factor regeneration in baker’s yeast reduction process.

Xvii



SCHEME 1.14 - Bioreduction of (1E,4E)-1,5-bis(4-methoxyphenyl)-1,4-
pentadien-3-one by S. cerevisiae in a biphasic system. ...........ccccccvevvennn 30
SCHEME 1.15 - Predicted mechanism of biotransformation of
dIarylpentadiENONES. ........c.ecivieiie e 31

SCHEME 3.1 - Reaction conditions for the synthesis of compounds 1 - 6.

SCHEME 3.2 — Pd/C-catalysed hydrogenation of Compound 5................ 47
SCHEME 4.1 - Reduction of compound 2 to compound 10 by the resting
mycelium of P. brasilianum.............ccccooiiiiii 64
SCHEME 4.2 — BV-like oxidation 0f 2 t0 11.......ccccceiiiiiiniiiiinieieeee 66
SCHEME 4.3 - Biotransformation of 2 to 10 and 11 by P. brasilianum.... 68

SCHEME 4.4 - BV-Oxidation of 2-(3-methyl- 2-butenyl)cyclopentanone.

SCHEME 4.5 - Lipase-catalyzed BV oxidation with hydrogen peroxide..73
SCHEME 4.6 - Hydrotalcite-catalyzed BV oxidation. ..............ccccccevvennnnn 73
SCHEME 4.7 - The reduction of compound 9 to compound 12 by baker’s
(LT ] P PRSP PRTRRIN 81
SCHEME 4.8 - The reduction of 9 to 13 by the baker’s yeast. .................. 83

SCHEME 4.9 - Biotransformation of 9 by enereductases and nitroreductases.

XVili



SCHEME 4.10 - Asymmetric reduction of activated alkenes by ene-
FEOAUCTASES. ..evveivie ittt ettt ettt te et e e te e st e ene e nteeteenteenree e 87

SCHEME 4.11 - Steps in the reduction of nitroaromatic compounds........ 92

XiX



XX



Abstract

SYNTHESIS AND BIOTRANSFORMATION OF
DIARYLPENTADIENONES. Naturally-occurring compounds containing
bis-aryl moiety are important components of fine chemicals required by
pharmaceutical, agrochemical and flavor industries. These compounds have
inspired the synthesis of several of their analogs such as the
diarylpentadienones. These synthetic analogs possess equal or better
potential compared to their lead compounds. As part of the ongoing efforts
in our laboratory to enlarge the diarylpentadienones library, we synthesized
some monoarylidenes and diarylpentadienones (compounds 2, 4, 5, 6) and
biotransformed them and some others obtained from the previous works in
our laboratory (compounds 7, 8 and 9) using Penicillium brasilianum and
Saccharomyces cerevisiae to modify them and enlarge their library. In our
finding, the resting cells of P. brasilianum reduced monoarylidene 2 to 10
and further oxidized it to 11 in a Baeyer-Villiger-like manner. However, no
biotransformation product was detected when diarylpentadinones 4, 5, 7 and
8 were fed into the fungi. Also, baker’s yeast Saccharomyces cerevisiae
reduced 9to 10 and 11 in a regioselective manner. Further investigation into
why P. brasilianum was not able to reduce and/or oxidized

diarylpentadienones used must be carried out.
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Resumo

SINTESE E BIOTRANSFORMAGCAO DE DIARYLPENTADIENONES.
Os compostos de ocorréncia natural contendo a porcdo bis-aril sdo
componentes importantes de produtos quimicos finos exigidos pelas
industrias farmacéutica, agroquimica e de aromas. Esses compostos
inspiraram a sintese de varios de seus analogos, como as diarilpentadienonas.
Esses analogos sintéticos possuem potencial igual ou melhor em comparacgéo
com seus compostos de chumbo. Como parte dos esfor¢gos em andamento em
nosso laboratorio para ampliar a biblioteca de diarilpentadienonas,
sintetizamos algumas monoarilidenos e diarilpentadienonas (compostos 2, 4,
5, 6) e as biotransformamos e alguns outros obtidos nos trabalhos anteriores
em nosso laboratdrio (compostos 7, 8 e 9) usando Penicillium brasilianum e
Saccharomyces cerevisiae para modifica-las e ampliar sua biblioteca. Em
nossa descoberta, as células em repouso de P. brasilianum reduziram o
monoarilideno 2 para 10 e o oxidaram ainda mais para 11 de maneira
semelhante a Baeyer-Villiger. No entanto, nenhum produto de
biotransformacao foi detectado quando as diarilpentadinonas 4, 5, 7 e 8
foram introduzidas nos fungos. Além disso, o fermento de padeiro
Saccharomyces cerevisiae reduziu 9 para 10 e 11 de maneira regioseletiva.

Uma investigacdo mais aprofundada sobre por que P. brasilianum néo foi

XXili



capaz de reduzir e / ou diarilpentadienonas oxidadas usadas deve ser

realizada.
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1 INTRODUCTION

Natural substances are as diverse in chemical composition as they are
in biological and pharmacological activities. Literature is replete with the
reports of biological activities of compounds of natural origin as well as the
groups conferring those activities on them. Compounds containing benzene
ring in their molecular structures are arguably one of the most extensively
studied and the bisarylalkanoids have gained more prominence among these
benzene-containing compounds. The "bisaryl" scaffold is important as the
skeletal framework in compounds such as curcumin, chalcones and stilbenes,
all of which are important in human health and diseases (DIN, n.d.). Based
on the number of carbon atom in the inter-ring spacers (Cy), a series of bisaryl
compounds with the molecular formula ArC,Ar' can be formed, where Ar
and Ar' are the aryl groups, n is the number of carbon atom in the spacer and

R1, R2, Rz and Ry are the ring substituents (FIGURE 1.1).

Ry—— R
1 k ) 3
:2/\ /\/R4

FIGURE 1.1 - The general formula for bisaryl compounds.



Similarly, the bisaryl compounds have been reported to possess

similar biosynthetic origin from the amino acid phenylalanine as shown in

SCHEME 1.1.
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SCHEME 1.1 - Biosynthetic pathways for bisaryl compounds.

1.1 Diarylpentanoids

These are the bisarylalkanoids in which the two phenyl moieties are
joined by the 5-carbon system (pentane) and having various substituents as
shown in FIGURE 1.2 where R;, Rz, R3 and R4 are the ring substituents (DIN,

n.d.).
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Ry—— ——R
1 k /) 3
5 X

FIGURE 1.2 - The general structure of diarylpentanoids.

1.1.1 Diarylpentadienones

Diarylpentadienones are diarylpentanoids where the phenyl moieties
are separated by a 5-carbon spacer to form an extended a, f-unsaturated
carbonylic system. The representative member of diarylpentadienone is
dibenzylideneacetone as shown in FIGURE 1.3. Diarylpentadienones
derived their arrays of reported pharmacological activities majorly due to the

presence of the conjugated system and the substituent groups.

O

FIGURE 1.3 - Dibenzylideneacetone is a member of diarylpentadienones.

1.1.2 Synthesis of Diarylpentadienones

Literature is replete with methods of synthesis of diarylpentadienones

in the laboratory (SHETTY ET AL., 2015). Diarylpentadienones are formed by

3



the vigorous mixing of benzaldehyde (or substituted benzaldehyde) with
acetone under a basic or acidic catalytic condition in a conventional aldol
condensation process. Asymmetrical diarylpentadienones are promising
building blocks for arrays of compounds of interesting pharmacological
activities (UD DIN ET AL., 2014). However, the direct reaction of aldehydes
with ketones in a conventional acid/base-catalyzed aldol condensation yields

symmetrical diarylpentadienones (SCHEME 1.2).

0 (o]
° R AN
10% NaOH .
= EtOH, H20

SCHEME 1.2 - Synthesis of diarylpentadienones.

To circumvent this challenge, chemists now synthesize the mono-2-
arylidene derivatives of the ketones with a subsequent synthesis of the
corresponding diarylpentadienones from the synthons (SCHEME 1.3).
However, it is usually difficult to synthesize the monoarylidenes, especially
those from cyclohexanone and cyclopentanone by aldol and Claisen-
Schmidt condensations because the reaction usually proceed beyond mono-

condensation forming the diadduct E,E-2,6-dibenzylidenecyclohexanone or

4



E,E-2,5-dibenzylidenecyclopentanone even when the molar ratio of starting
aldehyde to ketone is substantially below 1:1 (BRAGAET AL., 2014; RASTON
& ScoTT, 2000; ZHENG ET AL., 2006). To overcome this challenges, chemists
have resorted to the use of amine-based catalysts for the synthesis of
monoarylidenes, though there are only view reports on this usage (KREHER

ET AL., 2003; ROSAMILIAET AL., 2007).

O

0
E]/ g R w R @
R! R & R

Dry HCI NaOH in Ethanol

SCHEME 1.3 - Synthesis of asymmetrical diarylpentadienones.

Preparation of the monoarylidene adducts usually requires two steps,
aldol condensation followed by a separate elimination (LIGHT & HAUSER,
1961). Kreher and co. reported the direct preparation of the monoarylidene
derivatives of ketones and enolizable aldehydes in the ionic solvent
dimethylammonium dimethyl carbamate (DIMCARB) as the catalyst
(SCHEME 1.4). The product was produced with high selectivity in yields of
about 74 to 91% (KREHER ET AL., 2003). DIMCARB, adduct of CO, and
Me,NH, is a relatively stable ionic liquid up to 50 °C. Owing to its ionic

5



character, it can dissolve salts such as LiCl, NaCl, NaBr, KCI, and Kl at
levels between 2 and 5% wi/v. Further, at 60 °C, DIMCARB dissociates to
its constituent gasses CO, and Me,NH which can be condensed, reassociated

and reused (EARLE ET AL., 2004; WASSERSCHEID & KEIM, 2000).

NT_
COy
O H. 0]
A I N ey
.__-.r\.\_l/ H . rl::-" x}: - - | -H_‘]..-' H_I_I:.’\
d —

SCHEME 1.4 - Synthesis of mono-2-arylidenes.

Kreher attempted effort to increase the yields were unsuccessful and
this may be accounted for by the competing pathways in the reaction as
shown in SCHEME 1.5. When 2 equivalents of dimethylamine react with 1
equivalent of the arylaldehyde, an aminal can be formed as a competiting
species. However, when the dimethylamino moiety of the aminal is
eliminated, the transient iminium species formed can undergo Mannich
reaction with the ketone and the resulting adduct can undergo dimethylamine
elimination to form the mono-2-arylidene derivative. They suggested that a
vast excess of DIMCARB (up to 12 mol equiv used for experiments) may
have helped to stabilize the aminal and could have accounted, at least in part,

for the moderate yields of arylidene. The challenge associated with the one-

6



pot synthesis of monoarylidene by Kreher and co. is the use of
dichloromethane (CH,Cl,), a chlorinated solvent as co-solvent. Apart from
the implication of halogen-containing compounds as not being eco-friendly,
when hydroxy- and carboxyarylaldehydes were employed in the reaction,

they were usually insoluble in the co-solvent alone (KREHER ET AL., 2003).

0 Woon| N y
r - g =0
+COy 1
j 0 +HED
A, +CD2
(L
N--"' D - -
T J—=l

SCHEME 1.5 - Reaction pathway of benzaldehyde and cylohexanone in
DIMCARB.

