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Fungi exhibits remarkable adaptability to diverse environments, making them widely distributed across ecosystems. Their vast
diversity has driven extensive research into biotechnological applications, including biocatalysis mediated by whole cells or isolated
enzymes. Among fungal biocatalysts, marine-derived strains have gained attention due to their unique enzymatic repertoire. In this
study, whole cells of Penicillium citrinum CBMAI 1186 were employed to catalyze the selective reduction of o, f3,y,6-unsaturated
ketones into y,5-unsaturated ketones. The substrates were synthesized and characterized by nuclear magnetic resonance (NMR)
and gas chromatography-mass spectrometry (GC-MS), while crystalline forms were further analyzed via X-ray diffraction.
P. citrinum CBMALI 1186 exhibited high catalytic efficiency, achieving conversions exceeding 85% after six days. Fluorine- and
methyl-substituted compounds displayed faster conversion (1-3 days), suggesting substrate preference. In all cases, only the
o, B-double bond was reduced, confirming the selectivity of the microorganism for highly conjugated compounds. These discoveries
indicate that P. citrinum CBMALI 1186 performs regioselective and chemoselective reductions with high efficiency, establishing its
potential as a biocatalyst for selective bioreduction reactions. The exclusive transformation of o, f-unsaturated bonds underscores its
applicability in biotechnological processes. Overall, this study highlights the potential of P. citrinum CBMAI 1186 in the development
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of novel sustainable bioprocesses for fine chemical synthesis.
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INTRODUCTION

Biocatalysts have emerged as superior alternatives to conventional
chemical catalysts due to their capacity to generate high-value
products across various industries, including food, pharmaceuticals,
and fine chemistry, while conducting cost-effective reactions with
reduced environmental impact.!? Enzymes, the most employed
biocatalysts, can be utilized either in their isolated form or within
whole cells, such as bacteria and fungi.

Although isolated enzymes provide accurate control over
reactions and demonstrate high efficiency, whole-cell biocatalysts
typically display resilience due to the protective barrier they receive
against environmental stressors such as aeration and reactive
substrates or products. This setup provides an optimal environment for
enzymes, ensuring structural stability even in challenging conditions
and facilitating efficient cofactor regeneration while effectively
orchestrating reaction cascades.>*

Moreover, the utilization of whole cells from microorganisms
is promising because of the plethora of novel enzymes capable of
synthesizing compounds of considerable interest.” Over the course
of evolution, microorganisms have encountered various substrates
and environmental conditions, resulting in the development of
numerous metabolites and enzymatic activities.> While bacteria are
more frequently employed than fungi in biocatalytic reactions due
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to their ease of application, fungi have attracted attention in recent
years for their remarkable adaptability under laboratory conditions
and the greater diversity of species they offer.51°

In this study, we investigate the utilization of whole cells from
Penicillium citrinum CBMAI 1186 to catalyze the conversion
of a,f,y,0-unsaturated ketones into y,5-unsaturated ketones.
It is noteworthy that existing literature primarily emphasizes
o, B-unsaturated compounds, while a, 3,,5-unsaturated compounds
have received comparatively limited attention. This highlights the
significance of acquiring additional data to enhance comprehension
of the reaction conditions and broaden the scope of substrates for
these reactions.

In our group, a similar reaction was prepared using an
o,B,y,0-unsaturated ketone. In this study, we expanded the range of
substrate to confirm fungal activity, tested different reaction times,
and determined whether previously tested conditions, like a biphasic
system, are necessary for high-yield reactions.

The reduction of o,f-unsaturated compounds is extensively
investigated and stands as a pivotal tool in organic synthesis, chiefly
due to its ability to generate chiral centers, resulting in compounds
with high enantiomeric/stereoselectivity purity — products of
notable interest.'""'> Conversely, the reduction of a, 3,y,56-unsaturated
carbonyl compounds presents significant challenges owing to the
presence of three reducible positions. The complexity arises from
the existence of these multiple reducible positions (e.g., 1,2-, 1,4-,
and 1,6-reduction), potentially yielding mixtures of multi-reduced
products under reductive conditions. Since y,3-unsaturated alkenes
are vital for the synthesis of important chemicals, the discovery of an
effective catalyst for selectively reduce a, f3,y,6-unsaturated alkenes
into y,6-unsaturated alkenes in an environmentally friendly manner
holds utmost importance.'>!*
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EXPERIMENTAL
Chemical reagents, solvents, and culture media

