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ABSTRACT

Obesity is a complex disease defined as an excessive amount of body fat. It is considered a risk factor for several
pathologies; therefore, there is an increasing interest in its treatment. Pancreatic lipase (PL) plays a key role in fat
digestion, and its inhibition is a preliminary step in the search for anti-obesity agents. For this reason, many
natural compounds and their derivatives are studied as new PL inhibitors. This study reports the synthesis of a
library of new compounds inspired by two natural neolignans, honokiol (1) and magnolol (2) and bearing amino
or nitro groups linked to a biphenyl core. The synthesis of unsymmetrically substituted biphenyls was achieved
through an optimisation of the Suzuki-Miyaura cross-coupling reaction followed by the insertion of allyl chains,
thus furnishing the O- and/or N-allyl derivatives, and finally, a sigmatropic rearrangement yielding in some
cases, the C-allyl analogues. Magnolol, honokiol and the twenty-one synthesised biphenyls were evaluated for
their in vitro inhibitory activity toward PL. Three compounds (15b, 16 and 17b) were more effective inhibitors
than the natural neolignans (magnolol ICso = 158.7 uM and honokiol IC5¢ = 115.5 uM) with ICso of 41-44 pM.
Detailed studies through kinetics suggested better inhibitory activity of the synthetic analogues compared with
the natural 1 and 2. Magnolol (K; = 614.3 uM; K’; of 140.9 uM) and the synthetic biphenyls 15b (K; = 286.4 pM;
K'; = 36.6 uM) and 16 (K; = 176.2 uM; K'; = 6.4 pM) are mixed-type inhibitors, whereas honokiol (K; = 674.8
uM) and 17b (K; = 249 uM) are competitive inhibitors. Docking studies corroborated these findings, showing the
best fitting for intermolecular interaction between biphenyl neolignans and PL. The above outcomes highlighted
how the proposed structures could be considered interesting candidates for future studies for the development of
more effective PL inhibitors.

1. Introduction

lipid-lowering effect, thus controlling fat entering the blood. Orlistat
(Xenical) is the only approved anti-obesity drug. However, some side

Obesity is a complex condition involving an excessive amount of
body fat. This pathology is not only an aesthetic problem but also de-
termines abnormal physiological metabolism. Obesity is a significant
risk factor for several diseases, such as hypertension and cardiovascular
diseases [1], hyperlipidemia, diabetes [2], and cancer[3]. The European
Commission has recently classified obesity as a chronic, relapsing dis-
ease [4]. The treatment of obesity relies on long-term dietary regulation,
exercise intervention, short-term drug treatment and surgery (liposuc-
tion) [5]. Amongst the several targets investigated for treating or pre-
venting obesity, pancreatic lipase (PL) inhibition is considered
successful because of its tolerable side effects [6]. PL plays a key role in
dietary fat digestion by converting triacylglycerols into 2-monoacylgly-
cerols and free fatty acids in the intestine that the body can absorb and
participate in metabolism. The inhibition of this enzyme achieves a
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effects, such as flatulence, faecal incontinence, and steatorrhea, have
been reported [7,8]. For this reason, synthetic and natural compounds
have been studied to find new and safe enzyme inhibitors with no or low
side effects. For example, a series of bis(sulfonate) derivatives [9],
benzothiazole sulfonate derivatives bearing azomethine [10] and Pd(II)-
Schiff base complexes [11] were evaluated as new pancreatic lipase
inhibitors.

Natural products from traditional medicinal plants and microbial
origin are important sources of novel drug leads. Traditional Chinese
medicinal herbs are a rich source of lead compounds and are possible
drug candidates to treat a pathological condition such as obesity.
Recently, honokiol (1, Fig. 1), a bisphenolic neolignan isolated from
Magnolia officinalis leaves, was studied as responsible for the lipase in-
hibitor activity of the extract [12]. For this reason, further investigations
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Fig. 1. Natural bioactive neolignans honokiol (1) and magnolol (2).

are necessary. Moreover, the presence of magnolol (2), together with 1
is frequently associated with the pharmacological effects of various
remediation obtained by extraction/decoction from Magnolia spp.[1]. In
particular, 1 and 2 have been studied as having anticancer, antistress,
anti-anxiety, antidepressant, antioxidant, anti-inflammatory and hep-
atoprotective effects [13-15]. The high combination of biological ac-
tivities makes magnolol and honokiol promising natural scaffolds for
discovering new therapeutic agents. Studies on the structure-activity
relationship (SAR) have shown that some of the biological properties of
1 and 2 are related to the simultaneous presence of hydroxyl and allyl
groups on the biphenyl core [16,17].

Several research papers have been devoted to the synthesis of
structural analogues of 1 and 2 and the evaluation of their biological
properties: this afforded new bisphenol neolignans with anticancer ac-
tivity as tankyrase-2 inhibitors [18] and inhibitors of tumour cells
growth [19], hypoglycemic activity [20], antibacterial activity toward
Staphylococcus aureus, Methicillin-resistant S. aureus and Vancomycin-
resistant Enterococcus [21], antiproliferative activity inhibiting in vitro
migration and capillary-like tube formation in Human Umbilical Vein
Endothelial Cells (HUVECS) [22], and GABA, receptor modulators with
a promising role in neuroprotection [23].

This research describes a detailed investigation of the PL inhibitory
activity of honokiol, considered a suitable candidate for the treatment of
obesity [12] but lacking a deep in vitro analysis of the inhibition
mechanism. This study was consequently extended to magnolol in light
of their structural similarity. Indeed, it is known that obesity is con-
nected to other metabolic disorders, including diabetes. For this reason,
the evaluation of 1 and 2 as PL inhibitors may be relevant as they have
been studied as inhibitors of other metabolic enzymes (i.e. a-glucosidase
and a-amylase [20,24]).

In addition, we obtained a library of new biphenyl neolignans
inspired by honokiol and magnolol, bearing amino or nitro groups and
synthesised by an optimised Suzuki-Miyaura (SM) cross-coupling reac-
tion to investigate similar structure suitable for PL inhibition. The choice
of inserting amino and nitro groups is related to previous findings on
bioactive compounds bearing those functional groups [25] which were

O\B/O
X
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U —Br + —OH
/f =

R
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among the most active lipase inhibitors among those studies. A deep
insight by in silico study has shown as those functions are involved in
stabilising ligand-protein complex by forming hydrogen bonds with
aminoacid residues of catalytic site of lipase (Ser-152, His-263 and Phe-
77) [25]. Furthermore, in the occurrence of positive results, these
represent suitable groups for further derivation.

2. Results and discussion
2.1. Synthetic procedure

Scheme 1 shows the synthetic strategy designed to yield new nitro-
genated biphenyls inspired by bioactive magnolol and honokiol.
Namely, the Suzuki-Miyaura cross-coupling reaction was employed to
afford new biphenyl compounds, followed by nucleophilic substitution
and sigmatropic rearrangement to insert allyl chains into the biphenyl
core.

For the SM reaction, the reagents reported in Fig. 2 were employed,
and the bromide 3a and pinacol boronic ester 4a were used as model
compounds to optimise the reaction conditions. Selected experiments
were conducted to yield the biphenyl 5 employing Pd-based catalysts
with different ligands and solvents (see Table 1). Specifically, PA(PPh3)4
was employed as a catalyst, whereas the precatalyst Pd(OAc), was used
in combination with ligands 1,1’-bis(biphenylphosphino)ferrocene
(Dppf) or 2-dicyclohexylphosphino-2’,6'-dimethoxybiphenyl (SPhos) to
generate in situ the active form. The amount of catalyst and ligand was
varied by employing the latter in molar percentage twice the former.

According to the results, conventional SM reaction conditions,
namely the use of PAd(PPh3)4 or PA(OAc)2/Dppf, gave poor results when
employed on this substrate. The expected compound 5 was isolated with
a 10% yield only in the conditions reported in entry 3 of Table 1. These
results suggest the dialkylbiarylphosphines based catalysts, usually
employed with aryl halides and boronic acids, may be inefficient when
substituted bromoaniline reacts with boronic acid pinacol esters, as
pointed out by Reizman et al. also [26].

Conversely, the employment of SPhos in combination with Pd(OAc),
was more effective in the synthesis of biphenyl 5. The expected product
was obtained in higher yields (25.2-33.6%; entries 5 and 7) when the
reaction was carried out in THF rather than toluene. Moreover, the yield
was notably improved (from 33.6 to 98%) when a mixture of THF: HyO
(10:1) was employed (entry 8). According to Altman et al., SPhos gen-
erates highly active and stable catalyst systems, thus justifying the
encouraging results [27]. Furthermore, the SPhos-based catalyst pro-
motes the reaction of electron-rich aryl halides with excellent yields
(>90%), and allows the synthesis of highly hindered diaryls containing
large ortho,ortho’-substituents [28]. Further experiments were per-
formed to lower the amount of precatalyst and ligand, as pointed out in
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Scheme 1. Synthetic strategy proposed to achieve nitrogenated biphenyls inspired by 1 and 2.
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Fig. 2. Synthesis of biphenyls 5-9.
Table 1
Substrate scope of SM cross-coupling of 3a with 4a.
Entry Catalyst mol%" Ligand mol%"* Solvent T (°C) Time %yield”
1 Pd(PPh3), 8 - - THF 67 24 h 0
2 Pd(OAc)» 5 Dppf 15 THF-H,0¢ 67 24h 0
3 Pd(OAc), 10 Dppf 30 THF-H,0° 67 24 h 10¢
4 Pd(OAc), 1 SPhos 2 dry Toluene 80 22h 8
5 Pd(OAc), 1 SPhos 2 THF 67 22h 25.2
6 Pd(OAc), 10 SPhos 20 dry Toluene 80 22h 15
7 Pd(OAc), 10 SPhos 20 THF 67 22h 33.6
8 Pd(OAc), 10 SPhos 20 THF-H,0° 67 3h 98
9 Pd(OAc), 5 SPhos 10 THF-H,0° 67 5h 96.4
10 Pd(OAc), 1 SPhos 2 THF-H,0° 67 24 h 98.7

2 referred to aryl halide 3a.

b determined by HPLC-UV quantification (see experimental section).

