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Preface 

My three-year Ph.D. course in International Chemical Sciences at the 

Department of Chemical Sciences of the University of Catania started in 

November 2020 under the supervision of Prof. Vera Muccilli. During the second 

year of my Ph.D., I moved to the Institut des Sciences Moléculares (ISM) at the 

University of Bordeaux (France) for a six-month research period.  

My research activity was focused on three neolignans, magnolol, honokiol, 

obovatol, and related oligomers present in the Magnolia species. This thesis 

reports on the synthesis of their bioinspired analogues and the evaluation of the 

inhibitory activity towards target enzymes for obesity and hypoglycemic 

management (pancreatic lipase, α-glucosidase, and α-amylase).  

The Introduction Section (Chapter 1) of this thesis reports a general 

overview of the natural compounds and, more specific, of neolignans. The 

synthetic strategies that might be used to obtain the structures inspired by these 

scaffolds are also reported. In addition, this section summarizes plant natural 

compounds that have already been studied as metabolic enzyme inhibitors.  

The Results and Discussion Section comprises the development of new 

synthetic compounds inspired by magnolol, honokiol, obovatol, and their related 

oligomers (Chapter 3). Different synthetic strategies are described here to obtain 

the following compound libraries:  

i) magnolol and honokiol inspired analogues were obtained through Suzuki-

Miyaura cross-coupling reaction, allylation reaction, and Claisen rearrangement 

(Chapter 3.1);  

ii) obovatol and its biaryl ether analogs were achieved by an allylation reaction, 

Claisen-Cope rearrangement, methylation reaction, Ullmann coupling, and 

demethylation reaction. In addition, a one-pot strategy involving phenol oxidation 

and Michael-type addition was employed to give new thioether analogues 

(Chapter 3.2);  



 

iii) magnolol and honokiol oligomeric compounds were obtained through 

biomimetic reaction with chemical catalyst and green chemistry approaches 

involving safer reaction conditions and enzyme as catalyst (Chapter 3.3).  

The synthesized compounds were evaluated for their inhibitory activities 

towards metabolic enzyme inhibitions using in vitro biochemical assays, kinetic 

analysis, fluorescence spectroscopy, circular dichroism experiments, and in silico 

study (Chapter 3.4 – 3.7). 
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Abstract 

Obesity is a complex disease characterized by an excessive body fat. It is 

considered a risk factor for chronic disorders and cardiovascular diseases, cancer, 

osteoarthritis, and hypertension. The incidence of obesity is frequently linked to 

the incidence of type 2 diabetes, a metabolic disease characterized by 

dysfunctional insulin hormone and high blood glucose levels. It is also noteworthy 

that hyperglycemia associated with type 2 diabetes is characterized by increased 

production of reactive oxygen species, causing oxidative tissue damage.  

Some therapeutic approaches to the management of obesity and type 2 

diabetes are related to the inhibition of metabolic enzymes: pancreatic lipase, the 

enzyme responsible for the hydrolysis of free fatty acid from triglycerides; α-

amylase and α-glucosidase, carbohydrate hydrolyzing enzymes, whose inhibition 

is a well-established strategy to manage hyperglycemia. Approved anti-obesity 

and hypoglycemic drugs are, respectively, orlistat and acarbose, showing, 

however, some side effects. Hence, increasing interest has turned to natural 

products and their analogues to find new and safe enzyme inhibitors with low or 

without side effects.  

This thesis reports on phenolic compounds and their inspired analogues as 

new potential inhibitors of metabolic enzymes. 

Magnolia species contain several compounds with different structures and 

biological activities. The neolignans magnolol and honokiol have been extensively 

investigated for their wide biological effects. Consequently, nowadays there is an 

increasing interest in synthesizing new analogues inspired by the two neolignans 

to enhance their biological effects. Thus, the first phase of this research aimed to 

synthesize nitrogenated analogues inspired by magnolol and honokiol as potential 

lipase inhibitors.  
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Obovatol, a lesser-studied biphenyl ether compound isolated from the bark 

and leaves of Magnolia obovata, exhibits promising biological activities, even if 

its low bioavailability hinders extensive research. For this reason, the research 

activity was focused on developing a convenient access to obovatol and its 

analogues by total chemical synthesis and to evaluate their inhibitory activity 

towards carbohydrate hydrolyzing enzymes.  

In addition to biphenyl and biaryl ether compounds, Magnolia species also 

contain oligomeric compounds. Among them, honokiol dimer houpulin B has been 

reported with 0.003% yield extraction from the roots of M. officinalis and 

consequently, few studies have been carried out to evaluate its biological activity. 

For this reason, the main challenge was developing and carrying out a chemical 

synthesis. Thus, the research project was devoted to the optimization and 

biomimetic synthesis of houpulin B and two new dimers not naturally occurred: 

magnolol dimer and honokiol-magnolol dimer.  

The evaluation of the inhibitory activity towards pancreatic lipase, α-

glucosidase and α-amylase of the three natural products and their bioinspired 

compounds (nitrogenated magnolol and honokiol analogues, biaryl or thiol ether 

compounds, and oligomeric products) was performed with in vitro biochemical 

assays, kinetic analysis, fluorescence spectroscopy, circular dichroism 

experiments and in silico analysis. 