The compounds trans-cinnamaldehyde (1) (98%) and
4-iodoacetophenone (2d) were purchased from Oakwood
Chemical® (USA). 4-Bromoacetophenone (2a) (98%),
4-fluoroacetophenone (2¢) (99%), 4-nitroacetophenone (2e) (98%),
and 4-methylacetophenone (2f) (95%), were purchased from Sigma-
Aldrich® (USA). 4-Chloro-acetophenone (2b) (98%) was purchased
from Acros Organics® (Belgium). Sodium hydroxide (97%) was
purchased from Quimis (Brazil). Deuterated chloroform (CDCl5)
(> 99%) was purchased from Cambridge Isotope Laboratories
(USA). The solvents acetone, hexane, ethyl acetate and dimethyl
sulfoxide (DMSO) were purchased from Exodo, Merck and Synth
(Brazil). All compounds were used without further purification.

The synthetized compounds were purified by column
chromatography using flash silica gel with pore diameter of 6 nm
(0.035-0.070 nm) which was obtained from Acros Organics®. Thin
layer chromatography (TLC) (Macherey-Nagel, 20 x 20 cm, silica
gel 60, G/ UV 254 nm) was used with the purpose of monitor the
synthesis reactions.

The salts used for preparation of the synthetic sea water (see
“Preparation of culture medium and synthetic sea water” sub-section)
were purchased from Synth and Vetec (Brazil). Agar and malt extract
were purchased from Kasvi (Brazil).

Preparation of the o,f,y,0-unsaturated ketones (3a-3f)

The o,p,y,0-unsaturated ketones were synthesized through
Claisen-Schmidt condensation. To obtain the products (3a-3f),
trans-cinnamaldehyde (1) (3.1 mmol, excess) and the corresponding
ketones (2a-2f, 3 mmol) were used. All the reactants were transferred
into a 25 mL rounded-bottomed flask containing 10-15 mL of ethanol.
Next, 0.3 mL of 6 M aqueous sodium hydroxide solution (NaOH)
was slowly added. The reactions were agitated at ambient temperature
for 0.5 h and monitored via thin layer chromatography (TLC). The
resulting precipitates were isolated using Buchner filtration and
rinsed with chilled distilled water until reaching a neutral pH. The
precipitates were then dried under room temperature (RT) and washed
3 times with boiling hexane. The products (4a-4f) were obtained
in good yields and were identified and characterized by 'H and "*C
nuclear magnetic resonance (NMR), Fourier-transform infrared
spectroscopy (FTIR), gas chromatography-mass spectrometry
(GC-MS), and melting point (mp) analyses (see Supplementary
Material).

Single crystal X-ray diffraction analyses

The compounds 3¢, 3d and 3f were obtained as crystals and
submitted to X-ray diffraction. The X-ray data collection for 3c,
3d and 3f were performed at 100 K, using the MANACA beamline
of the Brazilian National Synchrotron Light Laboratory (LNLS,
Campinas, Brazil), equipped with a Pilatus M2 detector and an MK3
mini-kappa, using phi-scans with 360° rotation in steps of 0.3°, and
X-ray wavelength regulated to 0.67019 A. The XDS software!s was
employed for unit cell refinement, data collection and reduction, and
empirical absorption correction. The structures were solved with the
SHELXT program, using the Intrinsic Phasing method,'® while the
non-hydrogen atoms were refined by the least-squares minimization
method using the SHELXL program'” and considering anisotropic
displacement parameters, both within the Olex2 program.'® Hydrogen
atoms were positioned at calculated positions and refined with the
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riding model. Olex 2 and Mercury 2022.2.0" were used to prepare
the graphical illustrations. Data collection and refinement parameters
are listed in Supplementary Material (Table 1S).

Crystallographic data of 3¢, 3d and 3f in CIF format have been
deposited at the Cambridge Crystallographic Data Centre (CCDC)
with the deposition numbers CCDC 2283823, CCDC 2283824 and
CCDC 2283825, respectively. Copies of the data can be obtained free
of charge from the CCDC website (www.ccdc.cam.ac.uk).