¢ THF-H,0 (10:1).

4 determined after column chromatography (see experimental section).

entries 9 and 10. According to these findings, the reduction of the
catalyst amount employed does not negatively affect the reaction yield,
affording the biphenyl 5 in almost quantitatively yield, although with a
longer reaction time. Based on these data, we have employed the latter
conditions (entry 10) for the synthesis of other biphenyl compounds,
preferring long reaction times over catalyst loading. The new biphenyls
obtained with a 70 — 97% yield (5 — 8) are listed in Fig. 2; the biphenyl 9,

reported by Cho et al.[29] was obtained with a 65% yield.

The compounds 5 - 9 were subjected to two further reaction steps to
insert allyl chains onto the biphenyl core. Firstly, allyl bromide fur-
nished the O- and/or N-allyl derivatives (Scheme 2). A total of ten
allylated derivatives were obtained and, subsequently, were subjected to
sigmatropic rearrangement. The details of the two reactions and the
obtained products are reported in Scheme 2. Claisen rearrangement of
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Scheme 2. Synthesis of biphenyls 10-17. a) dry acetone, K,COs, allyl bromide, 56 °C. b) dry CH,Cl,, 1 M (Et)»AlICl (in dry n-hexane), room temperature.
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O-allyl chains occurred in mild reaction conditions (room temperature)
as the presence of diethyl aluminium chloride promotes the process,
avoiding the high temperatures typically used [30]. The Claisen reaction
conditions were inefficient for rearranging O-allyl chains in 12 and 14
and for all N-allyl chains. Moreover, the employment of the reaction
conditions generally reported for aza-Cope rearrangement [31-33] of N-
allylanilines was unsuccessful (see Supplementary Information for de-
tails). Furthermore, the strategy to insert C-allyl chains via SM reaction
before the SM step was discarded as palladium causes isomerisation of
double bound, yielding a complex mixture of cis and trans isomers
difficult to purify [34].

2.2. In vitro pancreatic lipase inhibitory activity

The inhibition of the PL enzyme was established employing spec-
trophotometric methodologies previously described [35,36]. The
inhibitory activity was expressed as the concentration inhibiting the
50% of enzyme activity (ICsp; uM); thus, the lower the ICsq value, the
higher the inhibitory activity. The data obtained for PL are reported in
Table 2. The anti-obesity agent orlistat, a PL inhibitor, is used as a
positive reference in the assays.

According to these results, all the biphenyl compounds obtained by
SM cross-coupling (5 — 9) are inactive (>300 pM) or weak inhibitors
(100-300 puM) of the enzyme. In contrast, the O and/ or N-allyl de-
rivatives (10 — 14) and even more the products of Claisen rearrangement
(15 - 17) are more effective inhibitors. Generally, among the allylated
derivatives, compounds bearing free NH, and OH groups are the most
active inhibitors. Thus, the potency of inhibition increases from the
biphenyl to the corresponding O-allyl derivative with free NH; and to
the C-allyl derivative with free NHy and OH. Namely, along a series
(constituted by the same biphenyl skeleton), the order of inhibitory
activity is 5 (225.5 uM) < 10b (46.9 uM) < 15b (41.7 uM); 6 (180.0 uM
> 300 uM) < 11 106.1 pM) < 16 (42.6 uM); 8 (>300 uM,) < 13b (82.6
uM) < 17b (44.4 uM).

An overall sight of the results pinpoints the bisphenols 15b, 16 and
17b as promising PL inhibitors (<45 uM). A structural trait of these
compounds, in addition to free OH groups, is the presence of an allyl
chain in the ortho position to a phenolic group, a typical structural

Table 2

Inhibitory activity (ICso) of PL.
D ICs (M) + SD
1 115.5 + 9.0°
2 1587 +5.1"
5 2255 + 11.0°
6 180.0 + 13.0°
7 113.2 + 1.7°
8 >300
9 103.6 + 1994
10a 53.7 + 0.2%8
10b 46.9+1.48
10c 76.6 + 7.0
10d 45.6+5.08
11 106.1 + 7.8%4
12 47.8+£218
13a 119.0 + 6.9°
13b 82.6 + 2.9%¢
13c 93.2 + 9.4%%¢
14 57.0 £ 238
15a 54.0 + 1.3%8
15b 417 +1.58
16 42.6 + 2.0%8
17a 53.5 + 6.4%8
17b 44.4+1.48
17¢ 93.2 + 13.5%%¢
Orlistat 09+01"

The ICsq values are mean + SD (n = 3). Values with
the same letters are not significantly different at P <
0.01 (Tukey test).
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feature of honokiol. Moreover, the ICs values of these compounds are
lower than those observed for 1 and 2 (115.5 pM and 158.7 uM,
respectively). Thus, 15b, 16, and 17b are more effective inhibitors than
the natural 1 and 2. It is clear that the ICsq values of 15b, 16 and 17b are
poor compared to Orlistat (Table 2); however, their structural features
are worthy of note for the development of new anti-obesity drugs.
Thus, the biphenyls 15b, 16 and 17b were subjected to an in silico
ADME study on the SwissADME web platform [37]. The analysis
(Figures S128 — S130) highlighted good physicochemical properties
such as lipophilicity and topological polar surface area [38]. Although
these biphenyls show poor/low water solubility, a good bioavailability
score [39] and a favourable drug-likeness profile without violation of
the most common rule-based filters (Lipinski, Veber, Ghose) were
calculated [37]. The molecules have low skin permeation, but the pre-
diction indicates high gastrointestinal absorption. Finally, none of these
molecules has been identified as PAINS (pan assays interference com-
pounds) [37]. Furthermore, functional groups such as -NH; or NO,
could be useful for further modifications to improve the ADME prop-
erties if they are not relevant to the inhibitory activity of PL.
Biphenyls 15b, 16 and 17b were selected for a deeper investigation
of their PL inhibitory activity together with the natural biphenyl 1 and 2.

2.3. Kinetics of pancreatic lipase inhibition

The inhibition of PL of the most promising inhibitors 15b, 16 and
17b and of the natural neolignans 1 and 2 were also evaluated through
an enzyme Kkinetics study employing a spectroscopic assay [36]. As
detailed in the Experimental Section, the mode of inhibition of 1, 2, 15b,
16 and 17b on PL was determined through the Lineweaver-Burk (L-B)
graphs by plotting the reciprocal of initial velocity (vp) versus the
reciprocal of the substrate (S) concentration (Fig. 3). The kinetic results
are listed in Table 3.

However, although natural products 1 and 2 have a very similar
structure, according to these findings, they act as PL inhibitors in two
different manners. Precisely, 1 is a competitive inhibitor (Fig. 3A) as the
L-B plot results in data lines crossed on the y-axis (namely, the inhibitor
does not affect the vy« of the reaction). In this case, a K; value of 674.8
pM for the enzyme-inhibitor complex (EI) formation was determined by
plotting the slope of L-B plot lines vs the inhibitor concentration
(Figure S131). Differently, 2 is a mixed-type inhibitor (Fig. 3B) with data
lines on the L-B plot intersected in the third quadrant. This behaviour
can be explained by an intermediate mechanism between non-
competitive and uncompetitive inhibition, the latter being prevalent
[35]. In this particular case, the K should be less than K; where K} and
K; are the inhibitor constants for the formation of ESI complex and EI
complex, respectively. The secondary plots of the L-B plot (Figure S131)
confirmed the above-described processes with K; of 614.3 pM and K} of
176.2 pM.

The kinetic data of the synthetic biphenyls 15b and 16 suggested a
mixed-type inhibition (Fig. 3C and 3D) as found for 2. Namely, also
these two compounds display a mechanism between non-competitive
and uncompetitive, with K; < K; as confirmed by secondary plots.
Worthy of note, the two biphenyls gave lower dissociation constants
with respect to those observed for magnolol (2). In particular, 16 is a
promising inhibitor with a high affinity for the ES complex, as suggested
by the low micromolar K value of 6.4 pM.

The analysis of the Lineweaver-Burk plots for PL inhibition in the
presence of 17b (Fig. 3E) indicated a competitive inhibition as
increasing amounts of inhibitor does not change vmax (0.31 £+ 0.03
AOD/min). A K;j of 249.0 pM was determined by plotting the slope of
each line of L-B plot vs the concentration of the inhibitor.

2.4. Molecular docking study

A molecular docking study investigated the affinity for the pancre-
atic lipase catalytic site of the natural honokiol and magnolol and the
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Fig. 3. Lineweaver-Burk plots of 1 (A), 2 (B) and biphenyls 15b (C), 16 (D) and 17b (E) with PL.

Table 3
Kinetic parameters for PL inhibition with 1, 2, 15b, 16 and 17b.™
compound PL
Type of inhibition K; = £ S.EM. (pM) K'i= + S.EM. (pM)
1 competitive 674.8 + 43.1 -
2 mixed-type 614.3 £19.1 140.9 + 8.6
15b mixed-type 286.4 + 20.5 36.6 +2.3
16 mixed-type 176.2 + 13.8 6.4+1.4
17b competitive 249.0 + 34.6 -

2 K; refers to the constants for the formation of EI complex; K refers to the
constant for the formation of ESI complex.

Table 4
Binding Energies (AGping) and Interacting Residues of honokiol (1), magnolol (2) and bisphenols 5 — 17¢ with PL
Catalytic Site.™

biphenyls 5 — 17, thus suggesting a better understanding of the inhibi-
tion mechanism.