In our laboratory, efforts have been made to optimize the one-pot
synthesis of monoarylidenes (and hence asymmetrical diarylpentadienones)
using DIMCARB as a recyclable reaction medium and catalyst in green
solvent of ethanol/water in ratio 1:1 (SCHEME 1.6). The advantages this

confers on the general process are the reduction in the quantity of DIMCARB
7



used, the avoidance of the use of chlorinated solvent and a decrease in the
formation of side products. In the attempt, Zia and Rodrigues-Filho reported
that the reaction is more efficient in green solvent than in dichloromethane
with HPLC analysis showing a 100 % conversion in ethanol water mixture
compared to the 92 % conversion reported in dichloromethane. Further,
when 1,8-diazabicycloundec-7-ene (DBU) was used instead of DIMCARB,

excellent conversions were also observed (DIN & RODRIGUES-FILHO, 2016).

8] O

i A
0.2 Equiv DIMCARB Ar/“\-.,)j\
k"l + :' .-. h- : *lu

H;0 : EtOH
1:1

SCHEME 1.6 - Synthesis of monoarylidene ketones from different
aldehydes and ketones.

The liquid chromatography-mass spectrometer (LC-MS) data showed
that the reaction followed almost similar reaction mechanisms to the one
described by Kreher et al., (SCHEME 1.7). The DIMCARB ionized into
N,N-dimethyl amine, which reacts with the aldehyde yielding iminium
species ii, which reacts with the enolic form of cyclohexanone I to yield the

intermediate iii. On dehydration of iii, compound iv is formed.
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SCHEME 1.7 - Mechanism of synthesis of monoarylidene by
DIMCARB catalyzed reaction.

1.1.3 Biological activities of Diarylpentadienones

Owning to the presence of the two aromatic regions, the enone
functionality and the substituents on the rings, which might be critical for
protein-ligand binding, diarylpentadienones possess excellent structural
scaffold with interesting arrays of biological activities. Literature has
reported several findings where synthetic analogs of curcumin have been
used as lead molecules for the design and development of therapeutic agents
including anti-inflammatory, anticancer, antioxidant, antiviral, and

antimicrobials (MAYDT ET AL., 2013).



1.1.3.1 Anti-inflammatory activity

Lee and co-workers synthesized a series of diarylpentanoids and
evaluated them for their anti-inflammatory activities (LEE ET AL., 2009).
Among the compounds tested, diarylpentanoid analogs in FIGURE 1.4
showed inhibitory action against nitric oxide (NO) production in
macrophage cells (RAW 264.7) by either the inhibition of inducible nitric
oxide synthase (iNOS) or its upstream regulatory protein rather than radical
scavengers or antioxidant agents. They suggested that the potent anti-
inflammatory property of the compounds might be conferred by the presence
of the 2,5-dimethoxylated and 2-hydroxylated phenyl rings. This
corroborated the findings of Weber and co-workers, who tested the anti-
inflammatory potentials of analogs of curcumin in which the two aryl rings
are separated by 7-carbon, 5-carbon or 3-carbon spacers, and showed that
these compounds were able to inhibit tumor necrosis factor-alpha (TNF-a)-
induced activation of nuclear factor-kappa-3 (NF-kp). Further, they showed
that the most active analogues retain the enone functionality, although it is
not essential for activity and that the analogues with the 5-carbon spacer are
the most active. (WEBER ET AL., 2006). As such, bisaryl compounds with 5-
carbon spacer would serve as excellent lead compounds in the rational design

of anti-inflammatory agents with improved pharmacological properties.
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FIGURE 1.4 - Synthetic diarylpentanoids reported for their inhibitory effect
against nitric oxide (NO) production in macrophage cells.

1.1.3.2 Anti-tumor activity

Like curcumin, structural analogs of curcumin have been reported to
suppress tumor initiation and tumor progression. The anticancer activity of
curcuminoids has been associated with inhibition of oncogenes expression,
through the inhibition of c-Jun N-terminal kinase (JNK) and extracellular
signal-regulated kinase activation (ERK) pathways (CHEN & TAN, 1998;
MOHAN ET AL., 2000). Similarly, curcuminoids may act as anti-inflammatory
and antioxidant agents in the treatment of tumors, arthritis, and wound
healing disorder, by inhibiting Fibroblast growth factor-2 (FGF-2)-induced
angiogenesis (ABONIA ET AL., 2012; MOHAN ET AL., 2000). Two 2,6-
bisbenzylidenecyclohexanones (FIGURE 1.5) namely 2,6-bis((3,4-
dihydroxyphenyl)methylene)-cyclohexanone (BDHPC) and 2,6-bis((3-

methoxy-4-hydroxyphenyl)-methylene)cyclohexanone  (BMHPC) have
11



been synthesized and assessed for their activities as nuclear type Il site and
malignant cell growth antagonists (KITTRELL ET AL., 1992). The study
demonstrated that both BMHPC and BDHPC bind to nuclear type Il sites
with similar affinities and inhibited Michigan Cancer Foundation-7 (MCF-

7) human breast cancer cell proliferation in a dose-dependent manner.

Recently, Ahmed and co-workers evaluated the in vitro and in vivo
cytotoxicity of 17 analogs of curcumin against Ehrlich ascites carcinoma
(EAC). Results from the in vivo analysis show three (3) analogs of curcumin
show high potency against EAC. The in vivo evaluation, however, only one
compound was able to normalize hematological parameters compared with

5-fluorouracil, a well-known anticancer drug (FADDA ET AL., 2010).

o}
HsCO OCH3
HO OH

BDHPC

HOOH
BMHPC

FIGURE 1.5 - Structures of 2,6-bisbenzylidenecyclohexanones
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1.1.3.3 Anti-Oxidant activity

Although there are mixed reports on the antioxidant activities of
synthetic analogs of curcumin, some curcumin-analogs have shown
improved anti-oxidant potentials when compared with the clinically-
approved drugs. Li etal., synthesized and evaluated the antioxidant activities
of 12 asymmetric monocarbonyl curcumin analogs with different substituent
groups and degree of saturation of the aliphatic chain (LI1ET AL., 2015). Inan
in vitro study using 1,1-diphenyl-2-picryl-hydrazyl (DPPH) and O?" (NET)
radical scavenging assays, some of these compounds were reported to show
better anti-oxidant activities than ascorbic acid while others exhibited equal
or more pronounced free radical scavenging activity than curcumin

(FIGURE 1.6).

FIGURE 1.6 - This analog showed improved anti-oxidant activities.
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1.2 Baeyer-Villiger oxidation of carbonyl compounds

In 1899, Adolf von Baeyer and Victor Villiger reported on the use of
potassium monopersulfate (KHSOs) as an oxidant to convert cyclic ketones
such as menthone, carvomenthone, and camphor to their lactone equivalents
(BAEYER & VILLIGER, 1899). They reported a yield of up to 50% in a reaction
carried out at room temperature for 24 hours (SCHEME 1.8). With time,
organic chemists began to employ organic peroxy acids like 3-
chloroperoxybenzoic acid and peroxotrifluoroacetic acid as stoichiometric
oxidants to transform ketones into esters and cyclic ketones into lactones.
This chemical conversion is known as Baeyer-Villiger (BV) oxidation. BV
oxidation has been employed in the synthesis of a wide range of organic
compounds, including steroids, antibiotics, and pheromones (Krow, 1993;
LEISCH ET AL., 2011). Recently, there are several attempts to synthesize
enantiomerically pure BVO products using chemoselective oxidants,
transition metal catalysts and ionic solvents in a bid to make the process more

environmentally-friendly (CORMA ET AL., 2001; MICHELIN ET AL., 2010).
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SCHEME 1.8 - Baeyer-Villiger oxidation of menthone.

Over a half-century ago, Criegee studied the mechanism of the BVO
(CRIEGEE, 1948). He proposed a mechanism that highlighted two key steps,
the nucleophilic attack of the carbonyl carbon by the peracid to form a
transient tetrahedral adduct known as Criegee intermediate, followed by a
rate-limiting step involving the migration of one of the adjacent carbons to
oxygen leading to the release of the carboxylate anion (SCHEME 1.9). Most
time, the migrating carbon is chiral, conferring stereoselectivity on the
reaction. This selectivity has made the BV oxidation most appealing to
researchers. Besides, BV oxidation has a very wide range of carbonyl
substrates and the regioselectivity is easily predictable. Furthermore, there
are several oxidants to choose from. Despite the arrays of the aforementioned
advantages, the chemical BV oxidation does not occur with high chemo-,
regio-, and enantioselectivity and broad substrate specificity needed for
efficient organic synthesis. Also, due to the shock-sensitivity and explosive
character of peracids, large-scale reactions increase the potential risk for

accidents. Furthermore, peracids are powerful oxidative agents and can
15



oxidized groups susceptible groups, thereby requiring protection and
deprotection efforts. Lastly, the use of halogenated reagents and solvents is
environmentally unfriendly (KAMERBEEK ET AL., 2003; LEISCH ET AL.,
2011). As such, the use of the microbial enzymatic toolbox to catalyse the
BV oxidation and other chemical reactions have gained momentum in recent

years.

R3
o 0 fé”"\?
RHJ\GJONOJL Rs H_G;kg/
Ri  Rg

Criegee intermediate

Mg, * R3COH

SCHEME 1.9 - Mechanism of the BV oxidation of ketones with peracids.

In 1948, G. E. Turfitt reported the first example of biological BV
reaction in the biotransformation of cholesterol by the cholesterol-
decomposing fungi Proactinomyces erythropoli (TURFITT, 1948). Since

then, several organisms have been screened for the BV oxidation steps in
16



their biosynthetic pathways. Townsend et al. reported the BV-like oxidation
on the methyl ketone derived from the opening of the averufin side chain in
the biosynthesis of aflatoxin-B1 in the fungi Aspergillus parasiticus
(TOWNSEND ET AL., 1982). In plants, Damtoft and co. also investigated the
BV-like oxidation steps in the biosynthesis of iridoids (DAMTOFT ET AL.,
1995) while Winter and co-workers reported the BV oxidation of 24-
epicastasterone to give 24-epibrassinolide in the synthesis of
brassinosteroids (WINTERET AL., 1999). Similarly, the BV monooxygenases
(BVMOs) provides an alternative source of fuel for most microorganisms as
they can easily metabolize and grow on atypical carbon sources such as
aliphatic methyl ketones, alicyclic hydrocarbons, aromatic compounds and
terpenes (BRITTON & MARKOVETZ, 1977; DONOGHUE & TRUDGILL,
1975; FORNEY & MARKOVETZz, 1969; GRIFFIN & TRUDGILL, 1976;
OUGHAM ET AL., 1983; SCHUMACHER & FAKOUSSA, 1999; VAN DER WERF

& BooT, 2000).

1.3 Microbial biotransformation of synthetic compounds

Microorganisms have a cornucopia of enzymatic machinery whose
activities have been exploited to obtain new substances, including important
chemicals. The earliest recorded use of microorganisms in the production of

new substances was probably the use of yeast by the ancient Egyptians in the
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production of alcoholic beverages and bread as well as the application of
lactic acid bacteria in yoghurt production. Biotransformation process
involves the use of microorganisms as biocatalysts to convert chemical

compounds (substrates) to other compounds (KUMAR ET AL., 2009).

In recent years, there is a surge in the exploitation of microorganisms
to produce industrially important compounds such as pharmaceuticals,
agrochemicals, pheromones, flavors, fragrances and advanced materials.
This is primarily due to increasing demand for chiral compounds by the
pharmaceutical industries due to the recognition that enantiomers of a chiral
compound could have different pharmacological effects and toxicity in the
cell (PATEL, 2018). The use of microorganisms as biocatalyst has enormous
advantages over the classical synthetic process and is sometimes the
preferred route in the synthesis of fine chemicals and optically active
compounds. They are excellent for the production of enantiomerically pure
compounds, owing to their properties with respect to chemoselectivity,
regioselectivity and, stereoselectivity (PANKE ET AL., 2004; SCHULZE &
WuBBOLTS, 1999), and do not need protection and deprotection steps during
synthesis, thereby minimizing the problems of isomerization, racemization,
epimerization and rearrangement that are common in classical synthetic

processes (KUMAR ET AL., 2009). Similarly, microorganisms are capable of
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introducing desired functional groups at the sites of the molecule which are

not easily accessible by chemical methods (SEDLACZEK & SMITH, 1988).