This research contributes to identify key structural features in the search 

for more suitable candidates for metabolic enzyme inhibitors, thus considering 

these natural compounds and their analogues as interesting scaffolds for future 

studies. 
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Introduction 

Natural compounds 

The use of natural extracts as the only remedy for treating several diseases 

and disorders affecting man dates back to ancient times. Traditional medicine has 

been developed over the millennia and specialized in the treatment of a wide 

variety of diseases clinics as well as gastrointestinal disorders, asthma, anxiety, 

allergies, cardiovascular diseases, antimicrobial and antiviral, inflammation and 

other autoimmune response-related disorders and many more [1, 2]. An example 

is the ''Saiboku-to'', a natural extract obtained from the barks of Magnolia spp. 

plants and used as a remedy to treat depression, anxiety, asthma, and stroke [3, 4]. 

The use of this and other extracts obtained from different species of Magnolia 

dates back from 1083 BC in some traditional Chinese medicine documents. Some 

old remedies are still quite widespread in Chinese and Japanese popular culture.  

Extracts from natural sources have been used exclusively according to 

accumulated experience and not based on scientific knowledge [5]. In recent years, 

several natural products (NPs) have been identified and isolated following the 

development of sophisticated methodologies of investigation and analysis. Many 

bioactive compounds were thus identified, and in many cases, now constitute the 

active ingredients of the therapeutic activity recognized to a natural source. For 

example, the main bioactive compounds in the above ''Saiboku-to'' are phenolic 

compounds belonging to the class of neolignans such as magnolol and honokiol 

(see further) [5]. 

These findings led to a growing interest in the study of bioactive natural 

products to identify potential lead compounds for the research and development 

of new drugs. Generally, bioactive natural products derive from primary 

metabolites that originate from the metabolic processes of living organisms such 

as plants, animals, and microorganisms. These compounds, which can be defined 
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as secondary metabolites, differ from the primary ones due to their lack of 

ubiquity; in fact, secondary metabolites are an individual characteristic of one 

species over another. Secondary metabolites can be divided into large families 

based on the biogenetic pathway they derive from i) isoprenoids, derived from the 

biosynthetic pathway of mevalonate; ii) polyketides originating from the acetate 

pathway; iii) alkaloids, derived from a mixed biosynthesis and iv) polyphenols, 

coming from the biosynthetic pathway of shikimate [6-9]. Among the various 

families of natural products, phenolic compounds, and polyphenols have recently 

received increasing attention. The increased interest in compounds biologically 

isolated from natural sources is mainly characteristic of low toxicity and high and 

complete biodegradability [10]. A renewed attention to bioactive natural products 

has arisen from the observation that their structural diversity (also called ''chemo-

diversity'') is far superior to the compounds obtainable by synthetic methods, 

including combinatorial synthesis [11, 12].   

One further reason is the awareness that many natural products are rich 

source of several "lead compounds" for the development of new drugs [13, 14]. 

However, they exhibit significant limitations, such as low yields, unknown 

biological targets, and precise mechanisms of action. Furthermore, some 

difficulties in structural modifications and total synthesis have been highlighted 

for synthetic compounds based on the pharmacopeia of natural product. An 

updated study highlighted the high contribution (53.1%) of NPs to the total 

amount of small molecules approved as drugs in the nearly forty years (accounting 

data from 1981 to 2019) to treat of human diseases [15] or under investigation at 

preclinical and clinical trial levels [16]. Focusing on the ''small-molecules 

approved drugs'' (n, number of molecules = 1211), it is noteworthy that 

compounds from natural sources, their synthetic or semi-synthetic derivatives, or 

those showing a ''natural-product pharmacophore'' highly contributed to the total 

amount of approved drugs (n = 791, representing the 65%) (Figure 1). Nowadays, 

a big challenge for the discovery of new bioactive compounds is to reconsider 
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natural products as a source of inspiration and starting point for the synthesis of 

novel drugs. The development of these "natural leads" has been exploited in drug 

discovery: modifying and optimizing key features of selected natural compounds 

can improve their biological activity, bioavailability, mode of administration, etc. 

 

 

Figure 1. Statistical data related to the impact of NPs on the ''small-molecules approved drugs'' 

[15]. 
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Polyphenols 

The term ''polyphenols'' was originally used as synonym for ''vegetable 

tannins'' (compounds with a rather complex structure and rich in phenolic 

functions [17]) to refer to plant substances able to convert animal skin into leather. 

This term has taken on a more collective note to identify compounds containing a 

polyphenolic structures and molecules with a single phenolic ring, such as 

phenolic acids and phenolic alcohols [18, 19]. They are a class of secondary plant 

metabolites that play an essential role in reproduction and protection against 

agents in several plants. These metabolites are characterized by a broad and 

diverse range of bioactive properties, making them highly valued for their 

beneficial effects on human health [20]. Polyphenols are generally divided into 

large families: flavonoids, stilbenoids, phenylpropanoids, tannins, and lignans. All 

polyphenol subfamilies of polyphenols are originated from the shikimate 

biosynthetic pathway, whose name derives from the intermediate formed: shikimic 

acid. Although it has not an aromatic structure, it is considered a precursor of 

various polyphenols families listed above. Figure 2 shows a summary of the 

products obtained by the shikimate biosynthetic pathway o starting from shikimic 

acid. 

Great attention to polyphenols has arisen thanks to their antioxidant 

activity. They are defined as radical scavengers: that is, chemical molecules 

capable of inhibiting or slowing down reactions to free radical chains, donating a 

hydrogen atom to reactive oxygen species (ROS) or nitrogen (RNS) by oxidizing 

them instead of other substrates present in the cell and thus avoiding oxidative 

damage. This results in more stable phenoxy radicals forming due to the resonance 

structures reported in Figure 3. 
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Figure 2. Summary mechanism of derivatives of the biosynthetic pathway of shikimate. 
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Figure 3. Mechanism of action of a radical scavenger. 

