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ABSTRACT: Melanin is a substance that plays important roles in several organisms. Its function as an antioxidant and metal-
complexing agent makes tyrosinase, the key enzyme that controls melanogenesis, an interesting target for designing inhibitors. In this
article, we report a set of piperazine/piperidine amides of benzoic and cinnamic acid derivatives as tyrosinase inhibitors with
improved potency and drug-likeness. The most potent compound Sb showed a pICs, of 4.99 in the monophenolase assay, and only
compound 3a showed reasonable potency in the diphenolase assay (pICs, 4.18). These activities are not correlated to antiradical
activity, suggesting that the activity is dependent on competition with the substrates. Molecular docking studies indicated that the
benzyl substituent of Sb and other analogues perform important interactions in the enzyme that may explain the higher potency of
these compounds. Moreover, the compounds present adequate lipophilicity and skin permeability and no relevant cytotoxicity (CCsj
> 200 M) to mammalian cells.

1. INTRODUCTION Considering the wide and distinct biological functions of
melanin, inhibition of tyrosinase has potential applications for
food, agriculture, cosmetics, and pharmaceutical purposes, such
as avoiding food darkening, skin hyperpigmentations, and
cancer.”® Polyphenol oxidases of different species vary in
structure and cellular localization but share significant
similarity in the catalytic site.”® The similarity between
Agaricus bisporus (mushroom) tyrosinase and human tyrosi-
nase, and its commercial availability, makes it a suitable model
for studying antimelanogenic activity.”’

The potential of derivatives of p-coumaric acid (Figure 1,
pCA) as antimelanogenic compounds on in vitro and ex vivo

Melanin is a colored polymer produced from L-tyrosine, L-
DOPA, and other phenolic compounds, which has protective
and pigmentation functions in fungi, plants, and mammals." In
humans, melanin is mainly (but not only) produced by
melanocytes in a process known as melanogenesis, leading to
two different pigments: eumelanin (dark brown-black-colored)
and pheomelanin (yellow-red-colored).” The biochemical
pathway of melanogenesis is complex, but it is mainly
controlled by an enzyme known as tyrosinase. This copper-
containing polyphenol oxidase is responsible for the mono-
oxygenation of L-tyrosine and oxidation of L-DOPA, both pounas e
leading to the formation of DOPA-quinone (Figure 1). Other assays, as well as efficacy on inhibiting melamzaltgcl)? on the
enzymes, known as tyrosinase-related proteins (TRPs), may fungi model, was reported by us and other groups. " Butyl p-

also be involved in the process.” The mechanistic differences

depend on the substrate and the oxidation state of the copper Received: September 12, 2023
atoms in the active site.* The reaction may occur in two steps, Revised: ~ October 16, 2023
generally referred to in the literature as monophenolase Accepted:  October 18, 2023
(monooxygenase step) and diphenolase (oxidase step) in Published: November 9, 2023

reference to the monophenol and diphenol (catechol)
substrates, respectively.
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Figure 1. Enzymatic oxidation of L-tyrosine and L-DOPA catalyzed by tyrosinase into DOPA-quinone.
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Figure 2. General structure of the piperazine amides reported in this work.

coumarate (BC) was the most potent as a tyrosinase inhibitor,
but its efficacy on the ex vivo model was limited by excessive
lipophilicity, suggesting that balanced lipophilicity/water
solubility is beneficial to the potency/eflicacy profile of such
compounds."' Amide derivatives also showed considerable
activity (BA), suggesting that the ester motif is not essential.
Additionally, recent papers reported piperazine amides from
benzoic or cinnamic acids as tyrosinase inhibitors.'”"?
Considering this, we combined the structural information to
design a set of benzoyl and cinnamyl piperazine amides (Figure
2) as tyrosinase inhibitors with improved water solubility and
drug-likeness. These modifications were planned to enhance
inhibition of tyrosinase along with balanced lipophilicity/water
solubility compatible with skin permeation.'®"

2. RESULTS AND DISCUSSION

2.1. Design and Synthesis of the Compounds. The
compounds were designed by considering modifications on
three regions (Figure 2). The substituents on the western
aromatic ring were selected considering the possible
interactions with the copper atoms in the active site. The
connecting group was set as amide or acrylamide to investigate
the importance of the vinyl group for tyrosinase inhibition.
Finally, the eastern group was defined as piperazine or
piperidine analogues substituted with a phenyl or benzyl
group. This allowed exploring the role of basic nitrogen on the
potency and solubility profile of such molecules. Moreover, the
phenyl or benzyl groups could promote specific 1nteract10ns
with a hydrophobic pocket adjacent to the catalytic site."

The compounds were synthesized from the respective
benzoic (1, 2, and 5) or cinnamic (3, 4, and 6) acids and
adequate piperazines or piperidines using EDC-HCI as a
coupling agent and HOBL as a catalyst (Scheme 1).'"'® This

Scheme 1. Reagents and Conditions: EDC-HCI, HOBt,
DCM, or DMF, 25 °C, 18—24 h
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reaction was conducted in yields up to 86% for compound 1le.
EDC is a coupling agent considered advantageous over other
carbodiimides because its urea byproduct is very hydrosoluble
and can be easily washed out in water. This allowed obtaining
several compounds with adequate purity from the extraction
procedure; however, chromatography was necessary for some
compounds, which decreased the final isolated yield.

2.2. Tyrosinase Inhibition. The prepared compounds
were evaluated in inhibition assays on mushroom tyrosinase.
The protocols were done using L-tyrosine and L-DOPA as
substrates to evaluate the activity in either or both mechanisms
of oxidation of tyrosinase. The data is reported in Table 1.