In addition, most microorganisms require moderate environmental
conditions for their survival and therefore ensure that the biotransformation
process can be carried out under environmentally friendly conditions thereby
conforming to the principle and idea of green chemistry. Also, microbial
cells and enzymes can be recycled and reused, and enzymes can be
genetically engineered in large quantity thereby making the process efficient

at low cost (PATEL, 2016, 2018).

Biotransformation process can be carried out with either the isolated
enzymes or the whole cells of the microorganism. When isolated enzymes
are used, the syntheses usually proceed with higher enantiomeric excess and
the substrate are being fed to only a single enzyme, thereby avoiding the
generation of unwanted products that might have been formed by competing
enzymes (SILVA ET AL., 2012). However, most biocatalyst requires a
cofactor, which must be generated in situ in another reaction step(s) (thereby
complicating the reaction) or must be continually supplied exogenously in
stoichiometric amounts if the reaction must proceed. Also, isolated enzymes
can be easily denatured and deactivated if the reaction conditions are not met

(ZHANG ET AL., 2008). This has made the use of whole-cell more attractive
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since they can generate these cofactors by themselves and channel them for

use when and where necessary (WANG ET AL., 2009).

1.3.1 Biotransformation by Penicilium brasilianum

Penicillium (FIGURE 1.7) is one of the most well-known fungi genera
with over 354 acceptable species occurring in a diverse range of habitats,
including soil, air, food products and vegetation (CHO ET AL., 2005; VISAGIE
ETAL., 2014). Economically, they are of interest to man because of their roles
in the decomposition of organic matter, food spoilage and food poisoning
(FRISVAD & SAMSON, 2004; FRISVAD ET AL., 2004). Still, few have been
reported for the beneficial use. Some species have been used for the
production of food products such as speciality cheese and fermented sausage
(GIRAUD ET AL., 2010; LUDEMANN ET AL., 2010). Others have been reported
to synthesize both previously known and new physiologically active
compounds with diverse structures (KozLOVSKII ET AL., 2013). Perhaps, its
most beneficial use is in the production of penicillin, an important antibiotic
against bacterial infections (FLEMING, 1929). Owing to the array of
beneficial use of Penicillium, most species have been screened for the
production of enzymes capable of biotransforming compounds in a bid to
improve their activities or produce entirely novel compounds (Y. LIET AL.,
2007). Many species have been shown to be prodigious regarding enzyme
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production and biosynthesis of a great diversity of bioactive secondary
metabolites with important pharmacological activities including
antibacterial, antifungal, immunosuppressants and cholesterol-lowering
(KWON ET AL., 2002; LUCAS ET AL., 2007; NICOLETTIET AL., 2007; RANCIC

ET AL., 2006).

FIGURE 1.7 - Some species of P. brasilianum.

One of the species that are attracting the attention of researchers is the
fungus Penicillium brasilianum (synonyms: Penicillium paraherquei,
Penicillium ochrochloron var. paraherquei). P. brasilianum has been
reported as an interesting fungus with a great metabolic and underexplored
enzymatic potential (BAzioLl ET AL., 2017a). Different strains of P.

brasilianum have been isolated from different sources including as
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endophytes of plant Melia azedarach (TAICIA P. FILL ET AL., 2009; GERIS
DOS SANTOS & RODRIGUES-FO, 2002), pathogens in onions (ZHELIFONOVA
ET AL., 2010) and in soil samples in different parts of the world (FUJITAET
AL., 2002; JOURNAL, 2009; SCHURMANN ET AL., 2010).

P. brasilianum is a factory of important enzymes of biotechnological
value. Thygesen and co-workers studied the production of cellulose and
hemicellulose-degrading enzymes by Penicillium brasilianum IBT 20888
cultivated on wet-oxidised wheat straw and show that the highest enzyme
activities were found in the culture broth originating from P. brasilianum

(THYGESEN ET AL., 2003).

1.3.2 Baeyer-Villiger Monooxygenases in P. brasilianum

Though there are few reports on this, P. brasilianum has been studied
for the BVMO activities of its enzymes. Previous works in our laboratory
have tracked the activities of monooxygenases of certain strains of the
fungus isolated as an endophyte from Melia azedarach (a Meliaceae plant)
using 1-indanone as a substrate (TAICIA PACHECO FILL ET AL., 2012). It was
observed that P. brasilianum transformed 1-indanone to dihydrocoumarin
with the classical Baeyer-Villiger reaction regiochemistry, and (-)-(R)-3-

hydroxy-1-indanone with high selectivity (78% ee) among other minor
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products (SCHEME 1.10). Besides, they observed that all the fungi isolated
from M. azedarach showed improved Baeyer-Villiger bioconversion of the
ketone substrate to their lactone equivalents, the ability that might have been
conferred on the fungi as a result of their endophytic association with the
plant, since M. azedarach is a good producer of terpenoids containing esters

and lactone groups.
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SCHEME 1.10 - Biotransformation of 1-indanone by P. brasilianum.
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In a continued effort by our group to exploit the BVMO activities in
the cell of P. brasilianum, Zia et al., biotransformed racemic Diels—Alder
endo-cycloadducts in the cell of P. brasilianum (DIN ET AL., 2016). They
obtained the Diels—Alder products from reacting cyclopentadiene or 2,3-
dimethylbutadiene with alkylated para-benzoquinones, and biotransformed
them with the resting cells of P. brasilianum to new functionalized
polycyclic compounds. These biotransformations yielded novel products of
oxidation and ring closure, reduction of the C=C or C=0 in a, -unsaturated
system, and allylic hydroxylations. Further, evaluation of the
enantioselectivity of the biotransformations revealed that the bioconversions

were enantioselective (SCHEME 1.11).
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SCHEME 1.11 — Mechanism of biotransformation of the Diels—Alder
cycloadducts by P. brasilianum.

1.3.3 Biotransformation by Saccharomyces cerevisiae

Saccharomyces cerevisiae (Baker’s yeast) is perhaps the most
important microorganism in research and industry. They have proven to be
a useful biocatalyst due to their rigid cell walls that ensure that their
structures are retained when fed with various organic substrates and solvents.
Besides, the reactivity of yeast as a biocatalyst has been improved upon by
the development of methods aimed at making their cells more permeable to
organic substrates and solvents (MATSUMOTO ET AL., 2001). Baker’s Yeast
(BY) is probably the most popular in research and industry. Apart from it

being readily available and cheap, it is an excellent biocatalyst for
25



enantioselective biotransformation reactions involving carbon-carbon bond
formation and oxidation-reduction reactions. (R)-phenylacetyl carbinol
(PAC), the precursor of ephedrine, was synthesized from the carbon-carbon
condensation reaction of benzaldehyde and acetaldehyde catalyzed by yeast

(NIKoLOVA & WARD, 1992).

Most commonly, yeast has been used for the enantioselective reduction
of ketones, B-ketoesters, imines, and a,B-unsaturated system with cabon-
carbon double bond activated by strongly polarizing groups like nitro,
carbonyl, or hydroxyl groups. The reduction of an a,B-unsaturated carbonyl
compounds is usually accompanied by the formation of a mixture of
saturated ketones or aldehyde, and/or saturated alcohol or allylic alcohol, and
this clearly shows that there are many competing enzymes that reduce the
carbon-carbon double bond and the carbonyl group (KHOR & UzIRr, 2011;

MATSUDA ET AL., 2009).

The two key enzymes in yeast reported to be responsible for the
reduction of carbonyl compounds (pro-chiral) into hydroxyl groups-
containing compound (chiral) are the cytosolic dehydrogenases and
reductases. Yeast alcohol dehydrogenases (YADHSs) reduce the carbonyl
group while ene reductases (ERs) were found to reduce ‘activated’ carbon—

carbon double bonds (FERREIRA ET AL., 2015; KHOR & UzIRr, 2011). Like
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most dehydrogenases and reductases, YADHs and ERs depends on the
reduced nicotinamide adenine dinucleotide phosphate (NADPH) to supply
the reducing equivalents. NADPH transferred hydride (H") to the carbonyl
carbon of the substrate, becoming oxidized to NADP™ in the process. For the
reduction reaction to continue, there must be a continuous supply of NADPH
and that is generated in a separate metabolic pathway. In the cytosol of the
S. cerevisiae, the major sources of NADPH are the cytosolic NADP*-
dependent dehydrogenases, like glucose-6-phosphate dehydrogenase,
acetaldehyde dehydrogenase, and isocitrate dehydrogenase. The pentose
phosphate pathway (PPP), makes use of glucose, in a glucose-6-phosphate
dehydrogenase-catalyzed reduction of NADP* to NADPH and is the primary
source of cytosolic NADPH. NADPH can also be generated from ethanol in
a reaction catalyzed by cyctosolic acetaldehyde dehydrogenase. Also,
isocitrate dehydrogenase catalyzed the generation of NADPH from the
secondary alcohol isocitrate (HENNINGSEN ET AL., 2015; MIYAGI ET AL.,
2009). As a result, glucose and alcohols are excellent co-substrates to serve
as hydrogen donors. SCHEME 1.12 illustrates how NADPH is being
regenerated by yeast alcohol dehydrogenases and ethanoate reductases.

Since the co-substrates are important for the bioreduction process, they must
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be supplied in optimum amount for the biotransformation to continue (KHOR

& UzIRr, 2011).
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SCHEME 1.12 - Co-factor regeneration in baker’s yeast reduction process.

Baker’s yeast has a wide range of carbonyl-containing substrates
whose enantioselective reductions have been reported. Such compounds
include a- and B-diketones, keto esters and cycloalkanedione, oxocarboxylic
acids, alkyl acetates and aromatic ketones (CHIN-JOE ET AL., 2002;
ENGELKING ET AL., 2006; KHOR & UzIRr, 2011; LIU ET AL., 2001). All these
bioconversions have been done with products obtained at excellent yield and
high enantiomeric ratio. Despite its well documented usage in asymmetric
bioreduction of aromatic ketones, there are few reports on its use in the

biotransformation of diarylpentadienones.
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1.3.4 Bioreduction of a,B-unsaturated enones by S. cerevisiae

Recently, Silva and co-workers reported the application of S. cerevisiae
(baker’s yeast) for the biohydrogenation of the activated double bonds of 9
different chalcones (1,3-diaryl-2-propen-1-ones) to their corresponding
dihydrochalcones in water/organic solvent biphasic systems (SCHEME
1.13). After optimizing the reaction conditions, they obtained ketone 10 in
excellent yield (>99% conversions) though no correlation was observed

between the effect of the donor or withdrawing electron groups (SILVA ET

AL., 2010a).
o O
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SCHEME 1.13 - Biohydrogenation of chalcones by S. cerevisiae.

In continuation of their study, Silva and coworkers investigated the
bioreduction of (1E,4E)-1,5-bis(4-methoxyphenyl)-1,4-pentadien-3-one in a
buffer/n-hexane biphasic system. They also investigated the effect of various
co-solvents on the biotransformation process to find the most appropriate
organic solvent to dissolve the substrate. Also, optimum conditions such as
yeast concentrations, temperature, pH, and volume of aqueous and organic
phases were studied (SILVAET AL., 2012). After optimizing the experimental
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conditions, they obtained 1,5-bis-(4-methoxyphenyl)-3-pentanone in good
conversion rate (82%) in a buffer/n-hexane biphasic system (SCHEME

1.14).
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SCHEME 1.14 - Bioreduction of (1E,4E)-1,5-bis(4-methoxyphenyl)-1,4-
pentadien-3-one by S. cerevisiae in a biphasic system.