 

The interest originated from their known antioxidant properties and their 

role in preventing various diseases associated with oxidative stress, such as 

cardiovascular, neurodegenerative, and cancer [21]. Moreover, numerous studies 

have shown that polyphenols also own anti-inflammatory, antiviral, and chemo-

protective activity against neurodegenerative diseases such as Alzheimer’s disease 

[21, 22]. Among polyphenols, the subfamily of lignans and neolignans is known 

for numerous components studied for multiple biological properties. 

 

Lignans and neolignans 

Lignans and neolignans represent a large class of natural compounds 

originating from the biosynthesis of phenylpropanoids. Most lignans are present 

in plants, and some coexist with sugars to form glycosides in wood and plant resin 

[23]. They are also known for their numerous pharmacological activities such as 

antitumor activity, hepatoprotective, platelet-activating factor antagonist (PAF), 

insecticide and estrogenic, antifungal, antihypertensive, soothing, and antioxidant 

activity. For example, some are employed as drugs in approved therapies, while 

others are considered lead structures for developing new drugs [24].  

These compounds display dimeric structures formed by β-β' bonds 

between two phenylpropanoid units (C6C3) with a different degree of oxidation in 

the side chains and different aromatic rings’ substitutions. According to the 

IUPAC nomenclature, if the coupling between the two C6C3 units takes place in 

position 8-8', the dimeric compound that is formed is called "lignan"; in the 

absence of the C-8 to C-8' bond, the dimer formed from the two C6C3 units takes 
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place is called "neolignan"; compounds in which an ether oxygen atom provides 

the linkage between the two C6C3 units are also classified under neolignans and 

are called "oxyneolignans" [25-27]. The general structures of lignans and 

neolignans are indicated in Figure 4. 

 

 

Figure 4. Representative structures of lignan and neolignans dimeric compounds. 

 

According to Teponno et al. [23], lignans are classified into eight groups 

based on their skeletons and structural patterns, including their carbon skeletons, 

the way in which oxygen is incorporated into the skeletons, and the cyclization 

pattern. This classification is reported in Figure 5. 
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Figure 5. Classification of lignans according to Teponno et al. [23]. 

 

According to Teponno et al. [23], neolignans are classified into fifteen 

groups to which name has been assigned. Therefore, they are designated by the 

letters "NL" and increasing wording from NL1 to NL15, and no special names 

have been assigned to them. This classification is shown in Figure 6. 
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Figure 6. Classification of neolignans according to Teponno et al. [23]. 
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Neolignans from Magnolia spp. 

Plants of the family Magnoliaceae have been used since ancient times as 

the traditional herbal medicine in many oriental countries (China, South Korea, 

and Japan) because they contain a variety of natural substances with potential 

biological activity. The genus Magnolia is representative of the ancient family of 

Magnoliaceae, and, among them, the stem bark, root bark and seeds of Magnolia 

officinalis and Magnolia obovata have been used to treat several diseases such as 

headache, stroke, diarrhea, gastrointestinal discomfort, allergies and anxiety [28].  

The use of extracts from Magnolia is also documented in other civilizations: 

Native Americans used these extracts for relief pains due to stomach cramps or 

toothache, against rheumatism and malarial fever. Thanks to their properties, these 

natural remedies were qualified as real medicines and registered in the American 

Pharmacopoeia from 1787 to 1900 [29-31]. 

The studies on the genus Magnolia spp. have shown a few phenolic 

compounds with different structures showing a wide range of biological activities 

such as antioxidants, antimicrobial and anti-inflammatory properties [5, 32]. The 

main metabolites are lignans, neolignans, phenylpropanoids, terpenes, and some 

alkaloids [33]. In particular, major components isolated from Magnolia spp., are 

magnolol (1), honokiol (2), obovatol (3). Figure 7 reports the structure of the three 

natural compounds. 

 

 

Figure 7. Structure of magnolol (1), honokiol (2), and obovatol (3). 
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Magnolol and honokiol are two phenyl propanoic compounds belonging to 

the NL4 neolignan class (Figure 6). The molecular structure consists of two 

phenyl rings linked together by a C-C bond in the 1-1' positions, two allyl chains 

at the 5-3' position, and two hydroxyl groups, respectively, at the 2-2' position for 

magnolol and the 2-4' position for honokiol. The content of magnolol in Magnolia 

bark is generally in the range of 2-10%, while honokiol is naturally occurring at 

1-5% in the dried bark [34]. They are, without any question, the pharmacologically 

most meaningful constituents of Magnolia bark [35], and despite their rigid 

structure, they establish a fair number of interactions with numerous biological 

targets. The two neolignans have been the subject of several studies aimed at 

evaluating their biological properties.  

Magnolol has been reported to exert various properties, including 

endothelial cell protection [36], antitumor [37], antioxidant [38], and anti-

inflammatory activities [32, 39]. It also has been reported to exert neuroprotective 

effects in intracerebral hemorrhage [37], stroke [40], Alzheimer’s [41], and 

Parkinson’s [42] diseases. Magnolol was evaluated as a potential antidepressant 

[36], and it showed beneficial effects on gastrointestinal disorders [43], 

atherosclerosis, and re-stenosis [44]. Other studies have shown that magnolol 

exhibits pharmacological effects, including antidiabetic [39], anti-obesity [45], 

cardiovascular [46] and antimicrobial activity [34, 47]. Different therapeutic 

applications of magnolol are reported in Table 1. 