Most compounds (except for compounds 4a, 4c, and 6d)
showed good monophenolase inhibition in the monophenolase
assay, leading to pICs, values from 3.54 to 4.99 (30-fold
difference between 2c and Sb on the potency). In the
counterpart, most of the tested compounds showed poor
inhibition in the diphenolase assay, apart from 3a (pICs,
4.18). This highlights the importance of performing the assay
on both steps, as the enzyme has different mechanisms of
oxidation. The monooxygenase mechanism of ortho-hydrox-
ylation of L-tyrosine is the rate-limiting step in the biosynthesis

https://doi.org/10.1021/acsomega.3c06977
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Table 1. Inhibitory Monophenolase/Diphenolase Activities of the Compounds®

pICso £SEM (% inhibition 500 uM £SD)

pICso £SEM (% inhibition 500 uM £SD)

Compound Structure Monophenolase Diphenolase Compound Structure Monophenolase Diphenolase
o o
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% 0
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“Asterisks (*) indicate inhibition at 200 uM.

of melanin, so compounds inhibiting the enzyme in this step
are good potential antimelanogenic compounds.'’ ™"’

Kojic acid, arbutin, and hydroquinone are widely known and
effective as tyrosinase inhibitors; however, several drawbacks
limit their application including stability, toxicity, and poor
solubility or skin permeability.”"~** Phenolic compounds such
as p-coumaric, caffeic, ferulic, and hydroxybenzoic acids have
also been explored for their antimelanogenic activity,”* but the
carboxylic acid group leads to poor skin permeation and,
therefore, low efficacy in vivo.”> To bypass this limitation, ester
or amide derivatives are reported in the literature, as the
insertion of these groups results in a neutral molecule with
increased lipophilicity that can improve skin permeation.*®

Our results allowed the establishment of some structure—
activity relationships (SARs) for this series. In general, the
cinnamoyl compounds (3, 4, and 6) were slightly less potent
than the corresponding benzoyl analogues (1, 2, and §), except
for compounds 3d, 4b, and 6c, which showed increased
potency when compared to the benzoyl derivatives. On the
contrary, Nazir et al’® presented a set of benzoyl and
cinnamoyl derivatives with inhibitory activity at mushroom
tyrosinase and found that cinnamoyl esters were considerably
more potent than the benzoyl analogues. Considering the
literature and present data, the influence of the western moiety
on inhibitory activity is still not established and further
investigation should be done.

Regarding the eastern group, benzylpiperazine analogues
were more potent than the corresponding phenylpiperazines,
except for compound 4b. This suggests that increased
flexibility and/or basicity on this region may be important
for putative interactions with the target enzyme. The results
obtained with benzylpiperidines 5 and 6 shed some light on

the influence of basicity since these compounds lack the
second nitrogen in this part of the molecule. These
benzylpiperidines were the most potent compounds in the
series, with compound Sb being highlighted due to higher
potency (pICs, 4.99), which also means comparable or hi§her
potency to other compounds reported in the literature.””*’

Except for compound 6d in relation to benzylpiperazine 3b,
it can be noted that benzylpiperidines 5 and 6 were
considerably more potent than the respective benzylpiperazine
analogues 1 and 3. The most significant changes (>0.5 log-
unit) were observed for the analogues containing the guaiacol
motif in the western region (Sb and 6b). This strongly suggests
that the presence of basic nitrogen in the eastern region
impairs the affinity at the enzyme. However, since phenyl-
piperazines are not basic under physiological conditions,
flexibility or other conformational factors may play an
important role in the affinity. Higher flexibility attributed to
the presence of the benzyl group could allow better
accommodation of the compounds to the binding site.

The catalytic cycle of tyrosinase depends on the oxidation
state of the two copper ions and their ability to bind oxygen.
oxy-Tyrosinase and met-tyrosinase have cupric ions bound to
molecular oxygen or hydroxyl anion, respectively. deoxy-
Tyrosinase has two cuprous ions, the only form capable of
capturing molecular oxygen to regenerate the oxy form.'”**
Accordingly, radical scavenging activity could interfere in this
complex mechanism via a redox mechanism, leading to the
inhibition of enzymatic activity without competition with the
substrate. Thymol, hydroquinone, and kojic acid are examples
of compounds that act by this mechanism.*”

Benzoic, p-coumaric, caffeic, and ferulic acid derivatives are
tyrosinase inhibitors, and they were already described in the
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Figure 3. Mean (+SD) percentages of the maximum radical scavenging activity of the test compounds in the DPPH assay. BHT: 2,6-bis(1,1-

dimethylethyl)-4-methylphenol. pCA: p-coumaric acid. CfA: caffeic acid.
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Figure 4. Binding poses of compounds 5b (A), 1b (B), 5c (C), and 1c (D) in the mushroom tyrosinase (PDB: 2y9x) catalytic site. Dashed lines
represent the interactions with amino acids of the active site and adjacent hydrophobic pocket Al. Yellow: 7—cation interaction. Red: unfavorable
ionic interaction. Purple: hydrophobic interactions. The surface represents the interpolated charge of the proteins’ amino acids.

literature as radical scavenging compounds.’’>* Therefore,
the radical scavenging activity of the compounds was assessed
by using the DPPH assay. DPPH is a stable free radical that
forms a purple solution in methanol; when reduced by free-
radical scavengers (proton donors), the solution turns yellow
due to the formation of DPPH-H, allowing easy spectroscopic

determination of the antioxidant activity.33 The percentage of

44268

the maximum radical scavenging activity is reported in Figure
3.

Most of the tested compounds showed low radical
scavenging activity (<5%) at S00 pM concentration.
Compounds 1a, 1b, 2a, 3a, 3b, 4a, 4b, Sa, and 6b had the
highest antiradical activity of the set, denoting that catechol (a)
and guaiacol (b) motifs are related to the radical scavenging
activity. Moreover, catechols were generally more effective as

https://doi.org/10.1021/acsomega.3c06977
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Figure S. Binding poses in the catalytic site of mushroom tyrosinase (PDB: 2y9x) and the two adjacent hydrophobic pockets Al and A2, separated
by the Arg268 residue. (A) Overlay of the binding modes of compounds 5b (pink) and 6b (yellow). (B) Overlays of compounds Sc (pink) and 6¢c
(yellow). (C) Overlay of cinnamoyl amides 6¢ (yellow) and BA (pink). The surface represents the interpolated charge of the proteins’ amino acids.

radical scavengers than the guaiacols. Although this could
suggest that these motifs are related to the ability to inhibit
tyrosinase by a redox mechanism, the concentration to inhibit
the enzyme is much lower than that observed to produce
antiradical activity. For instance, caffeamide 3a presented 29%
of antiradical activity at 500 uM, but the ICy, value for
tyrosinase inhibition was lower than 100 uM (pICs, > 4.00) on
both mono- and diphenolase activities. Similarly, compounds
Sa and 6b showed 42 and 28% radical scavenging activity, but
monophenolase inhibition occurred with pICy, values of 4.74
and 4.53, respectively. In contrast, caffeamide 4a showed the
highest antiradical activity (65.0%), but no significant
inhibition of tyrosinase was observed at S00 uM (<50%).
This strongly suggests that the inhibition of the compounds at
tyrosinase is independent of redox activity. As an example, the
most potent tyrosinase inhibitor Sb showed only 10% radical
scavenging activity at 500 M, a concentration 50-fold higher
than its pICs, at tyrosinase, indicating that these effects are
independent.