The catalytic concept of these biotransformation processes is shown in
SCHEME 1.15. The diarylpentadienones were subjected to reduction using
both the conventional Palladium-on-carbon and S. cerevisiae followed by
Baeyer-Villiger oxidation using P. brasilianum. The resulting lactones,
labile and easily hydrolysable, can form polar intermediates that can interact
with biological molecules and enzymes, thereby exerting their
pharmacological activities (BERA ET AL., 2008; FANG ET AL., 2005; GUPTA

ET AL., 2011).
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SCHEME 1.15 - Predicted mechanism of biotransformation of
diarylpentadienones.

As important as the above steps are for the biological activities of the
compounds, the formation of polar/labile intermediates make these
compounds unstable and either susceptible to attacks from detoxifying
enzymes in microorganisms or render them soluble in water, thereby making
them escape from the organic medium they naturally belong (DOS SANTOS &

DE OLIVEIRA SILVA, 2019).
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2 Objectives

The main objectives of the work include:

v" To synthesize monoarylidenes and corresponding asymmetrical
diarylpentadienones.

v To  biotransform  monoarylidenes and  asymmetrical
diarylpentadienones using endophytic fungus Penicillium
brasilianum.

v To reduce the a,B-unsaturated double bonds of asymmetrical
diarylpentadienones using Saccharomyces cerevisiae (Baker’s

yeast).
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3 Experimental

3.1 Materials and Reagents used

Stationary phase for column chromatography:
— Silica gel 70-230 Mesh

— Silica gel 230-400 Mesh

Thin layer chromatography plate:

— TLC plate (MACHEREY-NAGEL) ALUGRAM®SIL G/UV2s,

Column for analytical HPLC:
— PHENOMENEX Luna Phenyl-Hexyl Analytical Column 250 x

4.6mm (5um);

Solvents
— Distilled solvents in the chemistry department;
— HPLC grade solvents from Tedia, JT Baker and Panreac®;
— Analytical purpose solvent from Panreac®, Synth, Vetex;
— Deuterated solvents Merck® and Aldrich® (98.0 — 99.9 %) for NMR
spectra acquisition;

— Double distilled water with Milli-Q;
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Growth media
— Potato Dextrose Agar;
— Czapek containing d-glucose; NaNOs;. MgSO,-7H,0; KClI;
FeSO,4-7H,0; K,HPO,. agar and yeast extract;
— Phosphate buffer at pH 7.2, 10 mM (containing monobasic sodium
phosphate and dibasic sodium phosphate);

— Phosphate-Citrate buffer at pH 6.5 10mM

Reagents
— 4-methoxybenzaldehyde (98%) from Sigma Aldrich
— acetone (99.5%) from Merck;
— potassium phosphate buffer purchased from Vetec;
— citric acid from Acros;

— ammonium hydroxide;

Baker’s yeast

— Saccharomycetes cerevisiae in dehydrated form (Dona Benta)

3.2 Equipments Used

NMR spectrometer

— BRUKER DRX 400.
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High Performance Liquid Chromatography

— Analytical HPLC - Shimadzu LC-10AD: LC10AD gradient pumps,
SHIMADZU; LC-8A, SHIMADZU; UV detector (PDA) for
SHIMADZU SPD-10A and SPD-6A UV-Vis HPLC; communication
module detector/computer in HPLC SHIMADZU CBM-10A;
Communication BUS Module; Injector for HPLC SHIMADZU Auto
Injector SIL-10ADVp, software: CLASS-VP.

— Preparative HPLC - Shimadzu LC-20AD composed of: SHIMADZU
SIL-20AP Vp HPLC Injector, HPLC SHIMADZU CBM-20A
Communication BUS Module, SHIMADZU LC20AP gradient
pumps, HPLC UV Detector SHIMADZU SPD-20AV UV-Vis, DGU-

20A degasser; software: LC SOLUTION;

Flash chromatography

— TELEDYNE-ISCO® Combiflash RF 200 UV/VIS

Rotary evaporator
— Rotaevaporador Tecnal (TE 120)

— Rotaevaporador Buchi 461-water bath (EL 131)

Laminar flow chamber
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— Veco VL FS-12M;

Vertical Autoclave

— Phoenix AV 70;

Orbital shakers

— Tecnal TE 140;

Ultrassound bath

— Tecnal TE 140;

Analytical balance
— Tecnal;

— Metler Toledo

Furnace
— Quimis

Centrifuge

— Eppendorf 5810 R

Millipore filter paper 0.20 um

38



3.3 Methods

3.3.1 Synthesis of Diarylpentadienones

The synthesis of diarylpentadienones was done after the method of Din
and Rodrigues-Filho with some modifications (DIN & RODRIGUES-FILHO,
2016). In step 1 of SCHEME 3.1, monoarylidenes were synthesized from
benzaldehyde and cyclopentanone. A mixture of cyclopentanone (10.95
mmol), aldehyde (7.3 mmol) and DIMCARB (0.2 equivalent) was taken in
100 mL round-bottom flask with 10mL of 1:1 mixture of ethanol and water
as co-solvent. The reaction mixture was stirred vigorously for 10 - 24 hours
after which the DIMCARB was removed from the reaction mixture by rotary
evaporator at 60 °C. The crude product was extracted with ethyl acetate and
1 M HCI solution, dried and purified by column chromatography. The

monoarylidenes obtained were recrystallized and used in step 2.
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Cyclopentanone Rs Rs3

Benzaldehyde/derivative Monoarylidene
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Step 2
H
NaOH in Ethanol
+ ..
O,N Stirring 24 - 32 hrs, r.t

4-nitrobenzaldehyde

Diarylpentadienone

SCHEME 3.1 - Reaction conditions for the synthesis of compounds 1 - 6.

To synthesize diarylpentadienones (step 2 in SCHEME 3.1), a solution
of pure monoarylidene and substituted benzaldehydes in ethanol (5 mL) was
stirred for 5 min at room temperature after which added sodium hydroxide
solution in ethanol (4 mL, 50 mmol) and stirring was continued for 24 — 32
hours. At the completion of the reaction, the solvent was evaporated on a
rotary evaporator and the extract was worked up as described above. The

yellow precipitate obtained was purified and characterized by *H NMR.

The monoarylidenes and diarylpentadienones synthesized in this work

are shown in TABLE 3.1. Cyclopentanone and benzaldehyde were reacted to
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form compound 1 which was further reacted with 4-nitrobenzaldehydes to
form compound 4. Compound 2 was obtained from the stirring of
cyclopentanone and 4-methoxylbenzaldehyde while the reaction of
compound 2 with 4-nitrobenzaldehydes vyielded compound 5.
Monoarylidene 3 was obtained from the reaction of cyclopentanone and
3,4,5-methoxylbenzaldehyde. Further reaction of compound 3 with 4-

nitrobenzaldehydes yielded compound 6.

Compounds 7, 8 and 9 and some part of compound 5 were obtained
from the previous work in our laboratory through the combination of various

ketones and aldehyde as shown in

TABLE 3.2. In 9, the ketone is pentan-2-one.
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TABLE 3.1 - The monoarylidenes and diarypentadienones synthesized in the

present work.
Compound R1 R Rs
2 H H H
S
1
3 H OCHs H
Jone
\O
2
o i OCHjs OCHjs OCHjs
- ~
\0)@%
/O
3
i H H H
OhCae
4
i H OCHs H
x =
SentacH
5
i OCHj; OCHjs OCHj;
AP NN
Soptacl
/O
6
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TABLE 3.2 - The diarypentadienones obtained from the previous works in
our laboratory.

Compound R1 R, Rs
i H Cl H
I 7z
7
i H Br H
X Z
8
H O H H H H
S 4
T,
9

3.3.2 Biotransformation using Penicillium brasilianum

3.3.2.1 Cultivation of Penicillium brasilianum

4 strains of Penicillium brasilianum, an endophytic fungi isolated from
the plant Melia azedarach and deposited as LaBioMMi 236, A630,
PbANRPS 07 and PbANRPS 23 in the library of the Laboratério de

Bioguimica Micromolecular de Micro-organismos (LaBioMMi) at the
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Department of Chemistry, Universidade Federal de S&o Carlos, S&o Carlos,
Brazil, were used in this experiment (GERIS DOS SANTOS ET AL., 2003). The
inoculum of each strain was prepared by suspending spores from a 7-day old
culture in sterilized water. A few drops of the inoculum was pipetted onto a
potato-dextrose agar (PDA) medium in Petri-dishes and the fungi were
allowed to grow for approximately 3 days before they were used for the

biotransformation experiments (FIGURE 3.1).

FIGURE 3.1 - Penicilium brasilianum

3.3.2.2 Preparation of the growth media

1 liter of the Czapek media enriched with yeast extract was prepared by
dissolving 3.0 g of NaNOg3, 1.0 g of K;HPQO,, 0.5 g of MgSQ,, 0.5 g of KCl,
0.01 g of FeSO4:7H,O in 600 ml of distilled water. At the complete

dissolution of the salts, 30.0 g of glucose was added to the solution and was
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allowed to dissolve in the solution by shaking. Later, 20.0 g yeast extract was
added to the solution, the solution was homogenized and made up to 1 liter
(1000ml) with distilled water. 100 mL of the resulting solution was
transferred into each of a 250 mL Erlenmeyer flask and the flasks were
sterilized in an autoclave at 121°C for 15 minutes. The media were allowed
to stand for 3 days to monitor any unwanted growth before being used for
the various biotransformation experiments. In total, 12 replicates were
prepared for each substrate. 3 flasks containing the fungi but no substrates

were kept as control.

3.3.2.3 Inoculation of P. brasilianum

3 pieces of each of the P. brasilianum strains were transferred from the
Petri-dishes into each flask and were allowed to grow for seven 7 days under

static condition.

3.3.2.4 Biotransformation of compounds 4 and 5 in growing

cells of P. brasilianum

Between 20 mg of 4 and 5 dissolved in 1.0 mL acetone was added to
each flask and the fungi were allowed to grow under static condition. The
control fungi were also allowed to grow albeit with no test compound added.
After 15 days, the fungi was filtered and the filtrate (growth medium) was

extracted with ethyl acetate (3 x 100 mL). The organic phase was dried with
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Na SO, and evaporated. 20.0 g of solid NaCl was added to the mycelium
suspended in 100 mL methanol for 24 hrs and the solution was homogenized,
filtered, and the filtrate dried and concentrated. Both the ethyl acetate and
methanol extracts were pooled together and transferred into a previously
weighted, clean flask. The dried extracts were separated using column
chromatography with hexane/ethyl acetate solvent mixture in gradient
elution and each fraction was analyzed with TLC and possible

biotransformation products were detected with *H NMR.