Honokiol, as well as magnolol [48], is a molecule that manages to cross 

the blood-brain barrier and can intervene against the development of 

neurodegenerative disorders [49, 50]. It also shows antioxidant activity, anxiolytic 

action and cytotoxicity activity against various cancer cell lines as colon, breast, 

gastric and carcinoma cancer [51]; it impacts cell signaling of neuroinflammation 

[52]. Recent studies have highlighted that honokiol exhibits anticancer properties 

with inhibition of cell proliferation by differentiation and apoptosis [53], thus 

contrasting the development of metastases [54]. This neolignan is known for its 
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ability to reduce free radicals generated by ultraviolet (UV) irradiation and for 

inhibiting the mutation induced by UV rays in Salmonella [55]. The in vitro 

analysis on different cell cultures has pointed out that honokiol is also a promising 

inhibitor of xanthine oxidase [55], a good protector of the enzyme of the 

mitochondrial respiratory chain, a reducer of the activation of the extracellular 

kinase regulated by signals (ERK), a suppressor of protein kinase and NADPH 

oxidase, resulting in inhibition of respiratory explosion by neutrophils and cellular 

protection [56]. Honokiol is considered a bioactive pleiotropic neolignan with 

various pharmacological effects [47], including antidiabetic, antidiarrheal, anti-

obesity, anti-inflammatory [57], antistress, antithrombotic, cardio and 

neuroprotective [57], antimicrobial activity. Mainly, it owns an effective 

antimicrobial activity against Actinobacillus asctinomycetemcomirans, 

Porphyromonas gingivalis, Prevotella intermedia, Micrococcus luteus, and 

Bacillus subtillis, while showing little activity against Shigella flexneii, 

Staphylococcus epidermidis, Enterobacter aerogenes, Proteus vulgaris 

Escherichia coli, and Pseudomonas aeruginosa [47]. Other studies have shown 

that honokiol, although showing an antimicrobial activity lower than the 

antibiotics today in trade, it is particularly effective against periodontal pathogens 

[47]. The absence of toxicity in vitro, in vivo, and in humans has been 

demonstrated, and therefore this molecule is marketed as a dietary supplement to 

reduce stress [58]. It is also believed that honokiol behaves like a positive allosteric 

modulator on the GABA receptor, allowing the entry of chloride ions and 

increased cell polarization, which results in antidepressant [59] relaxing and 

anxiolytic properties[60, 61]. The high combination of biological activities makes 

this molecule potentially employable for different therapeutic applications (Table 

1).  
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Table1. Summary of most relevant studies on magnolol, honokiol and obovatol activities. 

Health perspectives Results Reference 

Magnolol 

Antidepressant Adjusting the hypothalamic–pituitary–adrenal [36] 

Antitumor 

 

Inhibition of the growth of various cancers originating 

from different organs such as brain, breast, cervical, 

colon, liver, lung, prostate, skin 

[37] 

Antioxidant Protection against cellular oxidative stress [38] 

Anti - inflammatory Inhibition of lipopolysaccharide (LPS)-induced 

production of nitric oxide and beneficial effects on 

atherosclerosis and re-stenosis 

[32, 39, 44] 

Neuroprotective Protection of endothelial cell, beneficial effects on 

Alzheimer and Parkinson, intracerebral hemorrhage and 

stroke and manages to cross the blood-brain barriers 

[44] 

Gastrointestinal 

protection 

Inhibition of diarrhea. Nausea and abdominal pain [43] 

Antidiabetic Inhibition of α-glucosidase and promotion glucose 

uptake by regulating insulin signaling pathway 

[39, 46] 

Anti - obesity Inhibition of pancreatic lipase and protective role 

against insulin resistance 

[45] 

Antimicrobial Inhibition effect exerted by microbes [34, 46] 

Cardioprotective Reduction of the proportion of myocardial ischemic 

necrosis 

[46] 

Honokiol 

Anticancer Inhibition of cell proliferation by differentiation and 

apoptosis 

[51, 53, 54] 

Antioxidant Decreasing of oxidative stress-induced neurotoxicity [57] 

Neuroprotective Protection brain against ischemia and cross the blood 

brain barrier and neuroblastoma apoptosis Inhibition of 

the inflammatory reaction during cerebral ischemia 

reperfusion 

[49, 57] 

Antidiabetic Inhibition of α-glucosidase and promotion glucose 

uptake by regulating insulin signaling pathway 

[47] 

Anti - obesity Inhibition of pancreatic lipase and protective role 

against insulin resistance 

[47] 

Cardioprotective Inhibition of xanthine oxidase and protection of the 

mitochondrial respiratory chain  

[54] 

Antimicrobial Inhibition effect exerted by microbes especially 

periodontal pathogens 

[47] 

Antidepressant Improvement of depression-like behavior caused by 

inflammation and action on the mouse 

lipopolysaccharide depression model 

[59] 

Anti - inflammatory  inhibition the inflammatory response of LPS-induced 

dendritic cells 

[57] 

Obovatol 

Antioxidant Attenuation of oxidative stress-induced inflammation [62] 

Antiproliferative Treatment of prostate, leukemia, colon and carcinoma 

cancer 

[63, 64] 

Anti - inflammatory Inhibition of vascular muscle cell proliferation [65] 

Antibacterial Inhibition of Salmonella type II secretion system [66] 
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Neuroprotective Protection against microglia-mediated neurotoxicity [67] 

Anxiolytic Inhibition of nitric oxide production and activation of 

kinases in lipopolysaccharide cells 

[68] 

Cardiovascular Improvement cardiac dysfunction as arterial thrombosis 

and collagen induced platelet aggregation 

[69] 

 

Studies on the structure-activity relationship (SAR) have shown that the 

various properties of honokiol and magnolol are attributable to the presence of 

hydroxyl and allyl groups on a biphenyl base structure [70]. Considering the 

above, numerous scientific publications report the synthesis of structural 

analogues and molecules related to both neolignans. Chemical modifications are 

generally performed to increase chemical features such as solubility, attractive 

biological properties, and bioavailability of the molecules. Some examples of 

synthesis of their derivatives and evaluation of their biological activities are 

reported in the literature [51, 61, 71-77]. 