2.3. Docking Studies. The SAR analysis indicates a
marked difference (up to 10-fold) in potency between

benzylpiperazines and benzylpiperidines. This raised the
hypothesis that the basic amino group of benzylpiperazines
could be involved in unfavorable interactions with tyrosinase,
thus reducing their potency. To investigate this, molecular
docking studies were performed on mushroom tyrosinase
(PDB: 2y9x) with selected benzoyl and cinnamoyl analogues.
Since the protonated amino group of the benzylpiperazine
amides has a predicted pK, ~ 7.4, it is expected that their
ionized form is predominant in the assay conditions (pH 6.5).
Therefore, the docking studies were carried out considering
the protonated form of the benzylpiperazine compounds.
Additionally, N-butyl p-coumaramide (BA) previously re-
ported as a tyrosinase inhibitor' " was also included in the study
for comparative purposes.

The results for benzoyl compounds 1b, 1c, Sc, and Sb
showed that z—cation interaction may occur between the
benzyl group and a protonated arginine residue (Arg268) close
to the catalytic site (Figure 4). In addition, potential z-
interactions between the western ring of the compounds and
the copper atoms and surrounding histidine residues were also
identified. The positive charge in the benzylpiperazine moiety

https://doi.org/10.1021/acsomega.3c06977
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Table 2. Calculated Descriptors of Lipophilicity (Log Ds, and Log Dy ), Estimated Skin Permeation (Log K,), and
Experimental Cytotoxicity Values (CCg,) to Mammalian L929 Cells”

R i R i
N N N
Entry R;©)L Q"ﬁ RDQ/\)\ Q\/‘Ra LogDso LogDes LogKp CCso
SetA SetB (M)
R’ R? RE W Set
1a -OH -OH Bn N A -0.17 1.25 -6.80 >200
1b -OH -OMe Bh N A -0.02 1.40 -6.66 >200
1c -OMe -H Bn N A 0.26 1.68 -6.90 >200
1d -OH -H Bnh N A 0.12 1.53 -7.05 >200
1e -Cl -H Bh N A 1.04 2.46 -6.47 >200
2a -OH -OH Ph N A 2.39 2.40 -6.52 >200
2b -OH -OMe Ph N A 2.54 2.55 -6.10 >200
2c -OMe -H Ph N A 2.84 2.85 -6.01 >200
3a -OH -OH Bn N B 0.11 1.53 -6.66 >200
3b -OH -OMe Bh N B 0.26 1.67 -6.50 >200
3c -OMe -H Bn N B 0.56 1.98 -6.17 >200
3d -OH -H Bn N B 0.42 1.83 -6.31 >200
4a -OH -OH Ph N B 3.04 3.05 -6.37 57.2+2.0
4b -OH -OMe Ph N B 2.90 2.91 -6.21 >200
4c -OMe -H Ph N B 3.35 3.36 -5.87 >200
5a -OH -OH Bn CH A 3.38 3.37 -5.81 >200
5b -OH -OMe Bn CH A 3.53 3.52 -5.40 >200
5¢c -OMe -H Bn CH A 3.83 3.83 -5.16 >200
5d -OH -H Bn CH A 3.68 3.68 -5.45 >200
6a -OH -OH Bn CH B 3.89 3.88 -5.77 >200
6b -OH -OMe Bn CH B 4.03 4.03 -5.50 >200
6c -OMe -H Bn CH B 4.33 4.33 -5.17 >200
6d -OH -H Bn CH B 4.19 4.19 -5.25 >200

“CCsp: NCTC mammalian cell clone L929. Log Ds, and Log Dgy: calculated in MarvinSketch 23.5 (ChemAxon, Inc.). Log K,: calculated in

SwissADME.*’

of 1b and 1c resulted in unfavorable positive—positive
interactions with the Arg268 residue (Figure 4B,D). On the
contrary, these unfavorable interactions were not observed for
benzylpiperidines Sb and Sc (Figure 4A,C), which could
correlate with increased potency for these compounds.
Moreover, a w—n T-shaped interaction of the benzyl ring
with Phe264 for guaiacols 1b and 5b was observed, suggesting
that the increased potency for these compounds in relation to
methoxy analogues 1c and Sc could be attributed to this
moiety.

The docking study suggested that longer linkers between the
western and eastern parts led to different binding modes to the
benzyl moiety. The cinnamoyl analogues (6c and 6b)
presented the benzyl group oriented to a different hydrophobic
pocket (A2) than the benzoyl analogues (Al) (Figure SA,B),
separated by the residues Phe264, Arg268, and Val248. The
different binding modes of the cinnamoyl analogues prevented
the 7—cation interaction between Arg268 and the benzyl ring
of the benzoyl analogues S (Figure 4). This could be the
reason for the higher potency observed for the benzoyl
compounds $ in comparison to cinnamoyls 6.
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Interestingly, the similar binding modes of cinnamoyl
compounds and BA may explain the contribution of the
aromatic ring from the eastern moiety in the higher potency of
these novel compounds (Figure SC). The butyl chain is also
directed to the hydrophobic A2 pocket due to the presence of
the acrylamide group. The insertion of the benzyl group
provided extra 7-interactions when the aliphatic butyl group of
BA was modified to a benzyl group.

2.4. Drug-likeness for Topical Application. The
applicability of bioactive compounds is frequently limited by
their physicochemical properties instead of target engagement.
Therefore, drug-likeness should be assessed when designing
compounds to provide the adequate characteristics for their
application.”* Considering their potential for cosmetic or
therapeutic purposes, these compounds were evaluated
through in silico tools for their ability to penetrate the skin.
The first layers of the skin are composed by proteins and lipids
with hydrophobic nature as the protective layer from the
environment.>> A number of physicochemical characteristics,
including solubility, lipophilicity, molecular size, and pK,, are
used to estimate the skin permeation.”® These characteristics
are described by the Log K, value.

https://doi.org/10.1021/acsomega.3c06977
ACS Omega 2023, 8, 44265—44275


https://pubs.acs.org/doi/10.1021/acsomega.3c06977?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06977?fig=tbl2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06977?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Activity: T CH=CH

f o
Permeability: T OMe 1
e
2 w

Solubility: TOH <= R

Figure 6. Main SAR data obtained from this set.