3.3.2.5 Biotransformation of compounds 2, 7 and 8 using the

resting cells of P. brasilianum

The fungus was initially cultivated in Czapek liquid media enriched
with yeast extract as described in item 3.3.2.4 above but with no
diarylpentadienones added. The fungus was incubated in an orbital shaker at
120 rpm for 3 days and the mycelium was separated from the liquid medium
by filtration. 100 ml of phosphate buffer (pH 7.0) was transferred to a new
250 ml Erlenmeyer’s flask and autoclaved for 15 minutes at 121°C and
allowed to cool to room temperature. The mycelium was transferred into the
buffer solution under the septic condition and 20 mg each of 2, 7 and 8

dissolved in 1.0ml of acetone was carefully added. The resting cells were
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stirred constantly at 120 rpm for 12 days. The extraction was worked up and

analyzed as described in item 3.3.2.4

3.3.3 Catalytic hydrogenation of compound 5 using Pd/C

Palladium-on-carbon (Pd/C) was used for the selective catalytic
hydrogenation of the olefinic double bonds in compound 5 according to
SCHEME 3.2. 20 mg of compound 5 was added to a 100 mL round-bottom
flask containing Pd/C in the presence of hydrogen and the reaction mixture

was stirred for 1 hour at room condition.

[o} o
H,/Pd/C
OO0 - O
Moo vo, Ethy acetate oo -

1 hrs )
Compound 5 Expected reduction

products of §

SCHEME 3.2 — Pd/C-catalysed hydrogenation of Compound 5.

3.3.4 Reduction of compound 9 by S. cerevisiae

S. cerevisiae meyen yeast strain in their active dry yeast form was
obtained from Dona Benta, Angel Yeast, Co. Ltd, China (FIGURE 3.2). The
pellets of dehydrated yeast cells were used directly in the reduction reactions.

4 ¢ of Baker’s yeast was transferred into a 100 mL round-bottom flask

47



containing 30 ml of phosphate buffer (pH 5.5) and 20 ml of n-hexane and
the mixture was stirred in an orbital shaker for 30 minutes. 10 mg of 9
dissolved in 1ml acetone was transferred into the yeast aliquot and the
reaction mixture was stirred vigorously for 14 days with a magnetic stirrer.
Aliquots were periodically withdrawn from the aqueous and organic phases
and extracted with ethyl acetate (3 x 50 mL) and the reactions were
monitored by thin-layer chromatography (TLC) using n-hexane: ethyl
acetate (9:1, v/v) as the eluent to see if a product is formed. After
bioreduction was observed, the whole reaction was extracted with ethyl
acetate (3 x 100 mL) and the organic phase was dried with anhydrous
Na,SO,4 and concentrated under vacuum pressure. The extract was purified
by preparative TLC in an isocratic system containing n-hexane: ethyl acetate

and the pure fractions isolated were characterized by *H NMR.

FIGURE 3.2 - Saccharomyces cerevisiae meyen yeast strain.
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4 Results and Discussion

4.1 Synthesis of compounds 1-6

The reaction of benzaldehyde, 4-methoxy benzaldehyde and 3,4,5-
trimethoxy benzaldehyde with cyclopentanone, with DIMCARB as a
catalyst yielded the monoarylidenes 1-3, which were purified and
characterized by spectroscopic methods. Diarylpentadienones 4-6 were
synthesized from the reaction of 1-3 with 4-nitrobenzaldehyde respectively.
The compounds were purified, characterized by spectroscopy and the data

were compared to literature. The yields of 1-6 are between 60-70 %.

4.1.1 Compound 1
The TLC plate for compound 1 is given in FIGURE 4.1.

O

o0

FIGURE 4.1 - TLC for compound 1.

'H NMR (400 MHz, CDCls) § 7.63 — 7.52 (m, 2H), 7.47 — 7.37 (m, 3H), 7.25

(s, 1H), 3.06 — 2.89 (M, 2H), 2.55 — 2.35 (m, 2H), 2.15 — 1.80 (m, 2H).
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4.1.2 Compound 2

The TLC plate for compound 2 is given in FIGURE 4.2.

oo |

(0]

Conrd

2
FIGURE 4.2 - TLC for compound 2.

'H NMR (400 MHz, CDCl3) & 7.43 (d, J = 8.6 Hz, 2H) 7.36 — 7.17 (m, 1H),
6.87 (d, J = 15.3 Hz, 2H), 3.77 (s, 3H), 2.95 — 2.80 (m, 2H), 2.32 (dd, J =

10.4, 5.2 Hz, 2H), 1.96 (dt, J = 15.1, 5.9 Hz, 2H).

4.1.3 Compound 3

The TLC plate for compound 3 is given in FIGURE 4.3.

- ~
~,
°e

Lont

FIGURE 4.3 - TLC for compound 3.

IH NMR (400 MHz, CDCls) § 7.43 (t, J = 2.7 Hz, 1H), 6.91 (s, 2H), 4.02 (s,
9H), 3.12 (td, J = 7.2 Hz, 2.7 Hz, 2H), 2.53 (t, J = 7.9 Hz, 2H), 2.18 (p, J =

7.6 Hz, 2H).
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4.1.4 Compound 4

The structure of 4 is given below:

OO

4

2

Percentage yield: 62.1%, *H NMR (400 MHz, CDCls) 6 8.29 (d, J = 12 Hz,
2H, ArH), 7.75 (d, J = 12 Hz, 2H, ArH), 7.67 (s, 1H, =CH), 7.63 (s, 1H,

=CH), 7.39-7.51 (m, 5H ArH), 3.25 (s, 4H, CH2CH?2).

4.1.5 Compound 5

The structure of 5 is given below:

o
AN 7
Yontael

5

2

Percent yield: 65.7 %, *H NMR (400 MHz, CDCls) § 8.25 (d, J = 12 Hz, 2H,
ArH), 7.75 (d, J = 12 Hz, 2H, ArH), 7.51 (s, 1H, =CH), 7.63 (s, 1H, =CH),

6.91 (d, J = 8 Hz, 2H, ArH), 3.85 (s, 3H, OCHs), 3.17 (s, 4H, CHy).
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4.1.6 Compound 6

The structure of 6 is given below:

Percent yield: 69%, *H NMR (400 MHz, CDCls) 5 8.11 - 8.27 (m, J = 8.9
Hz, 4H, ArH), 7.75 (s, 1H, =CH), 7.25 (s, 1H, =CH), 6.77 (s, 2H ArH), 3.81

(s, 6H, CHs), 3.49 (s, 3H, CHa), 3.12 (s, 4H, CH,).

4.2 Biotransformation of compounds 5 and 4 using the

growing cells P. brasilianum

In this experiment, compound 5 was chosen as a substrate because of
the present of two groups with different electronic effects on the ring — an
electron-donating methoxyl group and an electron-withdrawing nitro group.
The chromatograms below (FIGURE 4.4 to FIGURE 4.7) show the fractions
obtained from the purification of the extract from the biotransformation of

compound 5 by 4 strains of P. brasilianum. In FIGURE 4.4, a— h correspond
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to the 8 fractions obtained in the flash chromatography separation. *H NMR

data of each fraction were acquired and fractions b and d were easily ruled

out as fungi metabolites ergosterol and veruculogen respectively, other

fractions except c are either impurities or fractions with no significance. The

same treatment was given to the fractions in FIGURE 4.5, FIGURE 4.6 and

FIGURE 4.7.
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FIGURE 4.4 - The chromatogram for the biotransformation of compound
5 by Pb236. Separation conditions: RediSep Column: Silica 40g Gold,
Flow Rate: 16 ml/min, Solvent A: n-hexane, Solvent B: ethylacetate,

Wavelength 1 (red): 254nm, Wavelength 2 (purple): 280nm.
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FIGURE 4.5 - The chromatogram for the biotransformation of compound 5
by PbA630. Separation conditions: RediSep Column: Silica 40g Gold, Flow
Rate: 16 ml/min, Solvent A: n-hexane, Solvent B: ethylacetate, Wavelength
1 (red): 254nm, Wavelength 2 (purple): 280nm.
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FIGURE 4.6 - The chromatogram for the biotransformation of compound 5
by PDANRPSO07. Separation conditions: RediSep Column: Silica 40g Gold,
Flow Rate: 16 ml/min, Solvent A: n-hexane, Solvent B: ethylacetate,
Wavelength 1 (red): 254nm, Wavelength 2 (purple): 280nm.
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FIGURE 4.7 - The chromatogram for the biotransformation of compound 5
by PDANRPS23. Separation conditions: RediSep Column: Silica 40g Gold,
Flow Rate: 16 ml/min, Solvent A: n-hexane, Solvent B: ethylacetate,
Wavelength 1 (red): 254nm, Wavelength 2 (purple): 280nm.

In an attempt to identify the fraction labelled ¢ in FIGURE 4.4 and
search for biotransformation products, fraction ¢ and the corresponding
fractions in FIGURE 4.6 and FIGURE 4.7 were compared with compound 5
using analytical HPLC (FIGURE 4.8). From the chromatogram, it is evident

that the 3 fractions are the same considering the similar retention time.
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FIGURE 4.8 - Comparison of fraction ¢ in FIGURE 4.4 and the
corresponding fractions in FIGURE 4.6 and FIGURE 4.7 with compound
5. The black peak (bottommost baseline) represents compound 5, the green
peak (the second bottommost baseline) represents fraction ¢ where the red
and blue lines (the third bottommost and the topmost baselines) represent
the corresponding fractions from FIGURE 4.6 and FIGURE 4.7

respectively.

Pooling the 3 fractions together, the resulting fraction was compared

with an already identified fungi toxin viridicatumtoxin A by analytical TLC.

The fraction shown similar retention time with viridicatumtoxin A and

fraction ¢ in FIGURE 4.4 and the corresponding fractions in FIGURE 4.6

and FIGURE 4.7 were identified as viridicatumtoxin A. This observation

was in agreement with several reports in the literature that P. brasilianum

biosynthesize several metabolites including ergosterol, veruculogen and

viridicatumtoxin A (BAzIOLI ET AL., 2017D).
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A similar observation was recorded when compound 4 was used as a

substrate of the growing cells of the 4 strains of P. brasilianum used in the

experiment (FIGURE 4.9 to FIGURE 4.12).
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FIGURE 4.9 - The chromatogram for the biotransformation of compound
4 by Pb236. Separation conditions: RediSep Column: Silica 40g Gold,
Flow Rate: 16 ml/min, Solvent A: n-hexane, Solvent B: ethylacetate,
Wavelength 1 (red): 254nm, Wavelength 2 (purple): 280nm.
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FIGURE 4.10 - The chromatogram for the biotransformation of compound

4 by PbA630. Separation conditions: RediSep Column: Silica 40g Gold,

Flow Rate: 16 ml/min, Solvent A: n-hexane, Solvent B: ethylacetate,

Wavelength 1 (red): 254nm, Wavelength 2 (purple): 280nm.
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FIGURE 4.11 - The chromatogram for the biotransformation of compound

4 by PbANRPSO07. Separation conditions: RediSep Column: Silica 40g Gold,

Flow Rate: 16 ml/min, Solvent A: n-hexane, Solvent B: ethylacetate,

Wavelength 1 (red): 254nm, Wavelength 2 (purple): 280nm.
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FIGURE 4.12 - The chromatogram for the biotransformation of compound
4 by PbANRPS23. Separation conditions: RediSep Column: Silica 40g Gold,
Flow Rate: 16 ml/min, Solvent A: n-hexane, Solvent B: ethylacetate,
Wavelength 1 (red): 254nm, Wavelength 2 (purple): 280nm.