Marine-derived fungus P. citrinum CBMAI 1186

Marine-derived fungus P. citrinum CBMAI 1186 was isolated
from the marine alga Caulerpa sp. collected by Prof. R. G. S.
Berlinck in the city of Sdo Sebastido, on the coast of the state of
Sao Paulo, Brazil. The fungus was identified using conventional and
molecular methods at the Chemical, Biological and Agricultural
Pluridisciplinary Research Center (CPQBA) at the University of
Campinas (Brazil). A type of culture of P. citrinum CBMAI 1186
was deposited in the Brazilian Collection of Environmental and
Industrial Microorganisms (CBMAI) located at CPQBA/UNICAMP
(https://cbmai.cpgba.unicamp.br/) a microbial culture collection
that serves as a repository for microorganisms isolated from various
environments, including soil, water, and industrial processes. The
collection is maintained to preserve microbial biodiversity and provide
strains for scientific research and biotechnological applications.

Preparation of culture medium and synthetic sea water

To cultivate the fungus P. citrinum CBMAI 1186, both solid
and liquid culture media were employed. The composition of both
media was identical, consisting of malt extract (20 g L) dissolved
in synthetic sea water with a pH 8. The only difference between the
two media was that the solid media included agar (20 g L) as a
solidifying agent.

The synthetic sea water was prepared with the following salts:
CaCl,.2H,0 (1.36 g L), MgCl,.6H,0 (9.68 g L), KC1 (0.61 g L),
NaCl (30.0 g L"), Na,HPO, (0.014 mg L"), Na,SO, (3.47 g L),
NaHCO; (0.17 g L), KBr (0.1 g L"), SrC1,.6H,O (0.040 g L"), and
H,BO, (0.030 g LY).

All manipulations involving the marine-derived fungus
P. citrinum CBMALI 1186 were carried out under sterile conditions
in a Veco laminar flow hood.

Growth of marine-derived fungus P. citrinum CBMAI 1186 in
solid and liquid culture media

From a stock medium stored at 4 °C, the fungus
P, citrinum CBMALI 1186 was transferred into a Petri plate containing
fresh solid culture media. The fungus was cultured under optimized
conditions. Following 7 days of incubation at 32 °C, 10-15 slices
(0.3 cm x 0.3 cm) containing fungal mycelia were removed and
transferred to Erlenmeyer flasks (250 mL) with 100 mL of synthetic
seawater and malt extract. The cultures were then maintained at 32 °C.
After 7 days of incubation on an orbital shaker (130 rpm, 32 °C), the
mycelia were filtered via Buchner funnel apparatus. The mycelia were
used for biocatalytic reduction of a.,f3,y,0-unsaturated ketones 3a-3f.

Biocatalytic reduction of a,p,y,6-unsaturated ketones 3a-3f
from P. citrinum CBMAI 1186

The mycelia of the fungus P. citrinum CBMAI 1186 were
harvested by Buchner filtration and suspended in 25 mL of phosphate
buffer solution (Na,HPO,/KH,PO,, pH="7.1,0.1 mol L") added in a
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125 mL-Erlenmeyer flask. The biocatalytic reductions were carried
out with 2.5 g (wet weight) of mycelium and 25 mg of o.,3-unsaturated
ketones 3a-3f, previously dissolved in DMSO (0.4-1 mL). The
mixtures were incubated in an orbital shaker for 1, 3 and 6 days,
at 32 °C and 130 rpm. After each period determined, the reactions
were stopped by adding 50 mL of ethyl acetate (EtOAc). In order to
obtain the product, the mycelia, in EtOAc, was submitted to vigorous
agitation for 30 min. The reactions for 1 and 3 days were not repeated,
and for 6 days was made in duplicate.

Isolation of products 4a-4f from biocatalytic reduction by
P. citrinum CBMAI 1186

After the end of the biocatalytic reaction, the mycelia were
isolated from the reaction mixture via filtration using a Buchner
funnel, after which they were discarded. To enhance product yield,
the extraction with ethyl acetate was conducted thrice, employing
the following procedure for each repetition: 30 mL of EtOAc was
introduced into the aqueous filtrate within a 125 mL Erlenmeyer flask
and vigorously agitated using a magnetic stirrer. Subsequently, the
resultant mixture was transferred to a separation funnel, where the
organic phase was separated from the aqueous phase.