Solubility: N > CH

/ Activity: CH> N
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In general, adequate skin permeation is observed for small,
lipophilic, and neutral compounds. In this sense, distribution
coefficients (Log D) were calculated at the pH range of the
skin (5.0 and 6.5) and showed that the predicted lipophilicity
of the compounds is lower for the basic benzylpiperazines and
higher for the neutral benzylpiperidines. Therefore, the neutral
and more lipophilic piperidines (Table 2) present the best
physicochemical characteristics of the series, since basic
compounds are protonated and less lipophilic in the skin pH
levels.”® The predicted constant of skin permeation (Log K,)
was calculated using the SwissADME online platform, showing
that benzylpiperidines (S and 6) present the highest Log K,
and consequently better permeation though the skin (Log K, >
—6.0), followed by the phenylpiperazines (2 and 4) and
benzylpiperazines (1 and 3).

Regarding the western part of the compounds, the
substituent profile also affects the solubility and predicted
skin permeability. Compounds that contain a hydroxy group
(a, b, and d) present higher solubility, as expected. The
presence of a 3-methoxy group improves the skin permeability,
and thus, guaiacol derivatives present the best balance between
solubility and permeability, defining compound Sb among the
most interesting of the set with this regard.

Cytotoxic activity (CCg,) against NCTC cells was
determined for the compounds to assess the potential risks
for mammalian cells. Aside from compound 4a, none of the
compounds exhibited toxicity against mammalian cells up to
the maximum tested concentration (200 M), denoting their
positive safety profile for future assessment in cellular and ex
vivo assays for antimelanogenic activity.

In summary, in this paper, 23 novel compounds were
reported as tyrosinase inhibitors with improved drug-like
properties and low cytotoxicity. Docking studies showed that
the hydrophobic benzyl groups contributed to the higher
potency of these compounds, with the benzylpiperidines being
the most promising for their balanced activity and
physicochemical profile. A compilation of the main SAR
from this work is summarized in Figure 6. Compound Sb is
highlighted as the most active benzylpiperidine analogue based
on its potency, balanced lipophilicity, adequate Log K, value,
and no cytotoxicity for mammalian cells.

3. METHODS

3.1. Chemistry. All chemicals and starting materials were
purchased from commercial sources (Sigma-Aldrich Co., USA,
and LabSynth Ltd., Brazil) in an adequate purity level to
perform the procedures. The nuclear magnetic resonance
(NMR) spectra were generated in a Bruker Avance 300
spectrometer operating at 300 MHz for the 'H experiments
and 7S MHz for the "“C experiments using the stated
deuterated solvent and TMS as the internal standard. The
high-resolution mass spectra (HRMS) were obtained by a
microTOF Bruker Daltonics in positive mode using electro-
spray ionization (ESI+). Melting point ranges were obtained in
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Marte Ponto de Fusao III equipment. HPLC chromatograms
were obtained in a Shimadzu LC-20AT with a C18 column
and using methanol:water as eluent. The compounds were
considered adequate to enzymatic assays when the purity level
was >95%.

Amides were synthesized according to the method described
in the literature (Scheme 1).'"' Briefly, 1.1 mmol of the
carboxylic acids was dissolved in S mL of DCM (DMF for the
disubstituted analogues) prior to the addition of 1.1 mmol of
EDC-HCl and 1.1 mmol of HOBt and mixed thoroughly for 15
min. After complete dissolution, 1 mmol of the piperazine or
piperidine derivatives was added to the reaction mixture and
the mixture was left at room temperature for 24 h. The
reaction was stopped, and 5 mL of DCM was added for
workup. The organic layer was washed three times with a
saturated solution of NaHCO;, dried with anhydrous Na,SO,,
filtered, and concentrated. When necessary, compounds were
purified in a silica gel column using ethyl acetate as eluent.

3.1.1. (4-Benzylpiperazin-1-yl)-(3,4-dihydroxyphenyl)-
methanone (1a). Reaction between protocathecuic acid and
1-benzylpiperazine yielded 54% of a white solid (mp 134—136
°C). '"H NMR (300 MHz, methanol-d,) & 2.46 (br s, 4H), 3.55
(s, 2H), 3.61 (br s, 4H), 6.72—6.87 (m, 3H), 7.20—7.38 (m,
5H). 3C NMR (75 MHz, methanol-d,) § 52.63, 62.33, 114.35,
11478, 119.15, 126.16, 127.11, 128.02, 129.17, 137.01, 145.16,
147.45, 171.43. HRMS (ESI+, microTOF), (M + H]
calculated: 313.1546; found: 313.1549.

3.1.2. (4-Benzylpiperazin-1-yl)(4-hydroxy-3-
methoxyphenyl)methanone (1b). Reaction between vanillic
acid and 1-benzylpiperazine yielded 22% of a yellow oil. 'H
NMR (300 MHz, DMSO-dg) 6 2.37 (br s, 4H), 3.50 (br s,
6H), 3.77 (s, 3H), 6.73—6.86 (m, 2H), 6.93 (s, 1H), 7.20—
7.39 (m, SH), 9.40 (br s, 1H). *C NMR (75 MHz, CDCl,) §
53.04, 55.99, 62.88, 110.70, 114.00, 120.75, 127.27, 127.37,
128.36, 129.26, 137.28, 146.70, 147.29, 170.35. HRMS (ESI+,
microTOF), [M + H] calculated: 327.1703; found: 327.1696.

3.1.3. (4-Benzylpiperazin-1-yl)-(4-methoxyphenyl)-
methanone (1c). Reaction between 4-methoxybenzoic acid
and 1-benzylpiperazine yielded 47% of a yellow oil. '"H NMR
(300 MHz, CDCL,) & 2.48 (br s, 4H), 3.56 (s, 2H), 3.64 (br s,
4H), 3.82 (s, 3H), 6.90 (d, J = 8.8 Hz, 2H), 7.26—7.35 (m,
5H), 7.38 (d, ] = 8.8 Hz, 2H). *C NMR (75 MHz, CDCl,) §
53.08, 55.35, 62.93, 113.68, 127.30, 127.92, 128.34, 129.14,
129.17, 137.55,160.72, 170.27. HRMS (ESI+, microTOF), [M
+ H]J calculated: 311.1754; found: 311.1758.