While considerable progress in the study of biological activities has been 

achieved regarding magnolol and honokiol, obovatol (3) has attracted little 

attention. Obovatol is a phenylpropanoid dimer belonging to the neolignan class 

NL15 (Figure 6). The molecular structure consists of a unique biphenyl ether 

skeleton containing a catechol, appended with two allyl groups. Obovatol has been 

extracted from Magnolia obovata (yield < 1%): in the dried bark of M. obovata, 

the content of obovatol has been reported to be 0.26%; a study of the content in 

the leaves reports a rate of 0.76% [78]. Previous studies have shown different 

biological properties of obovatol. So far, it has shown several biological 

properties, including antioxidant [62], antiproliferative [63], antibacterial [66], 

neuroprotective [67], anti-inflammatory and antithrombotic activities [65]. Most 

of these biological activities have been shown to be through the inhibition of 

nuclear factor k-light-chain-enhancer of activated B cell (NF-kB) and mitogen-

activated protein kinase (MAPK)[68]. Obovatol reduces inflammatory responses 

in macrophages and microglia by inhibiting the expression of inducible nitric 

oxide synthase (iNOS) and cyclooxygenase 2 (COX2), as well as the differential 
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response signaling pathways of myeloid and toll-like receptor 4 (TLR4) [68]. 

Little is known about its effects in the central nervous system and recently, 

anxiolytic effects mediated by GABA-benzodiazepine receptors has been reported 

[60]. Thus, it has been proposed as a therapeutic phytochemical for the treatment 

of neuronal and cardiovascular disease [69] and different tumors  as prostate, acute 

myeloid leukemia, colon and carcinoma cancer [28, 79-81]. Furthermore, obovatol 

induces apoptotic cell death without exerting any cytotoxic activity in normal cells 

(up to 50 µM) [82] and shows inhibitory effects on either collagen or arachidonic 

acid-induced platelet aggregation and other biological effects, such as 

antiproliferative activity for vascular smooth muscle cells and cancer cells [64, 

83].  

Moreover, the effects of the biphenyl on brain inflammation or microglia 

have been investigated using cultured cells and a mouse model of 

neuroinflammation. The results have shown that obovatol inhibits inflammatory 

activation of microglia in vitro and neuroinflammation in vivo, and exerts 

protective effects against microglia-mediated neurotoxicity [62]. Other studies 

have highlighted that the neolignan 3 acts as an anti-inflammatory agent on the 

expression of inflammatory cytokines tested in macrophages [82]. The man health 

applications of obovatol are summarized in Table 1. 

Magnolia species also contain oligomeric compounds in addition to 

biphenyl and biaryl ether compounds. These compounds have been identified and 

isolated from various Magnolia trees, although their extraction yields are quite low 

and require several purification steps. Figure 8 reports some examples of isolated 

oligomers. For instance, bishonokiol A was extracted from the seeds of Magnolia 

grandiflora with a 0.013% yied [84]. The compound garrettilignan A was isolated 

from the leaves of Magnolia Garretti [85] with a yield of 0.003%, while from the 

leaves of Magnolia chevalieri [86], chevalierinol A was extracted with a yield of 

0.009%. Two oligomers with different structures were isolated from the leaves of 

Magnolia officinalis var. biloba [87]: officinalignan A with 0.002% yield and 
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houpulignan H with 0.001% yield. Additionally, from the roots of Magnolia 

officinalis [88] four oligomers were extracted: houpulin B (0.003%), houpulin C 

(0.0004%), houpulin D (0.001%) and houpulin K (0.005 %).  

The oligomers below reported show different structures linked through 

aromatic rings, including ortho, ortho (o,o)-linked dimers, ortho, para-linked 

dimers (o,p) and (o,o)-linked trimers, dimers and trimers with an o,o-linkage, and 

o,o-/o,p-linked trimer[88]. As an example, houpulin K is an (o,o)-linked dimer 

involving an o,o-linkage, houpulin H is formed by two moieties of obovatol and 

one of magnolol while officininalignan A is a obovatol dimers bearing the 

benzodihydropyran and 2,3- dihydrobenzofuran skeleton. Moreover, the 

neolignans isolated from Magnolia officinalis (houpulin B, C and D) are 

respectively a dimer of honokiol and two derivatives of magnolol. These 

oligomers have novel carbon scaffold that can be biosynthesized by the three or 

four C6C3 subunits coupling.  

Recent studies have been dedicated to evaluating the biological activities 

of the dimers. Some studies have highlighted the anti-inflammatory [87, 88] 

activity of houpulin K, houpulin C and D; the antioxidant activity [86, 87] of 

houpulignan H, officinalignan A and chevalierinol A; the antitumor[89] and the 

α-glucosidase inhibitory [90] activity of various dimer and trimers of honokiol. 

Additionally, bishonokiol A has also demonstrated antiproliferative activity and 

induces apoptosis [84].  