The key interacting residues in the binding site of PL include Ser152,
Phe215, Arg256, His263, Leu264, Aspl76 and Tyrll4 [36]. The
computational experiments were acquired employing Autodock Vina
and Glide Ligand Docking (See the Experimental Section for more
details).

The visualisation of docking outcomes showed that ligands are well
accommodated into the binding pocket, occupying almost the same
spatial portion.

A good affinity of this class of nitrogenated inhibitors was suggested

Ligands autodock Vina Glide Interacting residues
caled AGping caled AGping

1 -8.6 —6.62 Phe77, Phe215

2 -8.7 —5.55 His263

5 -7.4 -5.15 Gly76, His151, Asp79, His263

6 -7.7 —5.23 His151, Gly76, Asp79, His263, Phe215

7 -7.6 —5.18 Gly76, His151, Asp79

8 -8.1 —6.16 Ser152, Phe77, Asp79

9 -8.2 —5.38 His263

10a -7.6 —-3.39 His263, Ser152

10b -7.7 —5.19 His263

10c -7.8 —4.95 His263

10d -7.3 —3.98 His263

11 -8.1 —5.48 His263

12 -7.6 —4.47 Arg256, His151

13a -7.1 —-3.89 His263

13b -7.3 —4.92 His263

13c -7.0 —5.30 Phe77

14 -6.5 —4.45 -

15a -8.4 —3.88 His263

15b —-8.4 —5.51 Phe77, His263, Asp79

16 -85 —5.70 Phe77, His263

17a -7.8 —4.77 Phe77, His263

17b -8.0 —6.71 Phe77, Phe215, His263

17c -7.7 —6.58 Phe77, Ser152

Orlistat —6.6 -3.45 His263

@ The AGping values were calculated with Autodock Vina and Glide and are expressed as Kcal/mol.
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Table 5
List of molecular interactions of 1, 2, 5 — 17¢ with PL Catalytic Site.™
Ligands Interacting residues Interaction Distance
&)
1
B-ring Phe77 -7 -
02/(B-ring) Phe77 H-donor 2.0
B-ring Phe215 -7 -
2
A-ring His263 n—7 /% - cation -
5
04 (B-ring) Gly76 H-acceptor 2.6
04’ (B-ring) His151 H-acceptor 2.1
04’ (B-ring) Asp79 H-donor 1.8
B-ring His263 T-T -
6
04’ (B-ring) Gly76 H-acceptor 2.7
04’ (B-ring) His151 H-acceptor 2.1
04’ (B-ring) Asp79 H-donor 1.8
B-ring His263 n -7/ ® - cation -
A-ring Phe215 T-T -
7
04 (B-ring) Gly76 H-acceptor 2.6
04’ (B-ring) His151 H-acceptor 2.1
04 (B-ring) Asp79 H-donor 1.8
8
02 (B-ring) Ser152 H-donor 1.8
B-ring Phe77 T-T -
N4’ (A-ring) Asp79 H-donor 2.8
9
B-ring His263 T-T -
B-ring His263 n - cation -
10a
A-ring His263 T-T -
N4 (A-ring) Ser152 H-donor 2.2
10b
B-ring His263 n—n/ n - cation -
10c
A-ring His263 n -7/ m - cation -
10d
B-ring His263 -7 -
11
B-Ring His263 n—n/ ® - cation -
12
04’ (B-ring) Arg256 7 - cation -
A-ring His151 salt bridge -
13a
A-ring His263 n—m/ m - cation -
13b
A-ring His263 n—n/ n - cation -
13c
B-ring Phe77 -7 -
14
15a
A-ring His263 n—n/ ® - cation -
15b
A-ring Phe77 -7 -
B-ring His263 n—n/ m - cation -
04/ (B-ring) Asp79 H-donor 2.0
16
A-ring Phe77 T-T
B-ring His263 n -7/ m - cation
04 (B-ring) Asp79 H-donor 2.4
17a
02/(B-ring) Phe77 H-donor 2.3
B-ring His263 7 - cation -
17b
02 (B-ring) Phe77 H-donor 1.8
A/B-ring Phe215 T-T -
A-ring His263 T-T -
N4’ (A-ring) Tyrll4 H-donor 2.5
17¢
B-ring Phe77 -7 -
02(B-ring) Ser152 H-donor 2.1
orlistat
His263 H-acceptor 2.6

# Otherwise indicated in Fig. 4, the A-ring brings amino or nitro group, B-ring
is the phenolic ring.
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by the calculated binding energies (Kcal/mol) listed in Table 4. The
visual inspection of docked conformation allowed us to determine a list
of molecular interactions for each analysed compound reported in
Table 5.

The analysis of docked poses allowed us to highlight the main
interacting residues that can stabilise the complex of the compounds
under evaluation with PL; non-covalent interactions are mainly estab-
lished with His263, His151, Ser152, Asp79, Gly76, Phe215, Arg256 and
Phe77 that surround the skeleton of the ligands into the catalytic pocket.
This study suggests that His263 could play a key role in the interactions
with this class of inhibitors, together with Phe77 and Phe215. Some
considerations about the skeleton of the biphenyl neolignans as impor-
tant structural features to stabilise the complex with PL can be inferred.
For instance, the B-ring bearing the free hydroxyl group in C-2' or C-4’
position is involved in interactions with the residues in the binding
cavity. In contrast, the A-ring, bringing an amino or nitro group, was less
involved and allowed to establish only weak contact with the protein
counterpart when bearing more bulky substituents, probably due to the
conformation geometry of the ligand into the cavity.

Among the compounds under evaluation, 15b, 16, and 17b showed
the best fitting for intermolecular interactions with PL. By the 2D
interaction diagrams reported in Fig. 4, it was possible to visualise that
the compounds 15b, 16 and 17b are accommodated into the binding
pocket in a way the A-ring (containing the amino group) is surrounded
by the hydrophobic residues Leu264, Tyr267, Pro180, Alal78, 11e209,
Tyr114, Phe77 and Ile78. Conversely, the B-ring (the phenolic ring) of
17b is in a positively charged portion, whereas that of 15b and 16 isin a
negatively charged area. The visual inspection of the pose of 15b and 16
into the cavity (Fig. 4, Figure S123) shows that the B-ring is involved in a
n-n stacking and n-cation interactions with His263 while the A-ring
forms a n-n stacking interaction with Phe77. In addition to the stabilising
interaction, compound 15b establishes a hydrogen bond with Asp79
through the OH (Fig. 4, Figure S123). Magnolol shares with 15b and 16
the interaction with His263. The pose of 17b shows the A-ring inter-
acting with Phe215 and His263 respectively with two n-r stacking in-
teractions, the B-ring interacting also with Phe215 by n-n stacking
interaction and the OH involved in a hydrogen bond with Phe77 (Fig. 4,
Figure S123). The residue Phe77 is also involved in the stabilisation of
the complex PL with 1 through a hydrogen bond with the OH in C-4 and
a n-r stacking interaction with the other ring.

The docking analyses grouped the compounds 15b and 16 with
magnolol and 17b with honokiol, in agreement with kinetic results.

The comparison between 15a and 15b allows observing that the
derivatisation of NH with an allylic chain at the A-ring changes the
orientation into the cavity, and it gets worse the interaction with PL.
Also, a comparison between 17a and 17¢, mono and bis N-allyl ana-
logues, respectively, with 17b, clearly shows a worsening in terms of
interactions with PL. In particular, the interaction involving the A-ring is
entirely lost; nevertheless, the interaction pattern for the B-ring of both
ligands remains good.

Concerning the biphenyl derivatives 5 — 9, despite the promising
interactions calculated and collected in Table 5, the scarce in vitro re-
sults towards PL can be explained by the fact that these ligands lack the
right lipophilicity. The B-ring of 5 — 9, lacking the allyl chain of the
natural analogues 1 and 2, remains completely exposed towards the
solvent, not generating stabilising interactions. On the other hand,
functionalising OH and NH; with allyl groups is not a good strategy to
improve the affinity with the enzyme, as evidenced by the docking
outcomes obtained for the allyl analogues 10a-d, 11, 12, 13a-c and 14.
The results suggest the importance of free OH in the B-ring, in particular
when this is in the C-2’ position as for one of the most promising com-
pounds, 17b; moreover, the allyl chain in ortho to the OH would seem
important, as mimics the natural distribution of the substituents of the
natural compound 1.
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Fig. 4. 2D interaction diagrams of orlistat, 1, 2, 15b, 16 and 17b with PL.
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3. Conclusions

In summary, we exploited a synthetic strategy based on the optimi-
sation of Suzuki-Miyaura cross-coupling reaction, followed by two steps
based on allylation and a subsequent sigmatropic rearrangement to
obtain new biphenyl compounds, including bioinspired neolignans (15 —
17). For the first time, a detailed evaluation of pancreatic lipase inhib-
itory activity was reported here for the natural compounds, honokiol
and magnolol, and for new synthetic compounds. Our investigation on
the inhibition of the new nitrogenated neolignans showed that three
over the twenty-one biphenyls (15b, 16 and 17b) have promising
structural features for the development of anti-obesity drugs. The in
silico study highlighted the functional groups essential for a good
interaction with the enzyme pocket and which functions are detri-
mental. The significance of this work lies in the high-yield synthetic
strategy employed to achieve biphenyls. Since optimising SM cross-
coupling conditions to find high-yielding biphenyl structures inspired
by natural products is one of the key topics for organic synthetic
chemistry, we expect this approach to be of reference value for
addressing this challenge. Moreover, up to date, few structures con-
taining nitrogen atoms have been reported with a biphenyl core, despite
the biological properties shown by them.