The organic phase obtained from each extraction was collected in
a flask, desiccated over anhydrous sodium sulfate (Na,SO,), filtered,
subjected to vacuum evaporation, and analyzed using GC-MS. The
compounds were purified through flash column chromatography (CC)
utilizing silica gel, resulting in the isolation of the purified products
4a-4f, whose purity was confirmed by TLC. Products 4a-4f underwent
identification and characterization via NMR, GC-MS, and FTIR
analyses.

Analytical methods

For GC-MS, a Shimadzu GC2010 Plus gas chromatography
system coupled to a mass-selective detector (MS) (Shimadzu
MS2010 Plus, Kyoto, Japan) in electron ionization mode
(70 eV) was used. The samples were injected into a DB5 column
(30 m x 0.25 mm x 0.25 um, J&W Scientific, Folsom, CA), and the
following conditions were applied: the temperatures of the injector
and interface were maintained at 250 and 270 °C, respectively.
While, for the oven, the initial temperature was 90 °C, and was
held for 4 min, after this period, the temperature was increased
at 10°C min™' until 280 °C, which was held for 5min, and then,
at 10 °C min’', the temperature was increased to 300 °C and held
for 10 min. The total analysis time was 40 min. Helium was used
as carrier gas with initial flow of 0.75mL min™, and the injection
volume was 1 pL (split ratio of 1:20). Fragment ions were detected
in the range of m/z 40-550.

The FTIR spectra were recorded on a Bruker (Alpha model)
spectrometer in the 4000-400 cm™ region. The samples were first
solubilized in dichloromethane and placed in the analysis area
provided with an infrared window made of zinc selenide (ZnSe)
crystal.

'"H and "C NMR spectra were recorded on an Agilent
Technologies 400/54 Premium Shielded spectrometer, operating
at 400 MHz for 'H and 100 MHz for '*C. The chemical shifts (0)
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Figure 2. Fragmentation proposal for compound 3¢
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were given in parts per million (ppm) and coupling constants (J)
in Hz. For the analysis, deuterated chloroform (CDCl,) was used
to solubilize the compounds (0, = 7.25 ppm, s; O = 77.00, t) and
tetramethysilane (TMS) as an internal standard.

Melting points were measured on a Fisatom (model 431) by
observing the phase changing of the samples.

RESULTS AND DISCUSSION

Synthesis of a,p,y,6-unsaturated ketones 3a-3f and charac-
terization of the (2E,4E)-1-(4-fluorophenyl)-5-phenylpenta-
2,4-dien-1-one (3¢)

The o,B,y,0-unsaturated ketones 3a-3f (Figure 1) were
synthesized using the Claisen-Schmidt condensation reaction,
yielding satisfactory results ranging from 65 to 85%, indicating that
the reaction conditions were suitable.??* All synthesized compounds
were obtained as yellow solids. The presence of different substituents
on the B-ring did not appear to have any significant correlation with
the reaction yields.

The Claisen-Schmidt reaction is an aldol condensation between
an aromatic aldehyde and a carbonyl compound, catalyzed by a base,
resulting in an o,3-unsaturated carbonyl compound, typically named
as chalcone. The base generates an enolate ion from the carbonyl
compound, which then attacks the aldehyde, followed by dehydration
(condensation) to form the desired product.

The compounds 3a-3f were identified by 'H and '*C NMR, FTIR,
and GC-MS analyses, and their corresponding spectra are available
in the Supplementary Material.

R = Br (3a), Cl (3b), F (3¢),
I (3d), NO, (3e), CH, (3f)

Figure 1. Structure of the synthesized compounds (3a-3f)

Considering their structural resemblances, compound 3¢ was
selected as a representative model for comprehensive characterization
analyses. Within the mass spectrum of compound 3¢, two peaks
of significant intensity were observed. The first peak appeared
at m/z 252 (100%) value, corresponding to the molecular ion
[C,;H;FO]J*. The second peak was detected at m/z 123 (35%),
indicating the presence of an acylium ion [C,H,FOJ*, formed through
fragmentation processes. A peak at m/z 95 indicates the potential loss
of a CO molecule from the acylium ion. A proposed fragmentation
of compound 3c is presented in Figure 2.