3.1.4. (4-Benzylpiperazin-1-yl)-(4-hydroxyphenyl)-
methanone (1d). Reaction between 4-benzoic acid and 1-
benzylpiperazine yielded 31% of a white solid (mp 167—169
°C). 'H NMR (300 MHz, CDCl;) 6 2.46 (br s, 4H), 3.48 (br
s, 1H), 3.54 (s, 2H), 3.74 (br s, 3H), 6.70 (d, ] = 6.7 Hz, 2H),
7.15=7.34 (m, 7H). ®C NMR (75 MHz, CDCl;) § 53.02,
62.90, 115.46, 126.22, 127.37, 128.38, 129.12, 129.20, 137.36,
158.39, 171.13. HRMS (ESI+, microTOF), [M + H]
calculated: 297.1598; found: 297.1601.
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3.1.5. 1-Benzyl-4-(4-chlorobenzoyl)piperazine (1e). Reac-
tion between 4-chlorobenzoic acid and 1-benzylpiperidine
yielded 86% of a white solid (mp 98—100 °C). "H NMR (300
MHz, CDCly) 6 2.42 (br s, 2H), 2.51 (br s, 2H), 3.4 (br s,
2H), 3.54 (s, 2H), 3.77 (br s, 2H). 7.24—7.40 (m, 9H). *C
NMR (7S MHz, CDCly) & 52.81, 62.88, 127.35, 128.37,
128.63, 128.75, 129.13, 134.18, 135.74, 137.46, 169.21. HRMS
(ESI+, microTOF), [M + H] calculated: 315.1259; found:
315.1254.

3.1.6. (3,4-Dihydroxyphenyl)-(4-phenylpiperazin-1-yl)-
methanone (2a). Reaction between 3,4-dihydroxybenzoic
acid and 1-phenylpiperazine yielded 10% of a light brown
solid (mp 127-129 °C). '"H NMR (300 MHz, DMSO-d,) &
3.14 (br s, 4H), 3.62 (br s, 4H), 6.65—6.86 (m, SH), 6.90—
7.05 (m, 1H), 7.15—7.30 (m, 2H), 9.10-9.50 (m, 2H). 3C
NMR (75 MHz, DMSO-d,) 6 49.08, 115.55, 115.59, 116.36,
119.49, 119.82, 126.81, 129.45, 145.42, 147.45, 151.30, 169.78.
HRMS (ESI+, microTOF), [M + H] calculated: 299.1390;
found: 299.1390.

3.1.7. (4-Hydroxy-3-methoxyphenyl)-(4-phenylpiperazin-
1-yl)methanone (2b). Reaction between vanillic acid and 1-
phenylpiperazine yielded 37% of a white solid (mp 168—170
°C). '"H NMR (300 MHz, methanol-d,) & 3.20 (br s, 4H), 3.80
(br's, 4H), 3.92 (s, 3H), 5.85 (br s, 1H), 6.86—7.00 (m, SH),
7.27—7.33 (m, 3H). *C NMR (75 MHz, CDCl;) § 49.79,
56.05, 110.69, 113.95, 116.71, 120.62, 120.84, 127.19, 129.27,
146.68, 147.35, 150.98, 170.43. HRMS (ESI+, microTOF), [M
+ H]J calculated: 313.1547; found: 313.1543.

3.1.8. (4-Methoxyphenyl)-(4-phenylpiperazin-1-yl)-
methanone (2c). Reaction between 4-methoxybenzoic acid
and 1-phenylpiperazine yielded 35% of a white solid (mp 117—
119 °C). 'H NMR (300 MHz, CDCL,) & 3.19 (br s, 4H),
3.50—4.15 (m, 7H), 6.80—7.05 (m, SH), 7.20—7,35 (m, 2H),
7.43 (d, ] = 8.3 Hz, 2H). *C NMR (75 MHz, CDCl;) § 49.76,
55.39, 113.79, 116.71, 120.57, 127.67, 129.26, 151.02, 160.90,
170.40. HRMS (ESI+, microTOF), [M + H] calculated:
297.1598; found: 297.1599.

3.1.9. (E)-1-(4-Benzylpiperazin-1-yl)-3-(3,4-
dihydroxyphenyl)prop-2-en-1-one (3a). Reaction between
caffeic acid and 1-benzylpiperazine yielded 43% of a white
solid (mp 200—202 °C). 'H NMR (300 MHz, metanol-d,) &
2.50 (br s, 4H), 3.56 (s, 2H), 3.71 (br s, 4H), 6.76 (d, ] = 8.2
Hz, 1H), 6.85 (d, ] = 15.4 Hz, 1H), 6.96 (dd, ] = 8.2, 1.9 Hz,
1H), 7.03 (d, ] = 1.9 Hz, 1H), 7.21-7.39 (m, SH), 7.45(d, ] =
15.4 Hz, 1H). BC NMR (75 MHz, methanol-d,) & 52.06,
62.32, 112.99, 115.07, 120.89, 127.09, 127.99, 129.15, 137.06,
143.66, 143.66, 145.29, 147.54, 166.87. HRMS (ESI+,
microTOF), [M + H] calculated: 339.1703.1598; found:
339.1712.

3.1.10. (2E)-1-(4-Benzylpiperazin-1-yl)-3-(4-hydroxy-3-
methoxyphenyl)prop-2-en-1-one (3b). Reaction between
ferulic acid and 1-benzylpiperazine yielded 32% of a yellow
solid (mp 138—140 °C). '"H NMR (300 MHz, CDCL,) &
2.42-2.54 (m, 4H), 3.54 (s, 2H), 3.70 (br s, 4H), 3.92 (s,
3H), 6.70 (d, J = 15.3 Hz, 1H), 6.90 (d, ] = 8.2 Hz, 1H), 6.98
(d, J = 1.7 Hz, 1H), 7.09 (dd, J = 8.2, 1.7 Hz, 1H), 7.28—7.35
(m, SH), 7.60 (d, J = 15.3 Hz, 1H). C NMR (75 MHz,
CDCL,) & 42.21, 55.99, 62.92, 109.84, 114.56, 114.72, 121.87,
127.29, 127.89, 128.35, 129.16, 137.63, 142.87, 146.67, 147.29,
165.64. HRMS (ESI+, microTOF), [M + H] calculated:
353.1860; found: 353.1853.