Though there are no convincing explanations for the disappearance of
compound 5 and 4 and their biotransformation products in the extract, there
Is a tendency that these compounds and their products of biotransformation
interact with fungal proteins and other macromolecules. Compounds 5 and 4
are labile molecules with several groups, including the carbonyl, methoxyl,
nitro as well as the two hydrophobic aromatic rings, capable of interacting
with several proteins and biological molecules found in P. brasilianum. In
the past, substituents and groups on curcuminoid analogs have been reported
to bind strongly to biological molecules such as proteins, enzymes, metal

ions, DNA and RNA and organelles like proteasome through covalent, non-
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covalent hydrophobic, and hydrogen-bonding interactions with the side
chains of amino acid residues such as serine, threonine, aspartate, histidine,
and lysine and other polar, charged or aromatic groups (GUPTAET AL., 2011).
The carbonyl moiety on compounds 5 and 4 and other curcuminoid analogs
is capable of undergoing keto-enol tautomerism, with the enol form being
predominant and capable of accepting and donating hydrogen bonds,
chelating charged metals that are present on the surface of proteins and acting
as Michael acceptor to nucleophilic sulfhydryls of cysteine and Se- moiety
of selenocysteine (FANG ET AL., 2005; NECKERS ET AL., 2006; PEDERSEN ET
AL., 1985; T@NNESEN, 1992). Similarly, the aryl moieties of these
compounds are capable of bonding with the side chains of aromatic amino
acids such as phenylalanine, tyrosine and tryptophan through a n-mt van der
Waals interactions (GUPTA ET AL., 2011). Finally, their polar substituents
such as the nitro and methoxyl groups can interact with polar amino acids
and the AT and AU-rich regions in DNA and RNA respectively by
hydrogen-bonding to these molecules (BERA ET AL., 2008; NAFISI ET AL.,
2009). Interaction of compounds 5 and 4 with any of the aforementioned
molecules would result in the formation of polar complexes that escape with
the aqueous medium during fungal extraction processes. Similarly, it is

possible that P. brasilianum degraded these compounds to polar molecules
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that also escaped with the agueous medium (DOS SANTOS & DE OLIVEIRA
SILVA, 2019). These factors may be the reasons why no biotransformation

product of 5 and 4 were detected.

4.3 Biotransformation of compounds 2, 7 and 5 using the

resting cells of P. brasilianum

One of the challenges encountered in the experiments involving the
growing cell of P. brasilianum was the presence of a large number of fungal
metabolites that interfered with the purification processes. To overcome this,
we decided to biotransform compounds 2, 7 and 5 with the resting cells of
P. brasilianum since the rate of metabolism in a resting cell is lower and only
a few metabolites will be produced. At the end of the experiment, the extracts

were analysed as described in section 3.3.2.5.

For compound 2, both the mycelium and broth fractions were analyzed
separately. The chromatogram comparing compound 2 to the extracts of the
triplicates of mycelium used in the experiment is given in FIGURE 4.13. The
triplicates were pooled together and separated by flash chromatography as
shown in the chromatogram in FIGURE 4.14. Though the peaks were not
conspicuous, all the fractions were collected and the NMR spectra of

interesting fractions were acquired.
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FIGURE 4.13 - Chromatogram for the biotransformation of compound 2
by the resting mycelium of P. brasilianum Pb236. The black line
(bottommost) represents compound 2 while the others are the triplicate
experiment. Column: Phenylhexyl, Solvent A: Water. Solvent B:
Acetonitrile. Wavelength : 218 nm, flow : 0.8ml/min
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FIGURE 4.14 - The chromatogram for the biotransformation of compound
2 by Pb236. Separation conditions: RediSep Column: Silica 40g Gold,
Flow Rate: 16 ml/min, Solvent A: n-hexane, Solvent B: ethyl acetate,
Wavelength 1 (red): 254nm, Wavelength 2 (purple): 280nm.
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FIGURE 4.15 is the *H NMR spectra of the first fraction in FIGURE

4.14. The aromatic region, there is a disappearance of the allylic carbon-

carbon double bond (C=C) signal at 64 7.32 while there is an appearance of

new signals between oy 2.0 and 3.5, confirming the reduction of the olefinic

system to form compound 10 as shown in SCHEME 4.1.
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FIGURE 4.15 - *H NMR spectra of compound 10.
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e 0
Resting cells of
X P. brasilianum
Q/\é Reduction Q/\é
HsCO HsCO

Compound 2 Compound 10

SCHEME 4.1 - Reduction of compound 2 to compound 10 by the resting
mycelium of P. brasilianum.

Similarly, the extract from the biotransformation of compound 2 in the
broth was also analysed. The idea was that in the initial growth process
before the mycelia were transferred into the buffer, some of the enzymes of
P. brasilianum would have been released into the medium. The experiment
was analysed as described in section 3.3.2.5. The replicates were pooled,

purified by flash chromatography (FIGURE 4.16) and analysed by NMR.
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FIGURE 4.16 - The chromatogram for the biotransformation of compound
2 by broth of Pb236. Separation conditions: RediSep Column: Silica 409
Gold, Flow Rate: 16 ml/min, Solvent A: n-hexane, Solvent B: ethylacetate,
Wavelength 1 (red): 254nm, Wavelength 2 (purple): 280nm.

FIGURE 4.17 is the *H NMR spectra of the major (first) fraction in
the chromatogram. The signals around 6y 7.0 and 6.7 correspond to the four
aromatic hydrogens. However, there is a disappearance of the allylic C=C
signal at &4 7.32 and an appearance of new signals between oy 3.0 and 4.0,
confirming the reduction of the olefin bond to a methylene group. Further,
there is an appearance of a downfield triplet at 54 4.15, which suggest that
the carbon bearing these hydrogen is a neighbor to an electronegative atom.
Based on further comparison with literature data, the data suggest that 2 was

oxidized to 11 in a BV-like manner (SCHEME 4.2).
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FIGURE 4.17 - *H NMR spectra of compound 11.
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SCHEME 4.2 — BV-like oxidation of 2 to 11.
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Our findings showed that P. brasilianum was able to catalyze various
form of reaction including reduction and Baeyer-Villiger-like oxidation
when monoarylidene was fed as a substrate (SCHEME 4.3). However, there
was no detection of any biotransformation product when
diarylpentadienones are fed into the fungi, even though the reaction lasted
for 26 days, with constant stirring in an orbital shaker. The observation that
the microbial whole cells of P. brasilianum catalyzed the reduction and BV-
oxidation of a,[3-unsaturated enones agrees with previous observations in our
laboratory. In our continuous effort to investigate the oxidative potential of
the enzymes of P. brasilianum in our laboratory, we have shown that the
resting cell of P. brasilianum oxidized 1-indanone, an a,B-unsaturated
ketones, to dihydrocoumarin in a classical BV reaction as shown in
SCHEME 1.10 (PACHECO ET AL., 2012). In another work, we showed that
the whole cell of P. brasilianum was able to reduce the C=C double bond in

Diels-Alder cycloadducts forming (DINET AL., 2016).
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SCHEME 4.3 - Biotransformation of 2 to 10 and 11 by P. brasilianum.

The ability of P. brasilianum to produce enzymes of important
biotechnological values have been documented. In recent work, the genome
of a strain of P. brasilianum (LaBioMMIi 136) was sequenced and screened
for the genes responsible for the oxidoreductase and monooxygenase

enzymes. LaBioMMi 136 strain of P. brasilianum genome was shown to
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contain two conserved sequences similar to the sequences in the old yellow
enzyme (OYE) in yeast S. cerevisiae (GONZAGA ET AL., 2018). Old yellow
enzymes are group of flavin mononucleotide (FMN)-containing, NAD(P)H-
dependent oxidoreductases capable of reducing activated C=C double bond
of a,B-unsaturated ketones, aldehydes, carboxylic acids, and nitroalkenes
through its ene-reductases activity (STEINKELLNER ET AL., 2014; TOOGOOD
ET AL., 2010; TOOGOOD & SCRUTTON, 2018). The bioreduction of
monoarylidene 2 to 10 and 11 is catalyzed by the ene-reductases. Similarly,
over 18 monooxygenases (MOs) sequences were found in the genome of P.
brasilianum and this clearly indicates that the enzymes of P. brasilianum are
capable of catalyzing several oxidation reactions, including BV-oxidation.
In this experiment, compound 2 was oxidized to compound 11 through the

BV-monooxygenase activity of the enzymes in P. brasilianum.

For the extracts from the biotransformation of compounds 7 and 5,
classical column chromatography was used for the purification. The TLC
photos in FIGURE 4.18 show the fractions obtained from the column
chromatography separation of the extract from the biotransformation of
compound 7 using the resting cells of P. brasilianum. The spot labeled 1
corresponds to the fraction from the gradient separation using Hexane/ethyl

acetate solvent mixture in ratio 9:1, spot 2 with Hexane/ethyl acetate solvent
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mixture in ratio 8:2, spot 3 corresponds to fraction with Hexane/ethyl acetate
solvent mixture in ratio 3:7, while spot 4 comes from ethyl acetate/methanol

mixture in ratio 9:1.

FIGURE 4.18 - The TLC for the extract of biotransformation of 7 by P.
brasilianum. Photos under UV-Vis at 254nm (left) and immediately after
the application of vanillin and heat (right). The spot labeled 1 corresponds
to the fraction from the gradient separation using hexane/ethylacetate
mixture in ratio 9:1, spot 2 with hexane/ethylacetate mixture in ratio 8:2,
spot 3 with hexane/ethylacetate mixture in ratio 3:7 and spot 4 with
ethylacetetate/methanol mixture in ratio 9:1.

Similar treatments were given to the extracts from the
biotransformation of compound 5. The TLC in FIGURE 4.19 show the
fractions obtained from the separation of the extract from the

biotransformation of compound 5 by P. brasilianum.
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FIGURE 4.19 - The TLC spots correspond to the fractions obtained from
the extract of the biotransformation of compound 5 using P. brasilianum.
Photos under UV-Vis at 254nm (left) and immediately after the application
of vanillin and heat (right).

Currently, we do not know why there was no reaction between the
fungi and diarylpentadienones. Diarylpentadienones are bis-a,3-unsaturated
enones, forming an extended conjugated system. While literature search
shows that Baeyer-Villiger oxidation takes place in an array of substrates
including cyclic and substituted cyclic, aromatic and linear ketones,
aldehydes, carboxylic acids and a-diketones, bicyclic ketones and various
steroids (TEN BRINK ET AL., 2004; TOLMIE ET AL., 2019), there is almost no
report of such oxidation in conjugated bis-a,-unsaturated enones like the
diarylpentadienones. In the instances of oxidation of unsaturated enones,
chemical catalysts such as organic acids, hydrogen peroxide, dioxygen and
organometallic catalysts were used. 2-(3-methyl- 2-butenyl)cyclopentanone,
an isolated y,d-unsaturated enones, was oxidized under anhydrous conditions
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with the Lewis acid tin(1V) chloride activating the carbonyl functionality for
nucleophilic attack and bis-(trimethylsilyl)peroxide acting as the oxidant as
shown in Erro! Fonte de referéncia ndo encontrada. (OLIVOET AL., 2000;

TEN BRINK ET AL., 2004).
0
o
2 eq. MesSIO0SiMe; 0
G/\’)\ 75 mol% SnCla, MS 4A
' CH,Cly, 3 h, 20 °C =

SCHEME 4.4 - BV-Oxidation of 2-(3-methyl- 2-butenyl)cyclopentanone.

In a report, lactases were shown to indirectly catalyse BV-oxidations
of conjugated bis-a,B-unsaturated enones by mediating the in situ formation
of peroxycarboxylic acids from a carboxylic acid or ester and hydrogen
peroxide (SCHEME 4.5). As the lactase is not involved in the oxidation of
the enones but only responsible for the generation of the oxidant, these
reactions are not enantioselective (PCHELKA ET AL., 1998; TEN BRINK ET AL.,

2004).
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SCHEME 4.5 - Lipase-catalyzed BV oxidation with hydrogen peroxide.