For the 'H NMR spectrum (400 MHz, CDCL,), the hydrogens
adjacent to the double bonds exhibited multiple signals due to the
influence of both electronic effects and vicinal coupling, leading to
characteristic splitting patterns. Notably, the Ho. signal appeared at
7.07 ppm as a doublet with a coupling constant (J) of 15 Hz, which is
consistent with a trans-alkene. The magnitude of this coupling aligns
with literature® values for alkenic protons in an E-configuration,
confirming the geometric arrangement of the double bond.

-
L,
miz: 123 miz: 95
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In the BC NMR spectrum (100 MHz, CDCl,), the most unshielded
signals were observed at 188.9 ppm, corresponding to the carbonyl
carbon (C=0), and at 165 ppm, attributed to the carbon directly
bonded to fluorine group. Atoms with high electronegativity withdraw
the electron density from the adjacent carbon, shifting its resonance
significantly downfield. Additionally, the large one-bond carbon-
fluorine coupling constant (J' = 254 Hz) confirms the direct C-F
bond and further supports the assignment of this signal. The large
coupling constant, typically in the range of 200-300 Hz, is attributed
to the high electronegativity of fluorine, strong C—F bond polarization,
and efficient orbital overlap between carbon and fluorine. This
phenomenon is a key spectral feature of organofluorine compounds
and provides valuable structural and electronic information.?

The appearance of two peaks of equal intensity for the carbon
bonded to fluorine in the *C NMR spectrum is due to the direct one-
bond coupling (/') with °F, resulting in a characteristic doublet.?®

A total of 13 distinct carbon signals were observed in the
3C NMR spectrum, corresponding to 17 carbon atoms in the
molecular structure. This discrepancy suggests the presence of
symmetrical elements in the molecule, which leads to overlapping
signals for chemically equivalent carbons. The observation that all
carbons exhibit chemical shifts typical of sp>-type hybridized carbons
further supports the presence of a fully conjugated system, reinforcing
the structural assignment (Figure 318 in the Supplementary Material).

Structural crystal description of 3c, 3d and 3f

The compounds 3¢, 3d, and 3f were obtained in crystalline
form and crystals from each compound were isolated for analysis
using the single crystal X-ray diffraction technique. The findings,
including ORTEP illustrations and selected bond lengths for the three
compounds, were detailed in the Supplementary Material (Figure 1S,
Tables 2S and 3S).

The X-ray diffraction analysis revealed that compounds 3¢ and
3d crystallized in the orthorhombic space groups P2,2,2, and Pca2,,
respectively. Conversely, compound 3f exhibited crystallization in
the monoclinic space group P2,/c. Among these compounds, 3d and
3f displayed one molecule per asymmetric unit, whereas the crystal
structure of compound 3¢ contained two distinct molecules per
asymmetric unit denoted as 3¢’ and 3¢”. Notably, these molecules
exhibited differentiation in certain torsion angles, such as those
observed for the carbon atoms C6-C7-C8-C9, which displayed torsion
angles of —164.12° and 161.74° in 3¢’ and 3¢”, respectively.

As anticipated for a conjugated system, the bond angles within
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the a.,f3,y,0-unsaturated ketone skeleton closely approximate 120°. In
the solid-state structure, compounds 3d and 3f exhibited nearly planar
configurations, with dihedral angles between the aromatic groups
measuring 7.47° and 10.17°, respectively. However, compound 3¢
deviates from planarity, displaying dihedral angles of 44.21° and
43.15° (Figure 2S, Supplementary Material).

Reduction of a,B,y,0-unsaturated ketones 3a-3f by whole cells
of P. citrinum CBMAI 1186

Biocatalytic reactions using whole cells of P, citrinum CBMAI 1186
were carried out on a.,f3,y,5-unsaturated ketones 3a-3f, previously
characterized, for periods of 1, 3, and 6 days. After 6 days, the
conversion rates for all compounds exceeded 85%, as determined
by analyzing the respective areas in the GC-MS chromatograms
(Table 1). It is worth noting that prior studies*? have investigated
the reduction of double bonds using other fungi, primarily focusing
on o,-unsaturated compounds.