Few studies have been conducted to evaluating the houpulin B biological 

effects. It has shown promising antitumor activity and effects as inhibitor of 

superoxide anion generation and elastase release [91]. Research studies on these 

compounds are still ongoing and the main challenge is developing and carrying 

out a total chemical synthesis to increase the biological studies. 
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Figure 8. Structure of some oligomeric compounds. 
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Synthetic approaches for the synthesis of neolignans inspired by 

magnolol, honokiol and obovatol 

The molecular backbone of neolignans consists typically of a 

phenylpropanoid (C6C3) building block: structural differences are mainly due to 

their biosynthetic mechanism, based on radical oxidative coupling reactions 

mediated in nature by peroxidases, laccases enzymes, or cytochrome P450 [72, 

92]. It is known that oxidases intervene only in the first phase of the reaction, that 

is the radical formation. The stereochemical control of the reaction is exerted by a 

protein named "dirigent protein" [93]. In the absence of this protein, a mixture of 

products characterized by different structures would be obtained due to the radical 

species’ unequal reactivity. Instead, in the case of neolignans biosynthesis, the 

enzyme leads to the oxidation of two phenolic units with the formation of a 

biphenyl bond. This process is described by Aldemir et al. [92] and the mechanism 

is reported in Scheme 1. 

 

 

Scheme 1. Mechanism of biosynthesis of bisphenolic neolignans [92]. 
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Scheme 1 demonstrates how the enzyme generates a phenoxydic radical 

by removing a proton and an electron (or a hydrogen radical). The spin density 

related to the radical is located on the oxygen atom and the ortho and para 

positions. So, through the coupling of two radicals occurring in different positions, 

a variety of products with C-C and/or C-O-C bond are obtained. 

 

Synthetic strategies for biphenyls structures  

In a laboratory scale the biphenylic structures related to magnolol and 

honokiol can be obtained through reactions involving the use of oxidizing agents 

(Ag2O, FeCl3, CuCl2, or Mn(OAc)3). However, the reactions conducted with 

enzymes such as peroxidase, laccase and cytochrome P450, have the advantage of 

being more environmentally sustainable than those involving the use of metals. 

Still, both processes do not show regioselectivity; in some cases, they provide a 

mixture of products with different dimeric structures [94]. Below, an overview of 

the coupling reaction is reported. 

An arylation method that does not involve metal catalysis was described 

by Dichiarante et al. [95]. In this method, phenyl cations generated by photo-

heterolysis of the aryl halides or esters with an electron-donating substituent 

undergo selective addition to π nucleophiles with no interference by the solvent 

even when it is a nucleophile (Scheme 2a). The mild reaction conditions 

distinguish the reaction, which looks like an excellent strategy for obtaining 

biphenyl compounds. 
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Scheme 2. Summary of some synthetic methods to achieve biphenyl compounds. 

 

The synthesis of substituted biphenyl was also achieved by the Kumada 

coupling reaction, which involves the addition of Grignard aromatic reagents with 

aryl halide in the presence of nickel-phosphine catalysts (Scheme 2b) [96]. Other 

synthetic strategies are the Gomberg-Bachman reaction (Scheme 2c) and the 

Ullmann reaction (Scheme 2d). The first involves using aromatic derivatives such 

as diazonium salts [97]; the second allows to obtain biphenyl compounds 

following reductive coupling between two aryl halides in the presence of a copper 

catalyst in harsh reaction conditions such as high temperature [98]. Finally, other 

coupling methods to synthesize aryl biphenyl in less harsh conditions and the 
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presence of different complexes based on palladium are mentioned here: the Stille 

reaction (Scheme 2e), occurring between an aryl halide and an organotin; Hiyama 

reaction (Scheme 2f), between an aryl halide and an organosilane derivative; 

Suzuki-Miyaura (SM) reaction (Scheme 2g), between aryl halide and 

organoborane compound.  

Scheme 3 reports the catalytic cycle of SM reaction. In particular, the 

commonly used palladium catalyst is Pd0. In many cases, Pd2+ complexes are used, 

such as palladium acetate Pd(OAc)2 which are reduced in situ by the presence of 

phosphine ligands as well as 1,1’-bis(biphenylphosphino)ferrocene (dppf) or 

dicyclohexyl(2′,6′-dimethoxy[1,1′-biphenyl]-2-yl)phosphine (SPhos). The main 

steps of the catalytic cycle are as follows: i) oxidative addition, in which Pd0 binds 

to the aryl halide to form Pd-aryl complex; ii) displacement of the halide from the 

Pd-aryl complex to generate a more reactive hydroxylaryl-palladium complex, 

facilitated by the use of a base that promotes the subsequent iii) slow step of the 

transmetalation with boronic acid; iv) and the reductive elimination which allows 

the formation of a new C-C bond between the two aromatic rings and the reduction 

of the Pd2+ complex to Pd0, making it available for a new catalytic cycle [99]. 

 

 

Scheme 3. Catalytic cycle of Suzuki-Miyaura cross-coupling. 
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Furthermore, the analysis of chemical reactions used in the last three 

decades (from 1984 to 2014) in medicinal chemistry pointed out the Suzuki-

Miyaura reaction among the three most frequently used reactions to synthesize 

bioactive compounds [100]. Significantly, magnolol and honokiol were 

synthesized through the Suzuki-Miyaura cross-coupling reaction [101].  

 

Synthetic strategies for dimeric and oligomeric polyphenols by enzymatic 

reactions 

The synthesis of dimeric polyphenols often involves a "biomimetic" 

approach with enzyme-mediated processes used to mimic the biosynthetic 

coupling pathways. These reactions are preferably facilitated by oxidase enzymes 

[102]. The most prevalent enzymes employed for oxidative dimerization reactions 

are peroxidases. Among them, horseradish peroxidase is an eme-protein that 

generates phenoxy radicals and reduces hydrogen peroxide to water [103]. These 

enzymes have been used to catalyze the oxidation of low molecular weight organic 

compounds with a wide range of naturally attainable structures [104]. Laccase 

features consist of four copper ions, able to catalyze the oxidation of several 

organic compounds, including substituted phenols, diphenols, and polyphenols.  