4. Experimental
4.1. General experimental methods

All chemicals were of reagent grade and were used without further
purification; tetrahydrofuran (THF) was freshly distilled before being
used. NMR spectra were run on a Varian Unity Inova spectrometer
operating at 500 MHz (*H) and 125 MHz (*3C). Chemical shifts (5) are
indirectly referred to TMS using residual solvent signals (5§ 3.31 for
CD30D, 7.26 for CDCl3). Coupling constants (J) are reported in Hertz
(Hz), and multiplicity in 'H NMR spectra are abbreviated as follows: s
for singlet, d for doublet, t for triplet, q for quartet, p for pentet, dd for
double doublet, bs for broad singlet, ddd for double double doublet, m
for multiplet. All NMR experiments, including two-dimensional spectra,
i.e., g-COSY, g-HSQCAD, and g-HMBCAD, were performed using soft-
ware supplied by the manufacturer and acquired at constant tempera-
ture (300 K). g-HMBCAD experiments were optimised for a long-range
13¢_'H coupling constant of 8.0 Hz. High-resolution mass spectra
were acquired with a Q Exactive Orbitrap mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany) equipped with an E.S.I. ion source
operating in positive or in negative mode. Samples were dissolved at 1E-
5 M concentration in 50:50 (MeOH/H20 + 1% formic acid) and directly
infused in the mass spectrometer. High-performance liquid chromatog-
raphy (HPLC) was carried out using an Agilent 1100 Series with an auto-
sampler, pump and a diode array UV detector. Preparative liquid
chromatography (LC) was performed on silica gel (63-200 um, Merck,
Darmstadt, Germany), Sephadex-LH20 (Sigma-Aldrich, Milan, Italy), or
RP-18 (Merck, Darmstadt, Germany) using different mixtures of
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solvents, as reported below for each compound. Thin layer Chroma-
tography (TLC) was carried out using pre-coated silica gel F254 plates
(Macherey-Nagel). The visualisation of reaction components was ob-
tained under UV light at wavelengths of 254 nm and by staining with a
solution of cerium sulfate followed by heating. The lipase (PL) inhibition
assays were performed on a 96-well microplate, and the Synergy H1
microplate reader was used. Selected compounds (1, 2, 15b, 16, 17b)
were analysed by HPLC-UV performed on Chiralcel OD column (4.6 mm
x 250 mm, 5 pm, Daicel, Japan), eluted in isocratic mode (n-hexane:
propan-2-ol 80:20) at 0.7 mL/min, at 10 °C and 27 °C. The chromato-
grams (acquired at 254 nm) are reported as Supplementary material
(Figures S133 and S134).

4.2. Synthesis

4.2.1. Preliminary reaction for the synthesis of 4-amino-3-methyl- [1,1'-
biphenyl] —4'-ol (5)

Preliminary experiments for SM reaction were performed employing
4-bromo-2-methylaniline (3a; 10.0 mg; 54 umol) in the presence of 4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenol (4a; 11.2 mg; 81
umol). The solvent, temperature, ligand, and catalyst were varied, as
reported in Table 6. The reaction yield (reported in Table 6) was
determined after quantification with HPLC-UV using a reversed-phase
column (RP-18) with the following gradient of CH3CN/H™ (99:1 v/v;
B) in HoO/H™ (99:1 v/v; A) at 1 mL/min: ty min B = 10%, tyo min B =
100%. The diode array detector was set at 254, 280, and 305 nm. The
quantification occurred at 280 nm.

4.2.2. Optimised procedure for preparation of biphenyl neolignans 5 — 9
4-Amino-3-methyl-(1,1’-biphenyl)-4’-ol (5). According to the
general procedure, the reaction of 3a (100.0 mg; 0.54 mmol) with 4a
(178.2 mg; 0.81 mmol) afforded compound 5 (85.0 mg, 79 % yield),
after purification on a silica gel column chromatography (dichloro-
methane — dichloromethane: methanol 98:2). White amorphous solid.
'H NMR (500 MHz, CD30D-CDCls): 6 7.38 (d, J = 7.9 Hz, 2H, H-2'/H-
6'), 7.24 (s, 1H, H-2), 7.22 (d, J = 8.2 Hz, 1H, H-6), 6.86 (d, J = 7.3 Hz,
2H, H-3'/H%’), 6.75 (d, J = 8.1 Hz, 1H, H-5), 2.23 (s, 3H, CH3). 13C NMR
(125 MHz, CD30D-CDCl3): § 155.6 (C, C-4"), 143.1 (C, C-4), 133.1 (C, C-
17,132.1 (C, C-1), 128.7 (CH, C-2), 127.5 (CH, C-2'/C-6"), 125.1 (CH, C-
6), 123.1 (C, C-3), 115.7 (CH, C-3'/C-5), 115.5 (CH, C-5), 17.4 (CH3).
HRESIMS m/z 200.1091 [M + H]™, caled for C;3H;4NO m/z 200.1075.
2-Amino-5-methyl-(1,1'-biphenyl)-4'-ol (6). The reaction of 2-
bromo-4-methylaniline (3b; 75.0 mg; 0.40 mmol) with 4a (82.7 mg;
0.60 mmol), afforded compound 6 (60.0 mg, 76 % yield), after purifi-
cation on silica gel column chromatography (n-hexane: acetone 90:10
— 87:13). White amorphous solid 'H NMR. (500 MHz, CDCl3): 6 7.27 (d,
J=8.0Hz, 2H, H-2'/ H-6'), 6.96 (d, J = 8.1 Hz, 1H, H-4), 6.93 (s, 1H, H-
6), 6.88 (d, J = 7.9 Hz, 2H, H-3//H-5'), 6.74 (d, J = 8.0 Hz, H-3), 2.20 (s,
3H, CH3s). 13C NMR (125 MHz, CDCl3): § 155.1 (C, C-4'), 139.8 (C, C-2),
131.4 (C, C-1'), 131.1 (CH, C-6), 130.3 (CH, C-2'/C-6"), 128.9 (C, C-5),
128.7 (CH, C-4), 128.3 (C, C-1), 116.4 (CH, C-3), 115.8 (CH, C-3'/C-5'),

Table 6

Preliminary experiments of Suzuki-Miyaura cross-coupling reaction of 3a with 4a.
entry Catalyst mg, Ligand mg, Solvent (uL) Base (mmol) T (°C) Time(h)

%mol %mol

1 Pd(PPhj3), 4.6, 8% - THF (800) NaOH (0.11) 67 24
2 Pd(OAc)» 0.6, 5% dppf 4.5, 15% THF:H,0 (800:80) K2CO3 (0.27) 67 24
3 Pd(OAc), 1.2,10% dppf 9.0, 30% THF:H,0 (800:80) K2CO3 (0.27) 67 24
4 Pd(OAc), 0.12, 1% SPhos 0.5, 2% dry toluene (100) K>CO3 (0.11) 80 22
5 Pd(OAc), 0.12, 1% SPhos 0.5, 2% THF (100) K>CO3 (0.11) 67 22
6 Pd(OAc), 1.3,10% SPhos 4.9, 20% dry toluene (100) K2CO3 (0.11) 80 22
7 Pd(OAc), 1.3, 10% SPhos 4.9, 20% THF (100) K>CO3 (0.11) 67 22
8 Pd(OAc), 1.3, 10% SPhos 4.9, 20% THF:H,0 (100:10) K>CO3 (0.11) 67 3
9 Pd(OAc), 0.12, 1% SPhos 0.5, 2% THF:H,0 (100:10) K2CO3 (0.11) 67 24
10 Pd(OAc), 0.6, 5% SPhos 2.3, 10% THF:H,0 (100:10) K2COs3 (0.11) 67 5
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20.4 (CH3). HRESIMS m/z 200.1088 [M + H]™, caled for C;3H;4NO m/z
200.1075.

5-Nitro-(1,1’-biphenyl)-2,4'-diol (7). According to the general
procedure, the reaction of 2-bromo-4-nitrophenol (3c; 186.0 mg; 0.85
mmol) with 4a (263.8 mg; 1.30 mmol), afforded compound 7 (138.6
mg, 70 % yield), after purification on a silica gel column chromatog-
raphy (n-hexane: acetone 90:10 — 88:12). Yellow amorphous solid. *H
NMR (500 MHz, CD3OD-CDCl3): § 8.13 (d, J = 2.8 Hz, 1H, H-6), 8.00
(dd, J = 8.9 Hz,2.8 Hz, 1H, H-4), 7.41 (d, J = 8.5 Hz, 2H, H-2//H-6"),
6.92 (d, J = 8.5 Hz, 1H, H-3), 6.86 (d, J = 8.5 Hz, 2H, H-3'/H-5'). 13¢
NMR (125 MHz, CD30D-CDCl3): § 160.9 (C, C-2), 157.0 (C, C-4'), 140.8
(C, C-5), 130.7 (CH, C-2//C-6'), 129.5 (C, C-1'), 128.0 (C, C-1), 126.6
(CH, C-6), 124.3 (CH, C-4), 116.1 (CH, C-3), 115.5 (CH, C-3'/C-5).
HRESIMS m/z 230.0482 [M—H] ", calcd for C;2HgNO4 m/z 230.0453.