3.1.11. (E)-1-(4-Benzylpiperazin-1-yl)-3-(4-
methoxyphenyl)prop-2-en-1-one (3c). Reaction between 4-

methoxycoumaric acid and 1-benzylpiperazine yielded 82% of
a yellow oil. '"H NMR (300 MHz, CDCl;) § 2.48 (m, 4H),
3.45 (s, 2H), 3.70 (br s, 4H), 3.83 (s, 3H), 6.73 (d, ] = 15,4
Hz. 1H), 6.89 (d, ] = 8.7 Hz, 2H), 7.27—7.35 (m, SH), 7.46
(d, J = 8.7 Hz, 2H), 7.63 (d, ] = 15.4 Hz, 1H). *C NMR (75
MHz, CDCl,) 6 52.84, 55.37, 62.90, 114.22, 114.59, 127.31,
128.05, 128.36, 129.18, 129.31, 137.58, 142.46, 160.83, 165.71.
HRMS (ESI+, microTOF), [M + H] calculated: 337.1911;
found: 337.1914.

3.1.12. (E)-1-(4-Benzylpiperazin-1-yl)-3-(4-
hydroxyphenyl)prop-2-en-1-one (3d). Reaction between 4-
coumaric acid and 1-benzylpiperazine yielded 16% of a white
solid (mp 139—141 °C). 'H NMR (300 MHz, CDCL,) § 2.49
(t, ] = 5.0 Hz, 4H), 3.54 (s, 2H), 3.66 (br s., 2H), 3.75 (br s,
2H), 6.70 (d, J = 15.4 Hz, 1H), 6.83 (d, ] = 8.5 Hz, 2 H), 7.37
(d, J = 8.5 Hz, 2H), 7.27—7.36 (m, SH), 7.60 (d, ] = 15.4 Hz,
1H). BC NMR (75 MHz, CDCL,) & 52.75, 62.87, 113.87,
115.92, 127.35, 127.42, 128.37, 129.20, 129.56, 137.42, 143.09,
157.97, 166.10. HRMS (ESI+, microTOF), [M + H]
calculated: 309.1598; found: 310.1809.

3.1.13. (E)-3-(3,4-Dihydroxyphenyl)-1-(4-phenylpiperazin-
1-yl)prop-2-en-1-one (4a). Reaction between caffeic acid and
1-phenylpiperazine yielded 23% of a light brown solid (mp
168—170 °C). '"H NMR (300 MHz, methanol-d,) 6 3.27 (br s,
4H), 3.90 (brs, 4H), 6.78 (d, ] = 8.2 Hz, 1H), 6,92 (d, ] = 15.3
Hz, 2H), 6.98—7.02 (m, 1H), 7.05—7.10 (m, 3H), 7.30 (t, ] =
8.4 Hz, 2H), 7.50 (d, J = 15.3 Hz, 1H). *C NMR (75 MHz,
methanol-d,) & 112.89, 114.03, 115.08, 120.96, 127.10, 128.87,
143.87, 145.33, 147.61, 166.90. HRMS (ESI+, microTOF), [M
+ H]J calculated: 325.1547; found: 325.1538.

3.1.14. (E)-3-(4-Hydroxy-3-methoxyphenyl)-1-(4-phenylpi-
perazin-1-yl)prop-2-en-1-one (4b). Reaction between ferulic
acid and 1-phenylpiperazine yielded 28% of a yellow solid (mp
168—170 °C). '"H NMR (300 MHz, methanol-d,) & 3.16 (br s,
4H), 3.72 (br s, 4H), 3.84 (s, 3H), 6.74—6.86 (m, 2H), 6.99
(d, J = 7.9 Hz, 2H) 7.04—7.17 (m, 2H), 7.18—7.31 (m, 2H),
7.32—7.38 (m, 1H), 7.45 (d, ] = 15.3 Hz, 1H), 9.4 (br s, 1H).
3C NMR (75 MHz, CDCL;) 6 49.73, 56.02, 109.99, 114.19,
114.83, 166.66, 120.58, 121.98, 127.74, 129.29, 143.41, 146.77,
147.50, 150.94, 165.87. HRMS (ESI+, microTOF), [M + H]
calculated: 339.1703; found: 339.1706.

3.1.15. (E)-3-(4-Methoxyphenyl)-1-(4-phenyilpiperazin-1-
yl)prop-2-en-1-one (4c). Reaction between 4-methoxycouma-
ric acid and 1-phenylpiperazine yielded 36% of a white solid
(mp 156—158 °C). 'H NMR (300 MHz, CDCl,) & 3.01-3.26
(m, 4H), 3.65—4.00 (m, 7H), 6.72 (d, ] = 15.3 Hz, 1H), 6.77—
6.94 (m, SH), 7.15-7.28 (m, 2H), 7.42 (d, J = 8.6 Hz, 2H),
7.61 (d, J = 15.3 Hz, 1H). *C NMR (75 MHz, CDCL,) 6
49.65, 55.39, 114.27, 114.35, 116.63, 120.51, 127.96, 129.28,
129.39, 142.82, 150.97, 160.94, 165.80. HRMS (ESI+,
microTOF), [M + H] calculated: 323.1754; found: 323.1756.