[104]. Laccase features consist of four copper ions, able to catalyze the oxidation 

of several organic compounds including substituted phenols, diphenols and 

polyphenols. This enzyme converts the oxidizing agent, the atmospheric oxygen 

into water while facilitating the one-electron oxidation of four reducing substrate 

molecules, thereby achieving a four-electron reduction of molecular oxygen to 

water [105, 106]. The structures of the enzymatic site of peroxidase and laccase 

and the mechanism of reaction are reported in Figure 9. 
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Figure 9. Proposed catalytic pathways of a) horseradish peroxidase (HRP) and b) laccase. 

 

Generally, phenolic compounds are oxidized to radical and/or quinone 

intermediates which react to achieve dimeric products. Because these dimers could 

still contain phenolic functions, it is possible that they can produce dimeric 

radicals thus obtaining oligomers and/or polymers by self/cross-coupling [107].  

On a laboratory scale, the oxidase enzymes have been employed in radical 

coupling reaction of several phenols to yield dimerization products as well as 

oligomeric compounds [108, 109]. It is known that the dimer synthesis occurs with 

the same mechanism through which plants produce natural products such as 

neolignans in presence of oxidase enzyme or other oxidative agents. Thus these 

synthetic reactions mimic the natural ones [108]. 

Laccase-catalyzed reactions can also be replicated in laboratory using 

chemical mediators such as (2,2,6,6-tetramethylpiperidin-1-yl)oxyl radical 

(TEMPO), 1-hydroxybenzotriazole (HBT), and 2,2’-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid)diammonium salts (ABTS). These mediators 
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are commonly employed to enhance the enzyme efficiency allowing laccases to 

oxide a wide range of substrates in addition to phenolic compounds. They also 

contribute to improved stability and catalytic activity of laccase, and they can be 

employed when the direct oxidation is not possible to achieve due to the 

incompatibility of redox potential. Finally, the chemical mediators reduce the 

reaction time [107]. Figure 10 reports the structure of the common chemical 

mediators. 

 

 

Figure 10. Structure of the common chemical mediators. 

 

Synthetic strategies for biphenylic ether structure 

Obovatol (3) bears a biphenyl ether skeleton and not a biaryl structure; for 

this reason, the previously synthetic approaches cannot synthesize it. Still, it is 

possible to take advantage of some reactions reported below.  

The formation of carbon-heteroatom (C-X) bond is a strategy for the 

production of numerous scaffolds with biological and pharmaceutical applications 

[110]. A representative example is the selective ether bond linkage between two 

aryl scaffold, an important motif widely distributed in various natural products, 

synthetic pharmaceuticals, agrochemicals, and other chemical materials [111]. As 

a consequence, the development of synthetic methods to preparate or improve 

existing ones is an active research topic. From the retrosynthetic point of view, a 

biaryl ether can be synthesized by connecting two aryl moieties or by building up 
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the absent aryl ring from a suitable aryl alkyl ether. However, the first strategy is 

applied almost exclusively to the synthesis of natural biaryl ethers. 

Three main groups of synthetic approaches for scaffold construction have 

been developed: nucleophilic aromatic substitution reactions (SNAr), oxidative 

coupling of phenols, and metal-mediated arylation of phenol [112].  

SNAr occurs between aryl halide substituted with one or more strongly electron-

withdrawing groups and phenoxides without the addition of a catalyst (Scheme 

4a). The reactivity depends on the halide (F >> Br> Cl); the presence of an ortho-

nitro group provides the ring activation. These features allow an efficient coupling 

reaction at room temperature, provided by solvents with high dielectric constants 

such as DMF or DMSO.  

The biaryl ether scaffold can also be achieved by selective phenol oxidative 

coupling performed by cytochrome P450 [113], peroxidases, and 

thallium(III)nitrate (TTN) or thallium(III)trifluoroacetate (TTFA) as oxidizing 

agents (Scheme 4b) [112]. Bis-ortho-halogenated phenol serves as an essential 

substrate, as this synthetic methodology is ineffective even when one phenolic 

ortho position is left unsubstituted. Excess of thallium (III) salts are usually used 

as one-electron oxidants. However, due to the salt’s high toxicity, the use of 

enzymes (H2O2-peroxidase, horseradish peroxidase (HRP), soybean peroxidase 

(SPO)) is recommended. Alternatively, reagents such as ceric ammonium nitrate 

(CAN) or electrochemical process more recently, anodic oxidation, are preferred 

even if the reaction yields are lower in many cases [112].  

The arylation of phenol by aryl halides in the presence of copper powder 

or copper salts (Ullmann biaryl ether condensation) is another synthetic approach 

for the construction of biaryl ethers (Scheme 4c) [114]. Fair to good yields of 

biaryl ethers are obtained when electron-rich phenols and electron-poor aryl 

halides are employed. This synthetic method is explained in detail below. 
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Scheme 4. Summary of some synthetic methods to achieve biaryl ethers compounds. 

 

The Ullmann biaryl ether synthesis, or, more commonly, Ullmann 

condensation, has been extensively used to form biaryl ethers.  