4’'-Amino-3’-methyl-(1,1’-biphenyl)-2-o0l (8). According to the
general procedure, the reaction of 3a (150.0 mg; 0.80 mmol) with 4b
(263.8 mg; 1.20 mmol) afforded compound 8 (160.0 mg, 97 % yield),
after purification on a silica gel column chromatography (dichloro-
methane — dichloromethane: methanol 90:10). White amorphous solid.
'H NMR (500 MHz, CDCl3): 6§ 7.22 (s,1H, H-2"), 7.19 (d, J = 7.9 Hz, 1H,
H-6'),7.17 (d, J = 7.2 Hz, 1H, H-6), 7.06 (t, J = 7.7 Hz, 1H, H-4), 6.84 (t,
J = 7.2 Hz, 1H, H-5), 6.84 (t, J = 7.2 Hz, 1H, H-3) 6.75 (d, J = 8.1 Hz,
1H, H-5'), 2.19 (s, 3H, CH3). >C NMR (125 MHz, CDCl3): § 154.9 (C, C-
2), 145.0 (C, C-4'), 132.1 (CH, C-2'), 131.3 (CH, C-6"), 130.2 (C, C-1),
130.2(C, C-1),128.7 (C, C-6), 128.4 (C, C-4), 123.5 (C, C-3'), 120.6 (CH,
C-5), 116.7 (CH, C-3), 116.2 (CH, C-5), 17.6 (CHs). HRESIMS m/z
200.1089 [M + H] ™, caled for C;3H14NO m/z 200.1075.

2’-Amino-5'-methyl-(1,1’-biphenyl)-2-0l (9). According to the
general procedure, the reaction of 3b (186.0 mg; 1 mmol) with 4b
(330.0 mg; 1.50 mmol) afforded compound 9 (139.3 mg, 70 % yield)
after purification on a silica gel column chromatography (n-hexane — n-
hexane:a cetone 80:20). White amorphous solid. Spectroscopic data
were in agreement with those previously reported. [29] HRESIMS m/z
200.1075 [M + H]*, caled for Cy3H14NO m/z 200.1075.

4.2.3. Synthesis of O- and N-allyl derivatives

N-Allyl-4’-(allyloxy)-3-methyl-(1,1’-biphenyl)-4-amine (10a)
and 4'-(allyloxy)-3-methyl-(1,1’-biphenyl)-4-amine (10b). A solu-
tion of compound 5 (25.0 mg; 0.12 mmol) in dry acetone (2 mL) was
mixed in K2CO3 (33.2 mg; 0.24 mmol) for 10 min, then, allyl bromide
(29.0 mg; 0.24 mmol) was added, and the mixture was refluxed for 6 h.
The mixture was filtered, and the expected compound 10a (17.0 mg, 50
% yield) was recovered after purification on silica gel column chroma-
tography (cyclohexane — cyclohexane: acetone 99:1). Yellow oil. 'H
NMR (500 MHz, CDCls): 6 7.47 (d, J = 8.8 Hz, 2H, H-2'/H-6"), 7.33 (d, J
= 8.3 Hz, 1H, H-6), 7.30 (s, 1H, H-2), 6.97 (d, J = 8.8 Hz, 2H, H-3//H-5'),
6.68 (d, J = 8.3 Hz, 1H, H-5), 6.09 (m, 2H, H-8/H-8'), 5.45 (dd, J =17.3,
1.5 Hz, 1H, H,-9'), 5.34 (dd, J = 14.8, 1.4 Hz, 1H, H,-9), 5.32 (dd, J =
8.4,1.5Hz, 1H, Hp-9'), 5.20 (dd, J = 10.4,1.4 Hz, 1H, Hy-9), 4.57 (d, J =
5.4 Hz, 2H, H-7'), 3.88 (d, J = 5.4 Hz, 2H, H-7), 2.24 (s, 3H, CHs). 13C
NMR (125 MHz, CDCl3): § 157.3 (C, C-4'), 145.0 (C, C-4), 135.5 (CH, C-
8), 134.3 (C, C-1), 133.5 (CH, C-8'), 129.8 (CH, C-1), 128.5 (CH, C-2),
127.3 (CH, C-2//C-6'), 125.3 (CH, C-6), 122.3 (C, C-3), 117.6 (CH,, C-
9", 116.3 (CHp, C-9), 114.9 (CH, C-3'/C-5), 110.3 (CH, C-5), 68.9 (CHa,
C-7"), 46.6 (CH,,C-7), 17.6 (CH3). HRESIMS m/z 280.1732 [M + H]™,
caled for C19H2oNO m/z 280.1703.

Another fraction of silica gel chromatography, further purified on
Sephadex LH-20 (eluted in chloroform), afforded the derivative 10b
(13.0 mg) with 45 % yield. Colourless oil. 1 NMR (500 MHz, CDCl3): 6
7.46 (d,J = 8.7 Hz, 2H, H-2//H-6'), 7.27 (s, 1H, H-2), 7.25 (d, J = 8.2 Hz,
1H, H-6), 6.96 (d, J = 8.7 Hz, 2H, H-3//H-5'), 6.74 (d, J = 8.1, 1H, H-5),
6.10 (m, 1H, H-7'), 5.45 (dd, J = 17.2, 1.4 Hz, 1H, H,-9'), 5.31 (dd, J =
10.5,1.2 Hz, 1H, Hp-9'), 4.58 (d, J = 5.3 Hz, 2H, H-8), 2.24 (s, 3H, CH3).
13C NMR (125 MHz, CDCl3): § 157.5(C, C-4'), 143.7 (C, C-4), 134.4 (C,
C-1"), 133.6 (CH, C-8'), 131.6 (CH, C-1), 129.0 (CH, C-2), 127.5 (CH, C-
2//C-6'), 125.3 (CH, C-6), 122.7 (C, C-3), 117.7 (CH,, C-9), 115.4 (CH,
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C-5), 115.1 (CH, C-3'/C-5'), 69.0 (CH,, C-7"), 17.7 (CH3). HRESIMS m/z
240.1412 [M + H]™, caled for C1¢H1gNO m/z 240.1388.

4-(Allylamino)-3-methyl-(1,1’-biphenyl)-4’-0l (10c) and 4'-
(diallylamino)-3-methyl-(1,1’-biphenyl)-4’-ol (10d). A solution of
compound 5 (25.0 mg; 0.12 mmol) in dry acetone (2 mL) was mixed in
K2COs3 (41.5 mg; 0.30 mmol) for 10 min, then, allyl bromide (36.3; 0.30
mmol) was added, and the mixture was refluxed for 6 h. The mixture was
filtered, and silica gel column chromatography (cyclohexane — cyclo-
hexane: acetone 90:10).

10c: 3.0 mg, 11% yield, colourless oil. 'H NMR (500 MHz, CDCl3): 6
7.41 (d, J = 8.3 Hz, 2H, H-2/H-6'), 7.30 (d, J = 7.7 Hz, H-6), 7.26 (s,1H,
H-2), 6.85 (d, J = 8.3, 2H, H-3'/H-5'), 6.66 (d, J = 7.9 Hz, H-5), 6.02 (m,
1H, H-8), 5.32 (d, J = 18.2 Hz, 1H, H,-9), 5.20 (d, J = 10.2 Hz,1H, Hy-9),
3.87 (d, J = 4.9 Hz, 2H, H-7), 2.22 (s, 3H, CHs). 3C NMR (125 MHz,
CDCl3): 6 154.3 (C, C-4'), 145.1 (C, C- 4), 135.6 (CH, C-8), 134.5 (C, C-
1'),129.9 (C, C-1),128.7 (CH, C-2), 127.7 (CH, C-2'/C-6'), 125.4 (CH, C-
6),122.4(C, C-3),116.4 (CH,, C-9),115.6 (CH, C-3'/C-5'),110.5 (CH, C-
5), 46.6 (CH,, C-7), 17.7 (CHs). HRESIMS m/z 240.1411 [M + H]™,
caled for C;4H1gNO m/z 240.1388.

10d: 3.3 mg, 9.2 % yield, yellowish oil. 'H NMR (500 MHz, CDCl3): &
7.46 (d, J = 8.5 Hz, 2H, H-2'/H-6'), 7.37 (s, 1H, H-2), 7.30 (d, J = 8.3 Hz,
1H, H-6), 7.05 (d, J = 8.3 Hz, 1H, H-5), 6.88 (d, J = 8.5 Hz, H-3//H-5/),
5.83 (m, 2H, H-8/H-11), 5.20 (d, J = 17.1 Hz, 2H, H,-9/H,-12), 5.13 (d,
J = 10.2, 2H, Hy-9/Hp-12), 3.62 (d, J = 6.0, 4H, H-7/H-10), 2.38 (s,
CHs). 3¢ NMR (125 MHz, CDCl3): § 154.6 (C, C-4'), 148.8 (C, C-4),
135.3 (CH, C-8/C-11), 133.9 (C, C-1/C-1'/C-3), 129.4 (CH, C-2), 128.0
(CH, C-2//C-6'), 124.1 (CH, C-6), 122.1 (CH, C-5), 117.0 (CH,, C-9/ C-
12), 115.5 (CH, C-3'/C-5'), 55.6 (CH», C-7/C-10), 18.5 (CH3). HRESIMS
m/z 280.174 [M + H]", caled for C19H2oNO m/z 280.1701.