3.1.16. (4-Benzyl-1-piperidyl)-(3,4-dihydroxyphenyl)-
methanone (5a). Reaction between caffeic acid and 1-
benzylpiperidine yielded 14% of a white solid (mp 65—67
°C). 'H NMR (300 MHz, acetone-ds) 6 0.98—1.16 (m, 2H),
1.49 (br s, 1H), 1.53 (br s, 1H), 1.60—1.79 (m, 1H), 1.95 (s,
1H), 2.45 (d, J = 7.1 Hz, 2H), 2.60-2.81 (m, 2H), 4.11 (br s,
2H), 6.60—6.70 (m, 2H), 6.71 (br s, 1H), 6.99—7.18 (m, SH).
13C NMR (75 MHz, acetone-dy) & 32.16, 38.24, 42.66, 114.66,
114.69, 119.26, 125.82, 128.15, 129.07, 140.31, 144.71, 146.51,
169.66. HRMS (ESI+, microTOF), [M + H] calculated:
312.1594; found: 312.1606.
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3.1.17. (4-Benzyl-1-piperidyl)-(4-hydroxy-3-methoxy-
phenyl)methanone (5b). Reaction between vanillic acid and
1-benzylpiperidine yielded 14% of a white solid (mp 119—121
°C). 'H NMR (300 MHz, acetone-ds) § 0.97—1.29 (m, 2H),
1.63 (brs, 1H), 1.67 (brs, 1H), 1.85 (m, 1H), 2.58 (d, ] = 7.2
Hz, 2H), 2.81 (br s, 3H), 3.73 (s, 3H), 4.22 (br s, 2H), 6.83
(d,J =8.1 Hz, 1H), 6.89 (dd, J = 8.1, 1.8 Hz, 1H), 6.99 (d, ] =
1.7 Hz, 1H), 7.12—7.22 (m, 3H), 7.23—7.33 (m, 2H), 7.95 (br
s, IH). 3C NMR (75 MHz, acetone-dg) & 32.15, 38.28, 42.65,
55.41, 111.18, 114.37, 120.41, 125.81, 128.14, 129.05, 140.32,
147.17, 147.83, 154.57, 169.36. HRMS (ESI+, microTOF), [M
+ H]J calculated: 326.1751; found: 326.1746.

3.1.18. 4-Benzyl-1-(4-methoxybenzoyl)piperidine (5c). Re-
action between 4-methoxybenzoic acid and 1-benzylpiperidine
yielded 66% of a white solid (mp 62—65 °C). '"H NMR (300
MHz, CDCL,) 6 1.07—1.53 (m, 3H), 1.54—1.92 (m, 4H), 2.57
(d, J = 7.0 Hz, 2H), 2.82 (br s, 2H), 3.82 (s, 3H), 6.90 (dt, ] =
8.8,2.3 Hz, 2H), 7.10—7.33 (m, SH), 7.36 (dt, ] = 8.8, 2.3 Hz,
2H). 3C NMR (75 MHz, CDCl;) § 32.26, 38.42, 43.05, 55.34,
113.63, 126.06, 128.32, 128.48, 128.93, 129.09, 139.99, 160.58,
170.32. HRMS (ESI+, microTOF), [M + H] calculated:
310.1802; found: 310.1805.

3.1.19. (4-Benzyl-1-piperidyl)-(4-hydroxyphenyl)-
methanone (5d). Reaction between 4-hydroxybenzoic acid
and 1-benzylpiperidine yielded 47% of a white solid (mp 185—
187 °C). '"H NMR (300 MHz, acetone-d6) § 0.95—1.16 (m,
2H), 1.54 (br s.,, 1H), 1.58 (br s., 1H), 1.64—1.79 (m, 1H),
2.45 (m, 3H), 291 (br s, 2H), 4.17 (br s.,, 1H), 4.46 (br s,,
1H), 6.68—6.75 (m, 2H), 7.01=7.09 (m, 3H), 7.10—7.17 (m,
4H), 8.65 (s, 1H). 3C NMR (75 MHz, acetone-d6) &: 32,14,
38,28, 42.67, 114.77, 125.81, 127.85, 128.14, 129.06, 140.32,
158.54, 169.47. HRMS (ESI+, microTOF), (M + H]
calculated: 296.1645; found: 296.1641.

3.1.20. (E)-1-(4-Benzyl-1-piperidyl)-3-(3,4-
dihydroxyphenyl)prop-2-en-1-one (6a). Reaction between
caffeic acid and 1-benzylpiperidine yielded 21% of a white
solid (mp 172—174 °C). 'H NMR (300 MHz, DMSO-dy) &
0.98—1.08 (m, 2H), 1.59 (br s, 1h), 1.63 (br s, 1H), 1.71—1.89
(m, 1H), 3.01 (brs, 3H), 4.19 (brs, 2H), 4.42 (br s, 2H), 6.72
(d, J = 8.2 Hz, 1H), 6.89 (d, J = 15.2 Hz, 1H), 6.94—7.00 (m,
1H), 7.05 (s, 1H), 7.15—7.24 (m, 3H), 7.25-7.35 (m, 3H).
BC NMR (75 MHz, DMSO-ds) & 37.99, 42.53, 114.85,
115.07, 121.03, 126.29, 127.01, 128.62, 129.49, 140.53, 142.44,
146.00, 148.06, 165.16. HRMS (ESI+, microTOF), [M + H]
calculated: 338.1751; found: 338.1762.

3.1.21. (E)-1-(4-Benzyl-1-piperidyl)-3-(4-hydroxy-3-me-
thoxy-phenyl)prop-2-en-1-one (6b). Reaction between ferulic
acid and 1-benzylpiperidine yielded 34% of a white solid (mp
56—58 °C). 'H NMR (300 MHz, acetone-dg) 6 1.07—1.25 (m,
2H), 1.67 (br s., 1H), 1.71 (br s, 1H), 1.85 (sept, J = 3.8 Hz,
1H), 2.58 (d, ] = 7.2 Hz, 2H), 2.86 (br s, 2H), 3.05 (br s, 1H),
3.88 (s, 3H), 4.29 (brs, 1H), 4.60 (brs, 1H), 6.83 (d, ] = 8.2
Hz, 1H), 7.06 (d, J = 15.3 Hz, 1H), 7.10-7.15 (m, 1H), 7.17—
7.23 (m, 3H), 7.25—7.34 (m, 3H), 7.50 (d, ] = 15.3 Hz, 1H),
8.03 (s, 1H). *C NMR (75 MHz, acetone-dy) & 38.23, 42.62,
55.44, 110.57, 115.10, 115.17, 122.08, 125.81, 127.78, 128.14,
129.08, 140.32, 141.96, 147.75, 148.28, 164.78. HRMS (ESI+,
microTOF), [M + H] calculated: 352.1907; found: 352.1907.