In an extensive study, Kaneda and co-workers developed hydrotalcite
catalysts that are active in BV oxidations with m-CPBA and O,/aldehyde
(SCHEME 4.6). Hydrotalcites are made of basic Brucite layers containing
Lewis acidic metal cations and anionic interlayers (KANEDA ET AL., 1995,

1994; KANEDA & YAMASHITA, 1996).

o]

)@)k 1.3 2q. m-CPBA, /@,D\H/
1.4 mol%% M la{OH) g CO
MeO 919l {OH )24 G0, MeO (o]

CICH,CH,CI, 5 h, RT aen

SCHEME 4.6 - Hydrotalcite-catalyzed BV oxidation.

It is important to know that most of these reports used either a
chemical catalyst or a combination of chemical and biological catalysts.
There are few cases, however, in which microbial whole cells are used as a
biocatalyst for BV-oxidation of a,B-unsaturated enones. In previous work in

our laboratory, we showed that the growing cell of P. brasilianum oxidized
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1-indanone, an a,B-unsaturated ketones, to dihydrocoumarin in a classical

BV reaction as shown in SCHEME 1.10 (PACHECO ET AL., 2012).

Based on this observation, we decided to selectively reduce one olefin
bond of the diarylpentadienones without reducing other groups such as the
carbonyl functionality or the aromatic substituents. Initially, we employed
palladium-on-carbon as a catalyst in the hydrogenation process before using

baker’s yeast as a biocatalyst.

4.3.1 Catalytic hydrogenation of compound 5 by palladium-on-

carbon

Because we were unable to detect a biotransformation product of
compound 5, we decided to develop a marker to use as a calibrator in LC-
MS analysis of the fractions by selective reduction of the carbon-carbon
double bonds of compound 5. Previous efforts to selectively reduce the
carbon-carbon double bond in a,B-unsaturated enones has been reported to
be very difficult (CAmMPS ET AL., 1986; KEINAN & PEREZ, 1987; VON
HOLLEBEN ET AL., 1994). In those attempts, provided the flow of hydrogen
gas was controlled, the catalytic hydrogenation of enones usually gives
saturated ketones and the catalysts employed include platinum, platinum
oxide, platinum on carbon, rhodium on carbon, palladium on carbon among

other metallic catalysts (UTLEY, 1985). The use of 10% palladium-on-
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charcoal as the catalyst to hydrogenate the carbon-carbon double bond in
enones under one atmosphere of hydrogen at room temperature has been
reported to give roughly equal amounts of both the cis and the trans isomers
of the corresponding saturated ketone when ethanol or methanol is the
solvent. However, the addition of a small amount of dilute hydrochloric acid
to the hydrogenation mixture gave only the pure cis isomer of the enones
(AUGUSTINE, 1958). Based on this, we, therefore, selected palladium-on-
carbon as a catalyst for the catalytic hydrogenation of the olefinic double
bonds in compound 5. After the completion of the reaction, the extract was
separated by flash chromatography and the chromatogram for the separation
Is shown in FIGURE 4.20. The fractions obtained were further compared with
compound 5 as shown in the chromatogram in FIGURE 4.21. From the
chromatogram, the catalytic hydrogenation process gave a mixture of
products in which the olefinic bond and the nitro group were reduced in a
non-selective manner. The *H NMR data show a disappearance of the vinylic
signals around oy 7.37 and 7.53 and the appearance of new signals around 3-
4 ppm confirming the reduction of the vinylic spins. Also, the up-field shift

in the *H NMR signals confirms the reduction of the nitro group.
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FIGURE 4.20 - The chromatogram for the extract of the catalytic
hydrogenation of 5.
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FIGURE 4.21 - Comparison of the fractions obtained in FIGURE 4.20 with
5 using analytical HPLC.
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The catalytic hydrogenation of enones using palladium-on-carbon as
catalyst reduces the double bonds as well as the nitro group in a non-selective
manner. This observation was not completely surprising as previous attempts
in our laboratory to hydrogenate bis- o,3-unsaturated enones gave similar

results (DIN, n.d.).

4.3.2 Bioreduction of compound 9 by S. cerevisiae

To selectively reduce the double bonds in diarylpentadienones, we
decided to use baker’s yeast Saccharomyces cerevisiae as biocatalyst and
chose compound 9 as the test compound. The TLC photo in FIGURE 4.22
shows the 10 fractions obtained from the separation of the extract from the
bioreduction of compound 9 by baker’s yeast. The elution solvent was a
mixture of hexane/ethyl acetate in ratio 8:2. The spots labelled 1 to 10 on the
plates correspond to each of the fraction in their order of elution while the

spots labelled C corresponds to compound 9 (control).
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FIGURE 4.22 - The TLC analysis of the 10 fractions obtained from the
bioreduction of 9 by baker’s yeast. The solvent mixture was hexane/ethyl
acetate (8:2). The spots labelled from 1 to 10 on the plates correspond to
each of the fraction in their order of elution while the spots labelled C
corresponds to the control (9).

Of immediate interest among the spots on the TLC is the spot labelled
“3”, not only because of its retention time that is almost similar to that of the
original substrate but also because of its color that is different from that of
the substrate. FIGURE 4.23 compares the *H NMR spectra of compound 9
and spot 3 in the TLC in FIGURE 4.22 above. Conspicuous are the aliphatic
hydrogen signals between 1.0 ppm and 3.2 ppm, the aromatic hydrogen
signals between 7.35 ppm and 8.2 ppm, the signal corresponding to water at

1.586 ppm and the deuterated chloroform at 7.26 ppm.
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FIGURE 4.23 - Comparison of the *H NMR spectra of 9 (top) and spot 3

in the TLC (bottom).

The aliphatic region of the spectra is shown in FIGURE 4.24. The triplet

at 1.08 ppm with an integral of 3H corresponds to a methyl (-CHz) group

adjacent to a methylene (-CHy-) group. The quartet at 2.54 ppm with an

integral of 2H corresponds to a methylene (-CH,-) group either adjacent to a

methyl group or flanked by a methylene and methine (-CH-) groups on either

side. Since no signal corresponds to a methine in the aliphatic region, the

methylene group is adjacent to a methyl group to form a -CH,CH3— system

as found in the original substrate. The multiplet between 3.12 - 3.17 ppm
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with an integral of 4H are two overlapping triplets that correspond to two
adjacent methylene groups forming a -CH,CH,— system, a result of the

reduction of the non-aromatic double bond close to the nitro-substituted ring.
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FIGURE 4.24 - The aliphatic region of the spectra of spot 3.

FIGURE 4.25 shows the signals of the aromatic hydrogen of the
spectra. The downfield doublet at 8.16 ppm with an integral of 2H
corresponds to protons that are close to an electron-withdrawing (an
electronegative) group, the para-substituted nitro (NO,) in this case. The
multiplet between 7.30 and 7.45 corresponds to the signals of the aromatic

and vinylic hydrogens.
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FIGURE 4.25 - The aromatic region of the spectra of spot 3.

Comparison of the spectra (FIGURE 4.23) shows that there is a
reduction of the double bond close to the aromatic ring B to form compound

12 as shown in SCHEME 4.7.

S. cerevisiae
(@] (0]

(Baker's Yeast)
Y TE >
NO, Biphasic System NO,

Compound 9 Compound 12

SCHEME 4.7 - The reduction of compound 9 to compound 12 by baker’s
yeast.
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Similarly, the 'H NMR spectra of compound 9 and spot 8 of the TLC
are compared in FIGURE 4.26. The first observation was the disappearance
of the most downfield signals (signals at around 8.3 ppm) present in
compound 9 (FIGURE 4.26). A focus on the aromatic region of the NMR
spectra of 9 reveals the presence of the most downfield signals at 8.4 ppm.
These signals correspond to the signals of the two aromatic hydrogens on the
two carbons flanking the nitro-substituted carbon in 9. However, there is a
displacement of those signals to around 6.60 ppm in fraction 8. Similarly,
there was also a displacement of the signals of the other protons in the nitro-
substituted ring to around 7.04 ppm. This observation clearly indicates that
the nitro group has been reduced to an amine (—-NH_) group, thereby making

the flanking carbons and their hydrogens less shielded and more upfield.

Furthermore, there was an appearance of two triplets at 3.05 and 2.88,
signals that correspond to two adjacent methylene groups forming a —
CH,CH,— system, which is a result of the reduction of the non-aromatic
double bond close to the nitro-substituted ring. The spectra shows signals
that indicate that compound 9 was reduced at multiple positions by baker’s

yeast to form compound 13 as shown in SCHEME 4.8.

82



8.5 8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 2.5 2.0 15 1.0 0.t
1 (ppm)

_L@vy I
LI
} T T T \m‘ H\ T T T \O T T T = H‘ T T T T T

8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 15 1.0 0.t
1 (ppm)

Hé

2.003=

FIGURE 4.26 - Comparison of the *H NMR spectra of compound 5 (top)
and spot 8 in the TLC in FIGURE 4.22 (bottom).

S. cerevisiae
(@] O

(Baker's Yeast)
IYTE >
NO, Biphasic System NH,

Compound 9 Compound 13

SCHEME 4.8 - The reduction of 9 to 13 by the baker’s yeast.
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Though there are several reports on the chemoselective bioreduction of
the activated carbon-carbon double bonds in carbonyl group compounds,
only a handful of data is available on the reduction of such bonds in bis-a,f-
unsaturated enones like 9. In those reports, microbial cells were able to
reduce carbon-carbon double bonds and carbon-oxygen bonds forming
ketones, alcohols and/or combination of both (ALBUQUERQUE ET AL., 2007;
FERREIRA ET AL., 2015; KRAURER ET AL., 2011; MACIEL FERREIRA ET AL.,
2014; SCHAEFERET AL., 2013; SILVAET AL., 2012, 2010Db). In yeast and other
microbes, flavin-dependent ene reductases (ERs), family of the enzymes
famously dubbed the Old Yellow Enzymes (OYEs) are responsible for
catalyzing the reduction of activated C=C bonds in a,B-unsaturated
compounds, giving products with high enantio- and stereo-selectivity in
excellent yields (FERREIRA ET AL., 2015; WINKLER ET AL., 2012). The
biohydrogenation of 9 in a water/n-hexane biphasic system by the baker’s
yeast was completely regioselective, resulting in the desymmetrization
reduction of C=C bonds, and forming a mixture of mono-reduced enone 12
(SCHEME 4.7) and 4-amino-substituted enone 13 (SCHEME 4.8) after 14
days of constant stirring. Compound 12 results from the selective reduction
of the C=C bond between the carbonyl group and ring B of the aromatic

system. This suggests the activity of ene-reductase in baker’s yeast (Step A
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in SCHEME 4.9). The reduction observed was consistent with extant data in
the literature that baker’s yeast is capable of reducing the vinylic double bond
in chalcones and other substituted carbonyl compounds in an aqueous system
or biphasic system of aqueous/organic solvents (IRIMIE ET AL., 1997; SILVA
ET AL., 2010a). a,B-unsaturated carbonyl enones are capable of promoting
NADPH oxidation by OYE and can be reduced at the olefinic bonds.
Mechanistically, the desymmetrization reduction involves hydride transfer
from the R-face of the NADPH of ene-reductase to a B-carbon of the
substrate. This is followed by a proton transfer from the solvent by a tyrosine
residue of the enzyme to the a-carbon atom on the opposite face of the olefin
as shown in SCHEME 4.10. The net addition of [2H] onto an olefin bond is
a Michael-type addition of a complex hydride and results with relative trans-
stereospecificity (DURCHSCHEIN ET AL., 2013; FERREIRA ET AL., 2015; HULT
& BERGLUND, 2007; VAz ET AL., 1995; WINKLER ET AL., 2012). In a
somewhat complementary manner, the importance of carbonyl groups in the
Markovnikov addition of nucleophiles to the vinyl double bonds of vinyl
esters have been well documented. Several authors reported that the carbonyl
oxygen is bound in an oxyanion hole or, coordinated to the metal ion at the
enzyme active site, polarizing the double bond. The partial C=C bond is then

attacked by the nucleophiles (Wu ET AL., 2006).
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SCHEME 4.9 - Biotransformation of 9 by enereductases and

nitroreductases.
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SCHEME 4.10 - Asymmetric reduction of activated alkenes by ene-
reductases.