4'-(Allyloxy)-5-methyl-(1,1’-biphenyl)-2-amine (11). A solution
of compound 6 (20.0 mg; 0.10 mmol) in dry acetone (2 mL) was mixed
in K2CO3 (55.3 mg; 0.40 mmol) for 10 min, then, allyl bromide (60.5 mg;
0.50 mmol) was added, and the mixture was refluxed for 6 h. The
mixture was filtered, and the expected compound (8.9 mg, 37 % yield)
was recovered after purification on silica gel column chromatography
(cyclohexane: acetone 95:5 — cyclohexane: acetone 90:10). Amorphous
white solid. 'H NMR (500 MHz, CDCl3): 6 7.37 (d, J = 8.4 Hz, 2H, H-2'/
H-6), 6.99 (d, J = 8.2 Hz, 2H, H-3'/H-5'), 6.93 (s, 1H, H-6), 6.89 (m, 1H,
H-4), 6.68 (d; J = 7.9 Hz,1H, H-3), 6.09 (m, 1H, H-8'),5.45(d, J=17.2
Hz, 1H, H,-9), 5.31 (d, J = 10.3 Hz, 1H, Hy-9), 4.58 (d, J = 5.3 Hz, H-7'),
2.27 (s, 3H, CHs). 13C NMR (125 MHz, CDCls): 6 157.9 (C, C-4), 141.2
(C,C-2),133.4(CH, C-8'),132.2(C, C-1'),131.1 (CH, C-6), 130.3 (CH, C-
2'/C-6'), 128.8 (CH, C-4), 128.0 (C, C-5), 127.6 (C, C-1), 117.9 (CHa, C-
9),115.8 (CH, C-3), 115.1 (CH, C-3'/C-5'), 69.0 (CH,, C-7"), 20.6 (CH3).
HRESIMS m/z 240.1407 [M + H]™ (caled for C16H1gNO m/z 240.1389).

2,4'-Bis(allyloxy)-5-nitro-1,1’-biphenyl (13). A solution of com-
pound 7 (16.9 mg; 0.07 mmol) in dry acetone (1 mL) was mixed in
K3CO3 (40.4 mg; 0.30 mmol) for 10 min, then, allyl bromide (47.2 mg;
0.39 mmol) was added, and the mixture was refluxed for 6 h. The
mixture was filtered, and the expected compound (18.8 mg, 82.6 %
yield) was recovered after purification on silica gel column chroma-
tography (cyclohexane: acetone 90:10). Yellow solid. 'H NMR (500
MHz, CDCls): 5 8.22 (dd, J = 2.9,1.0 Hz, 1H, H-6), 8.17 (dd, J = 2.9,0.9
Hz, H-4), 7.50 (d, J = 8.8 Hz, 2H, H-2'/H-6'), 7.00 (d, J = 8.8 Hz, 2H, H-
3'/H-5'), 7.00 (d, J = 3.0 Hz, 1H, H-3), 6.09 (m, 1H, H-8'), 5.99 (m, 1H,
H-8), 5.45 (d, J = 17.3 Hz, 1H, H,-9'), 5.37 (d, J = 17.4 Hz, 1H, H,-9),
5.32 (d, J = 10.5 Hz, 1H, Hp-9'), 5.29 (d, J = 10.5, 1H, Hy-9), 4.67 (d, J
= 4.5 Hz, 2H, H-7), 4.59 (d, J = 5.8 Hz, 2H, H-7'). 13¢ NMR (125 MHz,
CDCl3): 6 160.5 (C, C-1), 158.6 (C, C-4'), 141.7 (C, C-5), 133.2 (CH, C-
8'), 132.0 (CH, C-8),131.4 (C, C-1'), 130.8 (CH, C-2'/C-6'), 128.7 (C, C-
1), 126.3 (CH, C-6), 124.3 (CH, C-4), 118.0 (CH,, C-9'), 117.9 (CH,, C-
9), 114.6 (CH, C-3'/C-5'), 112.0 (CH, C-3), 69.7 (C, C-7), 69.0(C, C-7").
HRESIMS m/z 312.1275 [M + H]* (calcd for C1gH1g8NO4 m/z 312.1236).

N-Allyl-2-(allyloxy)-3’-methyl-(1,1’-biphenyl)-4’-amine (13a),
2-(allyloxy)-3’-methyl-(1,1’-biphenyl)-4’-amine (13b) and N,N-
diallyl-2-(allyloxy)-3'-methyl-(1,1’-biphenyl)-4’-amine (13c). A



C. Sciacca et al.

solution of compound 8 (25.0 mg; 0.12 mmol) in dry acetone (2 mL) was
mixed in K2CO3 (66.3 mg; 0.48 mmol) for 10 min, then, allyl bromide
(72.6 mg; 0.60 mmol) was added and the mixture was refluxed for 7 h.
The mixture was filtered, and the expected compound 13a (10.0 mg, 30
% yield) was recovered after purification on silica gel column chroma-
tography (petroleum ether — petroleum: dichloromethane 35:65).
Yellowish oil.'H NMR (500 MHz, CDCls): & 7.37 (d, J = 8.3 Hz, 1H, H-
6'),7.34 (d, J = 7.8 Hz, 1H, H-6), 7.33 (s, 1H, H-2'), 7.22 (t, J = 7.8 Hz,
1H, H-4), 7.01(t, J = 7.4 Hz, 1H, H-5), 6.95 (d, J = 8.2 Hz, 1H, H-3), 6.67
(d, J = 8.3 Hz, 1H, H-5'), 6.00 (m, 2H, H-8/H-8'), 5.36 (ddt, J = 17.6,
16.1, 1.6, 2H, H,-9'/H,-9), 5.22 (ddt, J = 10.3, 2.6, 1.4 Hz, Hp-9'/H},-9),
4.55 (d, J = 4.7 Hz, 2H, H-7), 3.88 (d, J = 3.9 Hz, 2H, H-7'), 2.21 (s, 3H,
CH3). 13¢ NMR (125 MHz, CDCl3): § 155.4 (C, C-2), 144.9 (C, C-4),
135.6 (CH, C-8'), 133.6 (CH, C-8), 131.4 (CH, C-2/), 131.3 (C, C-1),
130.6 (CH, C-6), 128.2 (CH, C-6), 127.4 (CH, C-4), 127.1 (C, C-1'),
121.4 (C, C-3), 121.1 (CH, C-5), 116.6 (CH3, C-9), 116.3 (CH,, C-9),
113.0 (CH, C-3), 109.6 (C, C-5'), 69.1 (CH,, C-7), 46.6 (CH,, C-7'), 17.6
(CHs3). HRESIMS m/z 280.1730 [M + H]" (caled for Ci9H2oNO m/z
280.1701).

13b: 5.7 mg, 20 % yield. Colourless oil. 1TH NMR (500 MHz, CD30D):
§7.22 (t,J =7.8 Hz, 1H, H-4), 7.20 (s, 1H, H-2), 7.16 (t, J = 7.8 Hz, 1H,
H-6),7.15(d,J=8.1 Hz, 1H, H-6'), 7.00 (t,J = 7.4 Hz, 1H, H-5), 6.95 (d,
J = 7.4 Hz, 1H, H-3), 6.75 (d, J = 8.1 Hz, 1H, H-5'), 5.99 (m, 1H, H-8),
5.35(d, J=17.3 Hz, 1H, H,-9), 5.20 (d, J = 16.6 Hz, 1H, Hp-9), 4.54 (d,
J=4.6 Hz, 2H, H-7), 2.12 (s, 3H, CH3). 13¢ NMR (125 MHz, CD30D): §
156.8(C, C-2), 145.4 (C, C-4), 135.0 (CH, C-8), 133.0 (C, C-1'), 132.4
(CH, C-2"),131.4 (CH, C-6'),130.2 (C, C-1), 129.0 (CH, C-6), 128.5 (HC,
C-4), 123.4 (CH, C-5), 122.2 (C, C-2"), 116.7 (CH,, C-9), 116.0 (CH, C-
5), 114.5 (CH, C-3), 70.2 (CHy, C-7), 17.6 (CH3). HRESIMS m/z
240.1407 [M + H]" (caled for C16H1gNO m/z 240.1388).

13c: 5.5 mg, 14 % yield. Yellowish oil. 'H NMR (500 MHz, CDCl3): 6
7.39(d,J=1.7 Hz, 1H, H-2'),7.33(d,J=1.7 Hz, 1H, H-6'), 7.32 (d, J =
7.6 Hz, 1H, H-6), 7.23 (d, J = 1.3 Hz, 1H, H-5'), 7.02 (t, J = 7.5, Hz, 1H,
H-4/H-5), 6.95 (d, J = 8.1 Hz, 1H, H-3), 5.93 (m, 1H, H-8), 5.76 (m, 2H,
H-8'/ H-11'), 5.27(dd, J = 17.3, 1.7 Hz, 1H, H,-9), 5.12 (dd, J = 9.1, 1.5
Hz, 2H, H,-9'/H , —12'), 5.05 (dd, J = 10.2, 1.3 Hz,2H, Hy-9/H,-9"),
4.46 (d, J = 4.7 Hz, 2H, H-7), 3.55 (d, J = 6.1 Hz, 4H, H-7'/ H-10'), 2.28
(s,3H, CH3). '3C NMR (125 MHz, CDCl3): § 155.5 (C, C-2), 148.9 (C, C-
2), 135.5(CH, C-8'/ C-11'), 133.4 (CH, C-8), 132.9 (C, C-1), 132.8 (CH,
C-21), 132.3(C, C-1"), 131.0 (C, C-3'), 130.8 (CH, C-5), 127.9 (CH, C-5'),
127.1 (CH, C-6), 121.2 (CH, C-4), 121.1 (HC, C5), 116.9 (CH,, C-9'/ C-
12'), 116.6 (CHy, C-9), 113.0 (CH, C-3), 69.0 (CH,, C-7), 55.3 (CHj, C-
7'/ C-10"), 18.4 (CH3). HRESIMS m/z 320.2044 [M + H]" (calcd for
Ca2HogNO m/z 320.2014).