3.1.22. (E)-1-(1-Benzylpiperidin-4-yl)-3-(4-
methoxyphenyl)prop-2-en-1-one (6¢). Reaction between 4-
methoxycoumaric acid and 1-benzylpiperidine yielded 45% of a
white solid (mp 84—86 °C). '"H NMR (300 MHz, CDCl;) §
1.14—1.35 (m, 2H), 1.67—1.91 (m, 3H), 2.56 (br s, 3H), 3.0

(br's, 1H), 3.83 (s, 3H), 4.08 (br s, 1H), 4.70 (br s, 1H), 6.75
(d, J = 15.4 Hz, 1H), 6.88 (d, ] = 8.7 Hz, 2H), 7,11-7.35 (m,
5H), 7.46 (d, J = 8.6 Hz, 2H), 7.62 (d, ] = 15.3 Hz, 1H). *C
NMR (75 MHz, CDCl;) & 38.39, 42.99, 55.36, 114.19, 115.11,
126.06, 128.18, 128.32, 129.11, 129.25, 140.00, 142.09, 160.73,
165.69. HRMS (ESI+, microTOF), [M + H] calculated:
336.1958; found: 336.1960.

3.1.23. (E)-1-(4-Benzyl-1-piperidyl)-3-(4-hydroxyphenyl)-
prop-2-en-1-one (6d). Reaction between p-coumaric acid
and 1-benzylpiperidine yielded 55% of a white solid (mp 170—
172 °C). 'H NMR (300 MHz, acetone-dg) & 1.56 (d, ] = 12.7
Hz, 2H), 1.10—1.98 (m, 2H), 1.64—1.80 (m, 1H), 2.44 (d, ] =
7.1 Hz, 2H), 2.90 (br s, 3H), 4.17 (br s, 1H), 4.46 (br s, 1H),
6.73 (d, ] = 8.0 Hz, 2H), 6.90 (d, J = 15.3 Hz, 1H), 6.98—7.11
(m, 3H), 7.13—7.23 (m, 2H), 7.45—7.33 (m, 3H). *C NMR
(75 MHz, acetone-dg) § 38,25, 42.64, 114.97, 115.57, 125.81,
127.32, 128.14, 129.07, 129.46, 140.33, 141.56, 158.81, 164.76.
HRMS (ESI+, microTOF), [M + H] calculated: 322.1802;
found: 322.1818.

3.2. Tyrosinase Inhibition Assay. Tyrosinase inhibition
was determined using mushroom tyrosinase (Sigma-Aldrich
Co.) freshly prepared in phosphate buffer (S0 mM, pH 6.5) at
a concentration of S000 U/mL. Stock solutions of the
compounds and reference compound (pCA) were prepared
in dimethyl sulfoxide (DMSO) at 10 mM. Substrate
concentrations were calculated to reach the K, in the plate;
L-tyrosine (1.7 mM) and 1-DOPA (5.0 mM) were freshly
prepared in phosphate buffer (S0 mM, pH 6.5) right before
starting the experiment.'”'" The compounds were initially
screened in triplicate at a fixed concentration of 500 or 200
UM.

Analogues with inhibition value >50% were selected for full
concentration—response curves and ICg, determination. For
this, 40 L of the 1 mM work solution was diluted in 160 uL of
buffer in the first well and serially diluted with concentrations
ranging from 500 to 7.8 M. Curves for compounds with high
inhibition on the single-point assay had concentrations ranging
from 300 to 4.7 uM, and dilutions were calculated accordingly.
The enzyme was diluted to 500 U/mL prior to the addition of
40 uL to the plate. Incubation was carried out for 15 min prior
to addition of 60 uL of the substrate (L-tyrosine for
monophenolase activity and L-DOPA for diphenolase activity).
Absorbance was read at 490 nm every 3 min up to 30 min. The
estimated concentration to inhibit 50% of the enzymatic
reaction (ICs) was obtained by nonlinear regression and then
converted to pICs, [Log(1/1Cs,)] (Table 1).

3.3. Radical Scavenging Activity. Radical scavenging
activity was determined in the presence of the stable free
radical 2,2-diphenyl-1-picrylhydrazyl (DPPH). Briefly, com-
pounds were prepared in methanol at 1 mM and DPPH was
prepared in the same solvent at a concentration of 250 yM. In
a 96-well plate, 100 uL of the DPPH solution was added to
each well, followed by the addition of 100 uL of the compound
solution. pCA and CfA were used as reference compounds,
and clean DMSO was used as a negative control. Absorbance
(Abs) was determined at S15 nm after 30 min of incubation at
37 °C. The assay was done in triplicate for all compounds. The
radical scavenging activity was determined according to the
formula 100[(negative control Abs — sample Abs)/control
Abs) as previously described'' (Figure 3).

3.4. Docking Studies. Compounds were built using
Discovery Studio Visualizer 2021 (Dassault Systems), and
then geometry was optimized followed by atomic charge
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calculation implemented in the software. The models were
then submitted to a molecular docking procedure in GOLD
Suite software (2022.3) using the mushroom tyrosinase
obtained from the Protein Data Bank (PDB: 2Y9X). The
enzyme was cleaned (water molecules and other atoms
removed) and had energy optimization using the YASARA
server.”” The search cavity was centered in one of the copper
atoms of the active site with 10 A radius. The “allow early
termination” functionality was disabled, and 100 runs were
performed for each compound in triplicate using the genetic
algorithm. The ChemScore function was used to rank the
compounds, and highest ranking poses were analyzed.
Molecular interactions with the target were visualized and
analyzed using Discovery Studio Visualizer 2021.

3.5. Cytotoxicity against Mammalian Cells. Murine
fibroblast NCTC cells (ATCC clone 929) cultured in RPMI-
1640 medium with 10% fetal bovine serum were counted in a
hemocytometer chamber, seeded at 6 X 10*/well, and
incubated with the compounds (200—1.5 yM) for 48 h at
37 °Cin a 5% CO,-humidified incubator. The cell viability was
determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay.'’ The cytotoxicity was
determined through nonlinear regression to obtain the 50%
cytotoxic concentration (CCs,) (Table 2).

3.6. Water Solubility and Skin Permeation Predic-
tions. Distribution coefficients pH 5.0 (Log Ds,) and pH 6.5
(Log Dy 5) were calculated in silico using Marvin Sketch 20.22
(ChemAxon, Inc.) in the default settings. Skin permeation
(Log Kg) was predicted using the SwissADME online
platform”” (Table 2).
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