Regarding the 3-day reaction, conversion values exceeding 90%
were observed for compounds 3¢ and 3f, suggesting an elevated
affinity of these substrates for the fungal cells and its enzymes.
Compound 3c included a fluorine atom in the para-position, acting
as an electron-withdrawing group, while compound 3f contained a
methyl group in the para-position, acting as an electron-donating
group. The distinct electronic effects of these groups on the aromatic
ring might impact the reaction by altering electronic density and
potentially influencing enzyme activity towards the double bond.
However, it was observed that the presence of these groups did not
affect the reaction conditions.

The observed outcome can be attributed to the minimal
steric effects afforded by the small size of the fluorine atom and
the methyl group, which facilitated efficient biotransformation.
Consequently, this resulted in a reduced reaction time compared to
other compounds (3a, 3b, 3d, and 3e).

The conversion achieved after a 3-day reaction was significant,
given that many biotransformations typically require more than five
days to reach completion,?**” indicating favorable acceptance of the
compound by cells. This observation was further supported by the
results of a 1-day reaction involving compound 3¢, which yielded
an 86% conversion rate in the production of compound 4¢ (Table 1).
The rapid reaction times observed reinforce the importance of
understanding the substrate structure and the relation with the cells
for optimizing results, as it can directly influence efficiency and lead
to higher conversion rates in shorter periods.

Table 1. Relative conversion of compounds 3a-3f to 4a-4f by the fungus P. citrinum CBMAI 1186 for 1, 3 and 6 days

] P citrinum o
X CBMAI 1186 N X SN
@ @ 132 rpm, 82°C | A | B
R Z Z >R

R = Br (3a), Cl (3b), F (3c),

1 (3d), NO, (3e), CH, (3f)
R Conversion® for 6 days reaction/ %  Conversion® for 3 days reaction / % Conversion® for 1 day reaction / %
Br 95 78 -
Cl 95 81 -
F 95 92 86
1 89 83 -
NO, 88 67 -
CH, 97 96 -

“Determined by GC-MS analysis.
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In a previous study conducted by our research group,”® the
compounds 3¢ and 3f were used as substrates in biocatalytic reactions
catalyzed by ene-reductases (ER) from Penicillium steckii, a fungus
of the same genus. For these reactions, Escherichia coli cells were
transformed with the target genes, and whole-cell biotransformation
were performed. The products were identical to those obtained in
our present study, suggesting the involvement of a similar enzymatic
system.

Ene-reductases are oxirreductases that catalyze the reduction of
C=C double bonds in o, 3-unsaturated compounds, where the double
bond is conjugated to an electron-withdrawing group (EWG), such
as a carbonyl moiety. These enzymes have been extensively studied
since the first member, OYEL1 (old yellow enzyme), was identified
in 1932 as the first flavin-dependent enzyme. Since then, various ER
families have been described, with the OYE family remaining the most
well-characterized. Within this family, different classes have been
defined, with classes I and II being the most extensively studied.?-°

The catalytic mechanism consists of two sequential half-reactions.
In the reductive half-reaction, a hydride ion is transferred from
NAD(P)H to the enzyme-bound flavin cofactor (FMN), reducing it.
In the oxidative half-reaction, the reduced flavin transfers a hydride
to the B-carbon of the substrate, adjacent to the EWG, while a proton
from a conserved tyrosine residue is transferred to the c.-carbon. This
reaction follows a ping-pong mechanism, leading to a frans-hydrogen
atom transfer process capable of generating chiral centers depending
on the structures of the conjugated compounds. The enantioselectivity
is a key feature that makes ERs valuable biocatalysts for the synthesis
of enantiopure compounds.''!

In contrast to our current approach, in the reaction with E. coli and
the target genes, hexane was added to the reaction medium to facilitate
the process, the same procedure implemented by Ferreira ef al.** to
enhance the reduction efficiency. The conversion rates of two of the
tested enzymes, PSOYE3 and PsOYE4, exceeded 80% after 24 h.
Notably, in our study, the same substrate was reduced to a comparable
extent within 24 h without the need for hexane, demonstrating a
better substrate acceptance by fungal cells compared to E. coli.
This improved performance may be attributed to differences in the
composition and permeability of the membrane, which could enhance
substrate uptake and product release, thereby facilitating a more
efficient biotransformation process.