N,N-Diallyl-2-(allyloxy)-3’-methyl-(1,1’-biphenyl)-6’-amine
(14). A solution of compound 9 (50.0 mg; 0.25 mmol) in dry acetone
(3.5 mL) was mixed in K2CO3 (103.7 mg; 0.75 mmol) for 10 min, then
allyl bromide (90.7 mg; 0.75 mmol) and the mixture was refluxed for 24
h. The mixture was filtered, and the expected compound (12.0 mg, 15 %
yield) was recovered after reversed-phase C18 column chromatography
(water-acetonitrile 60:40 — acetonitrile. Brownish oil.'H NMR. (500
MHz, CDCl3): 6 7.24 (d, J = 7.5 Hz, 1H, H-6), 7.24 (t, J = 7.4 Hz, 1H, H-
4),7.03 (s, 1H, H-2'), 7.04 (d, J = 8.2 Hz, 1H, H-5), 6.97 (t, J = 7.4 Hz,
1H, H-5), 6.93 (dd, J = 8.1, 2.3 Hz, 1H, H-3/H-4'), 6.92 (d, J = 2.5 Hz,
1H, H-3), 5.91(m, 1H, H-8), 5.52 (m, 2H, H-8'/ H-11'), 5.21 (dd, J =
17.3,1.5 Hz, 1H, H,-9), 5.13 (dd, J = 17.3, 1.2 Hz, 2H, H ,-9' / H ,-12'),
5.00 (dd, J =10.1, 1.5 Hz, 1H, Hp-9), 4.96 (dd, J = 10.3, 1.2 Hz, 2H, Hy-
9'/ Hp-12'), 4.50 (d, J = 4.7 Hz, 2H, H-7), 3.39 (d, J = 6.2, 2H, H-7'/H-
10"), 2.29 (s, 3H, CH3). 13¢ NMR (125 MHz, CDCl3): 6§ 155.7 (C, C-2),
147.3 (C, C-6/),135.9 (CH, C-8'/ C-11"), 133.7 (CH, C-8), 133.7 (C, C-1'),
132.8 (CH, C-5'), 131.9 (C,C-6), 131.1 (C, C-3), 130.9 (C, C-1), 128.1
(CH, C-2'), 128.0 (CH, C-4), 121.1 (CH, C-4'), 120.5 (CH, C-5), 116.6
(CH,, C-9'/C-12"), 116.6 (CH,, C-9), 112.5 (CH, C-3), 68.7 (CH,, C-7),
55.4 (CHa, C-7'/C-10'), 21.0 (CH3). HRESIMS m/z 320.2055 [M + H]™
(caled for CooHogNO m/z 320.2014).
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4.2.4. General procedure for Claisen rearrangement

A 1 M Et3AlCI solution (in n-hexane; 100 uL) was added dropwise to
allyl derivatives 10-13 in dry CH,Cl, (1 mL). The mixture was stirred at
room temperature for 2-3 h, and then the reaction was quenched by
adding 2 N HCI solution (2 mL) at 0 °C temperature. The mixture was
partitioned with CH,Cly (2 x 5 mL); the combined organic phases were
washed with water, dried over anhydrous Na,SOy, filtered and taken to
dryness. The expected compound was recovered after column chroma-
tography, affording the pure products.

3’-Allyl-4-(allylamino)-3-methyl-(1,1’-biphenyl)-4'-ol (15a).
Compound 15a (5.0 mg, 51 % yield) was recovered after a Sephadex LH-
20 column chromatography (dichloromethane). Yellowish oil. 'H NMR
(500 MHz, CDCl3): 6 7.32 (d, J = 8.2 Hz, 1H, H-2'/H-6), 7.28 (s, 1H, H-
6'/H-2), 6.85 (d, J = 8.1 Hz, 1H, H-3'), 6.67 (d, J = 8.1 Hz, 1H, H-5),
6.05 (m, 2H, H-8/H-8'), 5.33 (dd, J = 17.2,1.4 Hz, 1H, H,-9), 5.21 (m,
3H, Hp-9 / H 2-9'/ Hp-9'), 3.88 (d, J = 5.3 Hz, 2H, H-7), 3.48 (d, J = 6.3
Hz, 2H, H-7"), 2.23 (s, 3H, CH3). 13C NMR (125 MHz, CDCl3): § 153.2 (C,
C-4'), 145.4 (C, C-4), 136.9 (CH, C-8), 135.9 (CH, C-8), 134.9 (C, C-1),
130.3(C, C-1),129.0 (CH, C-2), 128.9 (CH, C-6'), 126.2 (CH, C-6), 125.7
(CH, C-2'),125.7 (C, C-5), 122.7 (C, C-3), 116.9 (CHy, C-9'), 116.7 (CHa,
C-9), 116.5 (CH, C-3'), 110.8 (CH, C-5), 47.0 (CHy, C-7), 35.8 (CHy, C-
7'), 18.0 (CH3). HRESIMS m/z 280.1680 [M -+ H]™, caled for C19H2oNO
m/z 280.1702.

3’-Allyl-4-amino-3-methyl-(1,1’-biphenyl)-4’-01 (15b). Com-
pound 15b was achieved without further purification (3.6 mg, 60 %
yield). Colourless oil. IH NMR (500 MHz, CDCl3): § 7.29 (d, J = 8.3 Hz,
1H, H-6'), 7.28 (s,1H, H-2), 7.25 (s, 1H, H-2), 7.23 (d, J = 8.3 Hz, 1H, H-
6), 6.84 (d, J = 8.1 Hz, 1H, H-5), 6.72 (d, J = 8.0 Hz, 1H, H-5), 6.05 (m,
1H, H-7"), 5.20 (d, J = 17.3 Hz, 1H, H,-9'), 5.17 (d, J = 10.1 Hz, 1H, Hy-
9'), 3.46 (d, J = 6.1 Hz, 2H), 2.22 (s,3H, CH3). 13C NMR (125 MHz,
CDCls): 6 153.0 (C, C-4), 143.7 (C, C-4), 136.6 (CHy, C-8'), 134.5 (C, C-
1), 131.7 (C, C-1), 131.6 (C, C-3'), 129.0 (CH, C-2), 128.7 (CH, C-2),
125.9 (CH, C-6'), 125.5 (C, C-3), 125.4 (CH, C-6), 116.7 (CHy, C-9),
116.2 (CH, C-5), 115.4 (CH, C-5), 35.4 (C CHy, C-7'), 17.7 (CHg).
HRESIMS m/z 240.1352 [M + H] " (calcd for C;¢H;gNO m/z 240.1388).

3’-Allyl-2-amino-5-methyl-(1,1’-biphenyl)-4’-0l (16). The ex-
pected compound 16 (8.0 mg, 50 % yield) was recovered after silica gel
column chromatography (cyclohexane — cyclohexane: acetone 100 —
50:50). Amorphous white solid. H NMR (500 MHz, CDCl3): 6§ 7.21 (s,
1H, H-2"), 7.20 (d, J = 7.8 Hz, 1H, H-6’), 6.94 (d, J = 8.3 Hz, 1H, H-4),
6.92 (s, 1H, H-6), 6.86 (d, J = 7.8 Hz, 1H, H-5'), 6.68 (d, J = 7.9 Hz, 1H,
h-3), 6.04 (ddt, J = 16.6, 10.1, 6.4 Hz, 1H, H-8), 5.19 (d, J = 17.4 Hz,
1H, H,-9), 5.16 (d, J = 10.1 Hz, 1H, Hy-9'), 3.44 (d, J = 6.2 Hz, 2H, H-
7'), 2.26 (s, 3H, CHj3). 13C NMR (125 MHz, CDCl3): 6§ 153.4 (C, C-4'),
141.1 (C, C-2),136.4 (C, C-8'), 132.3 (C, C-5), 131.2 (C, C-6), 131.1 (C,
C-2), 128.8 (C, C-4), 128.6 (C, C-6'), 128.1 (C, C-1'), 125.8 (C, C-3/),
116.7 (C, C-9), 116.2 (C, C-5'), 115.9 (C, C-3), 35.3 (C, C-7'), 20.6 (C,
CHs). HRESIMS m/z 240.1403 [M + H]" (caled for CigH;gNO m/z
240.1388).

3-Allyl-4'-(allylamino)-3’-methyl-(1,1’-biphenyl)-2-ol (17a).
Compound 17a (5.6 mg, 25 % yield) was recovered after silica gel col-
umn chromatography (petroleum ether: dichloromethane 95:5 —
90:10). Yellowish oil. 'H NMR (500 MHz, CDCls): 5 7.20 (dd, J = 8.2,1.8
Hz, 1H, H-6), 7.15(s, 1H, H-2), 7.08 (d, J = 7.6 Hz, 2H, H-4/H-6), 6.89
(t,J=7.5Hz, 1H, H-5), 6.70 (d, J = 8.2 Hz, 1H, H-5'), 6.05 (m, 2H, H-8/
H-8), 5.33(dd, J = 17.3, 1.3 Hz, 1H, H,-9), 5.22 (dd, J = 10.3, 1.1 Hz,
1H, Hp-9), 5.13 (dd, J = 17.1, 1.6 Hz, 1H, H,-9), 5.09 (dd, J = 10.0, 1.1
Hz, 1H, H},-9), 3.88(d, J = 5.2 Hz, 2H, H-7'), 3.46 (d, J = 6.5 Hz, 2H, H-
7), 2.21 (s, 3H, CHs). 13C NMR (125 MHz, CDCl3): § 150.7 (C, C-2),
145.8 (C, C-4'), 137.1 (CH, C-8), 135.4 (CH, C-8), 131.0 (CH, C-2),
128.9 (CH, C-4), 128.5 (C,C-1), 128.3 (CH, C-6), 127.9 (CH,C-6'), 126.3
(C, C-3),125.4 (C, C-11,123.0 (C, C-3"), 120.3 (CH, C-5), 116.6 (CH, C-
9'), 115.7 (CHy, C-9), 110.7 (CH, C-5'), 46.6 (CH,, C-7"), 34.9 (CHy, C-7),
17.6 (CH3). HRESIMS m/z 280.1685 [M + H] " (calcd for C19H2oNO m/z
280.1701).