In chalcones and other a,B-unsaturated enals and enones, there is only
one C=C bond available for reduction. However, there are two of such in bis-
a,B-unsaturated compounds like enone 9. The reduction of one C=C bond
over the other by the ene reductases, leading to a desymmetrization reaction
as seen in SCHEME 4.9 above is an interesting observation. Previous efforts
involving the bioreduction of bis-a,p-unsaturated enones followed

Markovnikov addition, yielding a mixture of products, including saturated
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ketone, mono reduced ketone, saturated alcohol and mono reduced alcohol
(FERREIRA ET AL., 2015). However, there have been reports of a
chemoselective bioreduction of (1E,4E)-1,5-diphenylpenta-1,4-dien-3-one
mediated by baker's yeast in an agueous/organic solvent biphasic system to
form only the corresponding saturated ketone, and one would expect that a
saturated ketone is also formed in this experiment (SCHAEFER ET AL., 2013).
One possible explanation for the desymmetrization reaction is structural
constraints. The ethyl (-CH,CHs) substituents at the B-carbon of the olefin
bond between the carbonyl group and ring A of 9 may affect the rate of
hydride transfer to the olefinic bond, consistent with a steric hindrance to
hydride transfer from the Ns position of the enzyme-bound reduced flavin
(VAZ ET AL., 1995). Another possible reason is the electronic effect of the
nitro group on the ring B of 9 by means of the conjugation of T-bonds on this
side of the molecule. Nitro-containing compounds possess strong antibiotics
properties and this had made it difficult for researchers to employ them as
substrates for microorganisms in a biocatalytic process. However, the
presence of an electron-withdrawing group on ring B increased the reactivity
of the B-carbonyl carbon, making it possible for the Baker’s Yeast to reduce
the electron-deficient olefinic bond (OHTAET AL., 1989, 1987; SILVAET AL.,

2010a).
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Despite reports that the flavin-containing OYE family of enzymes is
capable of acting as both an ene-reductase and a nitroreductase, only a little
attention has been given to aromatic ring-substituted nitro group reduction
in bis-a,B-unsaturated enones by nitroreductases (TOOGOOD & SCRUTTON,
2019). In this experiment, after the observation of compound 12 in the initial
monitoring process, the reaction was left to progress due to a significant
amount of unreacted substrate left in the reaction system. With the additional
reaction time, the reduction of the nitro group on ring B was observed,
forming compound 13. This observation agrees with the reports that BY is
capable of reducing aromatic nitro compounds containing electron-
withdrawing groups in ortho, meta or para positions to their corresponding
amino derivatives (BAIK ET AL., 1994; IRIMIE ET AL., 1997). The reduction of
the nitro substituent, a strong electron-withdrawing group attached in the
para position to ring B of compound 9, is catalyzed by nitroreductases (Step
B of SCHEME 4.9) and confirms the ability of the nitro group to increase
the reactivity of the compound. The conversion of compound 9 to 13 is a
two-step process (SCHEME 4.9) involving the reduction of the vinyl double
bond by ene reductase followed by the reduction of the nitro group by

nitroreductase (MACIEL FERREIRA ET AL., 2014).
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Nitroreductases are widely distributed in bacteria and to a lesser extent,
eukaryotes and are capable of reducing aromatic nitro groups to
hydroxylamines and amines using FMN or FAD as prosthetic groups and
NADH or NADPH as reducing agents (MULLER, 2018). There are two types
of bacterial nitroreductases. The type | (oxygen-insensitive) catalyses the
reduction of nitro groups by sequential two-electron reductions to nitroso,
hydroxylamine intermediates and ultimately primary amines (KOBORIET AL.,
2001; SARLAUSKAS ET AL., 2004). They play important roles in the reduction
of organic nitroaromatic and nitroheterocyclic compounds, such as
nitrobenzene, 2,4,6-trinitrotoluene (TNT), nitrofurazone, metronidazole and
nitrofurantoin (CABALLERO ET AL., 2005; HAN ET AL., 2007; MCCALLA ET
AL., 1978). The type Il (oxygen-sensitive) catalyses one-electron reduction
of the nitro group, producing a nitro anion radicals that subsequently reacts
with oxygen, forming a superoxide radical and regenerating the original
nitroaromatic compound, thereby jeoparding the cells to oxidative damage
as a result of the accumulation of radical (PETERSON & MASON, 1979;

WASSERSCHEID & KEIM, 2000).

In the yeast Saccharomyces cerevisiae, two genes, FRM2 (YCL026c¢-
A) and HBN1 (YCLO026c¢-B) have been identified and characterized by in

silico analysis as the genes that encode putative nitroreductase-like proteins

90



(DE OLIVEIRA ET AL., 2007). Though little is known about the roles of this
reductases, experimental data suggest that Frm2p may be involved in lipid
signaling pathway and cellular homeostasis (MCHALE ET AL., 1996). Further,
de Oliveira and co-workers have shown that the Frm2p and Hbnlp
nitroreductases influence the response to oxidative stress in S. cerevisiae
yeast by modulating the reduced glutathione (GSH) contents and antioxidant
enzymatic activities, such as superoxide dismutase (SOD), catalase (CAT)
and glutathione peroxidase (GPx) (De OLIVEIRAET AL., 2010). Based on the
foregoing, BY may have earmarked compound 9 as a xenobiotic, prompting
it to deploy its nitroreductases against its threat. In the metabolism of
nitroaromatic compounds, the nitro reduction is an activating step because
of the large electronic change that is generated by the metabolism of a nitro
group. The Hammett substituent constant for a para-substituted nitro group
is +0.78 while it is -0.34 for the corresponding hydroxylamine (4 electron
reduction product) and -0.66 for amine (6 electron reduction product) as
shown in SCHEME 4.11 below. This massive increase in electronic effect in
this metabolic step result in the formation of electrophilic metabolites which

are the basis of cytotoxicity in nitroaromatics (DENNY, 2005).

91



0.78 ca. 0.8 0.75 -0.32 -0.66

NO2 NO; NHOH

1e
One electron Hbnlp Frm2p
reduction

SCHEME 4.11 - Steps in the reduction of nitroaromatic compounds.

In the oxygen-sensitive reaction, transient nitroaromatic radical anion
(Ar—NOy) generated in the first step of the reduction process (SCHEME
4.11) can interact with oxygen in the medium and in turn reoxidized to
ArNO2 with the formation of superoxide radical (O,) which is acted upon
by superoxide dismutase (SOD) to release hydrogen peroxide (H,0,), an
equally dangerous reactive species. These species are capable of disrupting
the cells of the organism and is the source of cytotoxicity in the nitroaromatic
compound. The metabolism of 9, however, appeared to have proceeded
through the activity of the oxygen-insensitive nitroreductase in three

consecutive two-electron transfers (MACIEL FERREIRA ET AL., 2014).

Several reports recorded the conversion of ketones to alcohols. It is
noteworthy that no allylic and/or saturated alcohols were detected in this
experiment. Interestingly, this observation was also recorded by Takeshita

and co-workers, who noticed that whenever a carbonyl group existed in the
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system, a selective reduction took place to give a combination of
aminoketones and other compounds without the amino alcohol (TAKESHITA

ET AL., 1989).

4.3.3 The biological yeast-catalyzed) and chemical (Pd/C-

catalysed) reduction of diarylpentadienones

The biological (Saccharomyces cerevisiae, pH 6.5) and chemical
(H2/Palladium-on-carbon) reduction of diarylpentadienones were carried out
to synthesized a saturated ketone. In our findings, both the yeast and catalytic
hydrogenation processes using Pd/C reduced diarylpentadienones to a
varying degree. Both the biological and chemical processes produced
reduction products in which one/or both of the a,-unsaturated double bonds
in the diarylpentadienones were reduced. In the case of yeast, a mono-
reduced ketone is detected whereas a mixture of products was detected in the
Pd/C-catalyzed process. Further, both processes led to the reduction of the
nitro groups, giving an amine. In the biological reaction, the reduction of the
nitro group took place following the increased reaction time as nitro

reduction was not detected in the first 14 days of the reaction.

Whereas the chemical process took between 3-4 hours, not until 14 days
of constant stirring was a product detected in the yeast-catalysed reduction.

What the biological process lacks in speed, it more than makes up for it in
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efficiency and safety. The use of yeast as biocatalysts in the synthetic process
offers a more environmentally-friendly alternative to chemical reduction,
which uses explosive hydrogen and metal catalysts (TOLMIE ET AL., 2019).
The biological reduction took place under mild conditions, such as room
temperature and atmospheric pressure. Also, eco-friendly aqueous/organic
biphasic solvent was used, minimizing the use of ethyl acetate and other
dangerous solvents that are generally associated with chemical processes
(PANKE ET AL., 2004). Further, the baker’s yeast is cheap and commercially
available in everyday store and the set-up of the reduction process is simple
and efficient. For the chemical reduction process, specialized apparatus is
needed. Besides, it can be difficult to regulate the flux of hydrogen gas used,
making the monitoring of the reduction difficult and resulting in a lot of side
reduction reaction, including reducing reactive substituent like nitro group

(MACIEL FERREIRAET AL., 2014).

Most biological processes give products with superior enantio- and
regioselectivity. The bioreduction of a,-unsaturated double bonds in enones
by yeast gave products with high regioselectivity. This is perhaps the most
important advantage of the biological reduction as enantiopure compounds
are continually being demanded by the industry for the production of

important chemicals including drugs, fragrance, agrochemical among others.
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Though more than a single product was formed in the yeast-catalysed
process, the other products were formed as a result of the extended reaction
time. The reduction with palladium-on-charcoal was not chemoselective,
giving a mixture of products that are reduced at various position (FERREIRA

ET AL., 2015; MACIEL FERREIRA ET AL., 2014).

In general, baker’s yeast is a reservoir 0of enzymes like ene reductase,
nitroreductase and alcohol dehydrogenase, enzymes capable of catalyzing
stereospecific reduction. Therefore, the use of microorganism as biocatalyst

offers a lot of advantages compared to its chemical counterpart.
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5 Conclusions

In the present work, we synthesized some monoarylidenes and
diarylpentadienones (compounds 2, 4, 5, 6) and biotransformed them and
some others obtained from the previous works in our laboratory (compounds
7, 8 and 9) using Penicillium brasilianum and Saccharomyces cerevisiae to
modify them and enlarge the diarylpentadienones library. Our findings show
that the resting cells of P. brasilianum reduced monoarylidene 2 to 10. The
broth of the fungi catalyzed Baeyer-Villiger oxidation of compound 2 to 11
indicating that P. brasilianum is a promising source of Baeyer-Villiger
monooxygenases and reductases. However, no biotransformation product
was detected when diarylpentadinones 4, 5, 7 and 8 were fed into the fungi.
Baker’s yeast Saccharomyces cerevisiae was able to reduce 9 to 10 and 11
in a regioselective manner. Further investigation into why P. brasilianum
was not able to reduce and/or oxidized diarylpentadienones used must be

carried out.
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