Another indication of an ene-reductase is the reduction of only
one double bond, specifically the one near the EWG group (as
discussed in the next section). This highlights the need for additional
genomic and biochemical analyses of P. citrinum CBMAI 1186 to
accurately understand its biocatalytic activity.

Whole cell biocatalysis has proven to be a versatile and efficient
approach, offering a robust, cost-effective system that requires
minimal preparation while enabling high product yields. However,
the use of whole cells also presents challenges. Although the enzyme
responsible for the observed activity can catalyze the formation of
stereoisomers, its presence inside the cell introduces challenges, as
other intracellular enzymes may promote side reactions that reduce
stereoselectivity. Within the cellular environment, multiple enzymes
can act simultaneously, which can lead to competing transformations
that alter the desired product profile. One key example that could occur
in our study is the unintended reduction of carbonyl groups, which
may result in the formation of alcohols. To prevent the reduction of the
carbonyl group, this study employed a strategic approach by introducing
a bulky aromatic ring near the carbonyl, creating steric hindrance. This
effectively preserved the carbonyl functionality during the reduction
process catalyzed by P. citrinum CBMAI 1186.

This strategy is particularly relevant due to the presence of
intracellular enzymes, such as alcohol dehydrogenases,*® which
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readily reduce carbonyl groups to alcohols. By carefully designing
substrate structures or optimizing reaction conditions, side reactions
can be minimized, enhancing the selectivity of whole cell biocatalysis.
The addition of a bulky group was inspired by a study by
Ferreira et al.,* in which P. citrinum CBMALI 1186 mycelia were used
for the biotransformation of (E)-2-methyl-3-phenylacrylaldehyde.
The primary product, 2-methyl-3-phenylpropan-1-ol, suggested that
the carbonyl group underwent reduction alongside the o,3-bond.

Isolation of the products 4a-4f obtained by biocatalytic
reduction of compounds 3a-3f using P. citrinum CBMAI 1186

The products 4a-4f (Table 2) resulting from the 6-day biocatalytic
reactions of compounds 3a-3f utilizing P. citrinum CBMAI 1186
were isolated and purified via column chromatography. Following
purification, these products 4a-4f underwent identification and
characterization through FTIR, GC-MS, and 'H and *C NMR
analyses. All relevant spectra and chromatograms were provided in
the Supplementary Material.

During the purification process employing hexane and either
ethyl acetate or chloroform, the separation of compound 4e
from substrate 3e proved challenging due to its persistence. The
yields obtained after purifying products 4a-4d and 4f via column
chromatography are presented in Table 2. The products were obtained
in oil form, in contrast to the solid format of the initial compounds.

The confirmation of a,3-bond reduction in substrates 3a-3f
was accomplished through analytical techniques. GC-MS analysis
revealed an increase of 2 atomic mass units (amu) in the molecular
mass of compounds 4a-4d and 4f, indicating the incorporation of
two hydrogen atoms. It is noteworthy that in the mass spectrum
of all compounds, two peaks with higher intensity were observed:
one representing an acylium ion formed during fragmentation,
and the other corresponding to the molecular ion. In contrast to
substrates 3a-3f, where the molecular ion peak predominated, the
acylium ion peak was notably higher in intensity for compounds 4a-4d
and 4f. This heightened intensity of the acylium ion serves as another
indication of o,3-bond reduction, which favors easy fragmentation
during the process.

Furthermore, FTIR spectra of the reduced products 4a-4d and
4f exhibited a distinct band at 2924 cm, absent in the spectra
of compounds 3a-3f. These distinctive bands correspond to the
symmetrical and asymmetrical stretching of the bond between the
two sp’ carbons, originating from the biocatalytic reduction catalyzed
by P. citrinum CBMAI 1186.