3-Allyl-4’-amino-3’-methyl-(1,1’-biphenyl)-2-ol

(17b).  The
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expected compound 17b (3.1 mg) was achieved with 72 % yield after
liquid-liquid partition. 'H NMR (500 MHz, CDCl3): 6 7.17 (s, 1H, H-2'),
7.13(d, J = 8.1 Hz, 1H, H-6'), 7.08 (t, J = 8.5 Hz, 1H, H-5), 7.09 (d, J =
8.9 Hz, 1H, H-6), 6.90 (d, J = 7.9 Hz, 1H, H-4), 6.87 (d, J = 7.9 Hz, 1H,
H-5), 6.03 (m, 1H, H-8), 5.13 (d, J = 17.1 Hz, 1H, H,-9), 5.09 (d, J =
10.0 Hz, 1H, Hy-9), 3.45 (d, J = 6.3 Hz, 2H, H-7), 2.26 (s, 3H, CHg). 3¢
NMR (125 MHz, CDCl3): 6 150.5 (C, C-2), 142.8 (C, C-4'), 136.8 (CHy, C-
9), 131.3 (CH, C-2"), 129.1 (CH, C-5), 128.2 (CH, C-6), 128.2 (C, C-1),
127.8 (CH, C-6'), 126.2 (C, C-3), 124.1 (C, C-1'/C-3'), 120.2 (CH, C-4),
116.4 (CH, C-5), 115.7 (CHy, C-8), 34.8 (CH,, C-7), 17.5 (CH3). HRE-
SIMS m/z 240.1357 [M + H]™ (caled for C;6H;gNO m/z 240.1388).

3-Allyl-4'-(diallylamino)-3’-methyl-(1,1'-biphenyl)-2-0l (17c).
The expected compound 17¢ (6.7 mg, 50 % yield) was recovered after
silica gel column chromatography (petroleum ether 100%). Brownish
oil. 'H NMR (500 MHz, CDCl3): § 7.26 (s, 1H, H-2"), 7.20 (d, J = 6.4 Hz,
1H, H-6'), 7.10 (m, 3H, H-4/H-6/H-5), 6.91 (t, J = 7.5 Hz, 1H, H-5),
6.06 (ddt, J=16.7,10.6, 6.6 Hz, 1H, H-8), 5.82 (ddt, J = 16.4, 10.4, 6.1
Hz, 2H, H-8'/H-11'), 5.21 (dd, J = 17.2, 1.2 Hz, 2H, H,-9’ /H,-12/), 5.14
(d, J=11.7 Hz, 2H, H,-9'/H-127), 5.13 (d, J = 16.2 Hz, 1H, H,-9), 5.10
(d, J=10.1 Hz, 1H, Hy-9), 3.63 (d, J = 6.0 Hz, 4H, H-7'), 3.46 (d, J = 6.8
Hz, 2H, H-7), 2.36 (s, 3H, CHs). 13C NMR (125 MHz, CDCl5): § 150.6 (C,
C-2),149.9 (C, C-4'), 137.0 (CH, C-8), 135.3 (CH, C-8'/ C-11"), 134.6 (C,
C-3'),132.0 (CH, C-2'),131.5(C, C-1'), 129.4 (CH, C-4), 128.4 (CH, C-6),
128.2 (C, C-1), 126.8 (CH, C-6'), 126.4 (C, C-3), 122.6 (CH, C-5'), 120.4
(CH, C-5), 117.4 (CH3, C-9'/C-12'), 115.8 (CH3, C-9), 55.6 (CH3, C-7'/C-
10"), 34.9 (CH,, C-7), 18.7 (CH3). HRESIMS m/z 320.1985 [M + H]"
(caled for C16H18NO m/z 320.2014).

4.3. Measurements of pancreatic lipase (PL) inhibition

The inhibition of pancreatic lipase from porcine pancreas [EC 3.1.1.3;
triacylglycerol acyl hydrolase] was performed employing 4-nitrophenyl
butyrate as a substrate.[36] In a 96-well microplate, 150 pL of phosphate
buffer (50 mM, pH = 7.2), the PL solution (5 mg/mL in phosphate
buffer; 15 pL), and different aliquots (4, 6, 8, 10, and 15 pL) of tested
compounds 5 - 17c¢ (stock solutions were prepared in MeOH ranging
from 1.79 mM to 0.96 mM) or of orlistat (6.7 pM in buffer) were mixed.
The reactions were incubated at 37 °C for 10 min. Then, the substrate p-
nitrophenyl butyrate (3.2 mM in HyO: DMF 70:30, 10 pL) was added,
and the microplate was incubated at 37 °C for 30 min under moderate
shaking. The plate measurements were acquired at 405 nm. Orlistat was
used as a positive reference.

The following equation gave the inhibition percentage of enzyme
activity and was employed to elaborate the data for both PL.

ODconLrul - ODsample %

100
ODconlrol

%inhibition =

where ODcontrol represents the measured optical density for the
enzyme-substrate mixture in the absence of an inhibitor, and ODgmple
represents the optical density of the reaction mixture in the presence of
the inhibitor. The concentration required to inhibit the 50% activity of
the enzyme (ICso) was calculated by linear regression analysis. The in
vitro assay results are reported in Table 2 as ICsq values.

4.4. Kinetics of pancreatic lipase inhibition

The mode of inhibition of PL in the presence of tested neolignans was
determined spectroscopically [31]. The experiments were performed in
96-well plates employing the enzyme (120 U/mL in phosphate buffer;
10 pL), the selected molecules, and the increasing concentrations of p-
nitrophenyl butyrate (from 0.3 to 1.9 mM) in a final volume of 200 pL.
The optimal concentration of tested compounds was chosen based on the
ICsp values. The absorbance was read at 405 nm every 1 min for 45 min
at 37 °C.

The inhibition constants were calculated from the equations.
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Vo = VmaxS
' Kn(l4E) +S
VmaxS
Vo =

Kn(14+24)+S(1+4)

where vy is the initial velocity in the absence and presence of the
inhibitor, S and I are the substrate and inhibitor concentrations,
respectively; Viqx is the maximum velocity, Ky, is the Michaelis-Menten
constant, K;j is the competitive inhibition constant, and K’; is the un-
competitive inhibition constant. The graphs of slope and y-intercept of
Lineweaver-Burk plots versus the inhibitor concentration gave a straight
line, whose intercept corresponds to K;j and K’; values, respectively.

4.5. Molecular docking analysis

The.sdf files of orlistat, magnolol, and honokiol were downloaded
from PubChem (https://pubchem.ncbi.nlm.nih.gov/, I.D. cod respec-
tively: 3034010, 72300, 72303). Meanwhile, the other ligands, namely,
the biphenyls 5-17, were drawn by Chemdraw and saved in.sdf files.
The 3D models were geometrically minimised with optimised potential
liquid simulation (OPLS3) force fields considering the protonation state
at pH of 7.0 £+ 1 and processed using LigPrep interfaced with Maestro
(Version 11) of Schroedinger suite [40].

The minimised geometries were converted into.pdbqt files by Auto-
dock Tools (1.5.6). The 3D structure of pancreatic lipase (PDB ID: 1LPB)
was downloaded from Protein Data Bank (RCSB Protein Data Bank: https
://www.rcsb.org/structure/ 1lpb accessed April 2020). The lipase is
cocrystallised with colipase in the presence of methoxy undecyl phos-
phonic acid (MUP) as an inhibitor and p-octylglucoside (BOG) as a
surfactant. Protein was prepared with Protein wizard, MUP, and BOG,
and Hy0 molecules were removed; then, the.pdb file obtained was
processed with Autodock Tools 1.5.6 and converted in.pdbqt file,
merging nonpolar hydrogens and adding Gasteiger charges. The mo-
lecular docking studies were performed using Glide Ligand Docking
interfaced with Maestro and Autodock Vina software 1.5.6. [41,42]
Autogrid4 (4.2.6 version) was used to generate the gridmaps used in the
Vina calculations. The grid box was centred in the protein’s binding site,
with grid coordinates of 50 x 40 x 50 A2 for x, y, and z, respectively. The
spacing between the grid coordinates was 0.708 A. The grid centre was
set to 7.500, 26.042, and 47.696 A. Receptor grid generation interfaced
with Maestro was used to generate the gridmaps for the Glide calcula-
tions. The grid box was centred in the protein’s binding site, with the
grid centre set to 6.52, 22.27 and 43.85 A. For the docking experiments
carried out with AD4, the Lamarckian Genetic Algorithm was chosen to
search for the best conformers. During the docking process, a maximum
of 10 conformers was considered for each ligand. In Docking calculation,
ligands were treated as flexible while protein was treated as rigid.
Autodock Vina and Glide were compiled and run in 0.S.X. Yosemite
(10.10.5) environment. The analysis of docking outcomes was carried
out by Maestro (Version 11), and figures of 3D models were generated
by Pymol (2.3.5).
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