The precise position of the biocatalytic reduction in
compounds 4a-4d and 4f was verified through the analysis of 'H NMR
spectrum. This spectrum revealed two distinct signals: a triplet and
a quartet, corresponding to the methylene hydrogens bonded to Ca
and CP (Figure 3). These signals indicate sp® hybridization due to
biocatalytic reduction. Additionally, two methine hydrogen signals
were detected, specifically those associated with Cy and C8, with
observed J values ranging from 12 to 16 Hz. This range suggested
the E-configuration for the remaining double bond in the structure.
The regioselectivity of the enzyme was evident, demonstrating the
selective reduction of the o.,3-bond.

In the ®C NMR spectrum (100 MHz, CDCl,), the most unshielded
signals were assigned to the carbon atoms adjacent to the carbonyl
group. The '*C NMR spectra for all compounds exhibited a total of
13 peaks, indicating 15 carbon atoms with sp*type hybridization and
2 carbon atoms with sp*-type hybridization.

The selective reduction of the o.,3-bond from o.,f3,y,5-unsaturated
ketones using chemical catalysts has been previously reported in
the literature. Ranu and Samanta'* demonstrated this reduction
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Table 2. Isolated yields obtained for the y,5-unsaturated ketones (4a-4f) after biotransformation by the fungus P. citrinum CBMAI 1186
Entry Substrates o.,f3,y,8-unsaturated ketones Products y,5-unsaturated ketones Yield / %
(o) (0]
NN X
| | SORAe :
Z Br Br
3a 4a
(o] 0]
Ny Y A
2 ()/\/\)k@\ O O 65
Z cl cl
3b 4b
0] o]
AN X X
3 ) ® | a
F ZE
3c 4c
O O
NN >
: 9 @ C C o
| |
3d 4d
0] )
NN =
5 _
NO, NO,
3e de
0] o
NN X X
: ® ) @ 0
CH, CH,
3f 4f

R = Br (4a), Cl (4b), F (4c),
I (4d), NO, (4e) and CH, (4f)

Figure 3. Structure of the compounds reduced 4a-4f by whole cells of
P. citrinum CBMAI 1186

using a borohydride and indium(III) chloride (InCl;) solution in
anhydrous acetonitrile. Zhan et al.'* reported the reduction of the
o,B,y,0-unsaturated ketones employing tris(pentafluorophenyl)borane
(B(C4Fs);) as a catalyst and triethylsilane (Et;SiH) as a reductant
with hexafluoro-2-propanol (HFIP). Both studies achieved yields
exceeding 90%. In our study, the highest yield attained was 74% for
compound 4c using friendly reaction conditions.

Although the chemical reduction process can present high
selectivity and yield, the use of P. citrinum CBMAI 1186 has shown to
be an attractive alternative. This approach involves a simple procedure
where reactions with several compounds can be prepared under mild
conditions using a stock of cells, without requiring the addition of
catalysts, reducing agents or toxic and expensive solvents. Whole
cells perform the reactions efficiently, offering numerous possibilities.

CONCLUSIONS

This study demonstrated an efficient biocatalytic approach
using whole cells of P. citrinum CBMAI 1186 for the regioselective
reduction of o,f3,y,6-unsaturated synthetic compounds (3a-3f). After
six days, conversion rates for all compounds were close to or exceeded

90%. Notably, substrates containing fluorine and methyl groups
exhibited high conversions (> 80%) within just 1-3 days. The carbonyl
group remained intact in all reactions. The products were successfully
purified, obtained in satisfactory yields, and characterized by NMR,
FTIR, and X-ray analyses.

The results suggest that substrate structure plays a more significant
role than electronic effects in enzyme-substrate interactions. Ene-
reductases present in P, citrinum CBMAI 1186 were likely responsible
for the reductions observed.

This work confirms the viability of using a simple, low-cost
fungal-based system to promote regioselective reduction under mild
conditions. Even when compared to isolated enzymes, whole-cell
catalysis yielded promising results, highlighting its potential for
o,B,y,0-unsaturated and o, 3-unsaturated compounds. Further studies
exploring additional substrates could provide deeper insights into
the catalytic properties of the enzyme, reinforcing its applicability
in biocatalysis.

SUPPLEMENTARY MATERIAL

Supplementary material, chromatograms (GC-MS) for the
reactions performed, as well as the '"H and '*C NMR spectra and
infrared spectra for the characterization of the starting material and
the obtained products, are available at http://quimicanova.sbq.org.br/,
as a PDF file, with free access.
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