The original protocol for the coupling reaction required the use of 

stoichiometric or more significant amounts of the copper salts together with high 

reaction temperature (≥200°C), long reaction times, and a strong base [115]. These 

disadvantages associated with the low yields observed when using inactivated aryl 

halides have severely limited the synthetic applications of this reaction [114]. 

However, the search of cost-effective and sustainable reactions has stimulated 

researchers to explore to copper-mediated cross-coupling reactions. The 

successful development of improved catalytic versions has caused an interest in 

what is now referred to as the "modified Ullmann reaction" [116].  

The key advancement in the new reaction procedure lies in the addition of 

ligands to the copper catalyst to improve the solubility and stability [117] of the 

copper precursors. This results in milder reaction conditions, lower reaction 

temperature, reduced reaction time, and a decrease in the catalyst loading (0.25 to 

2.5 mol%). Additionally, nonpolar solvent like toluene are used while cesium 

carbonate, employed as a base, eliminates the need to form the phenoxide anion 

before the reaction [118]. The copper (pre-) catalyst is generally prepared in situ 
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by mixing a copper salt with a suitable, often bidentate, chelator such as diamine, 

amino acids, or other nitrogen- and oxygen-containing ligands. These 

developments have proven highly successful that the modified Ullmann reaction 

being applied in large-scale production. It is evident that this technology is much 

more cost-effective compared to  the widely used palladium-catalyzed variants 

[116]. 

Only a few studies were dedicated to mechanistic investigation of the 

actual role of the ligand on a possible catalytic cycle. In an early publication 

concerning the synthesis of biaryl ethers, Buchwals observed that stoichiometric 

quantities of carboxylic acids facilitated the coupling of less reactive phenols with 

aryl bromides and iodides [118]. More recently, Taillefer and co-workers 

conducted a structure/activity relationship study on the biaryl ether formation 

catalyzed by CuI with N,N-chelating ligands [119]. The authors explained the 

results using a cycle involving an oxidative addition/reductive elimination 

mechanism (Scheme 5).  

 

 

Scheme 5. Mechanistic proposal for the synthesis of biaryl ethers. 

 

Scheme 5 illustrates the general catalytic cycle of an Ullmann coupling 

ether condensation. In particular, Cu (I) is prepared in situ by the presence of N,N- 
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chelating ligands in order to initiate the catalytic cycle. The main steps of the cycle 

are: i) the oxidative addition, in which Cu(I) binds to the aryl halide forming a Cu-

aryl complex; ii) the subsequent transmetalation step with a phenol; iii) the 

reductive elimination, which allows the formation of a C-O bond between aryl 

halide and phenol and iv) the regeneration of the catalyst, thus available for a new 

catalytic cycle. 

The general features of the Ullmann reaction can be summarized as 

follows:  

a) aryl iodides, bromides, and chlorides are all good substrates with an opposite 

trend compared to  uncatalyzed SNAr reactions (I > Br > Cl >> F) [112]. 

b) the introduction of several aryloxy groups is possible in a stepwise manner and 

the aromatic halide can contain many different substituents. Reactive 

functional groups such as. OH, NH2, CHO do not require protection during the 

Ullmann biaryl coupling.  

c) electron-withdrawing substituents (e.g., NO2, CO2R, COO- ) in the ortho and 

para positions of phenol significantly activate the reaction, leading to excellent 

yields, while electron-donating substituents anywhere on the aromatic ring do 

not significantly decrease the reactivity of the aryl halide compared to the 

unsubstituted aryl halide [120].  

d) the required temperature ranges from 100 to 300 °C in the presence of copper 

metal, or a copper-derived catalyst [121];  

e)  a wide variety of solvents work well, and most of them contain a heteroatom 

with a lone pair of electrons (dioxane, pyridine, quinoline, DMSO, DMA, 

DMF, THF). The solvent serves to solubilize the catalytically active copper 

species by way of complexation.  

f) the phenol component can be introduced in the form of free phenols or 

phenolate salts. When they are used, a base (e.x. K2CO3) is generally added to 

the reaction mixture. Other salts such as ammonium chloride, sodium chloride, 

lithium bromide and potassium bromide have proved to be ineffective.  
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g) if Cu2O or CuO is used instead of copper, no base is required, since these 

substances serve as bases.  

h) Finally, since phenols and phenolates are sensitive to oxidation, the use of an 

inert atmosphere is often required. 
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Metabolic disorder 

Metabolism disorders are pathologic conditions that affect the body’s 

metabolism. They are characterized by the inability to properly use and/or store 

energy at the cellular level [122]. Metabolic diseases affect the ability of the cells 

to perform critical biochemical reactions involving the processing or transport of 

proteins, carbohydrates, or lipids. Metabolic disorders include insulin resistance, 

abdominal obesity, hypertension, and hyperglycemia. These are also risk factors 

for cardiovascular disease, type 2 diabetes, stroke, chronic kidney illness, and 

cancer [123]. The burdens of metabolic disorders, such as obesity or diabetes, are 

believed to arise through a complex interplay between genetics and epigenetics 

predisposition, environment, and nutrition [122]. Therefore, several studied have 

been devoted to discovering novel methods to counteract both metabolic disorders. 

Obesity 

Obesity is one of the world’s leading health problems. It is considered a 

risk factor for major chronic diseases and disabilities, like coronary heart disease, 

hypertension, heart failure, type 2 diabetes, cancer, and the reproductive system 

and gastrointestinal tract [124, 125]. Obesity is a condition characterized in most 

cases (95%) by an excessive accumulation of body fat caused by an incorrect 

lifestyle with a high-calorie diet often associated with reduced calorie 

consumption. Therefore, it would be a condition preventable by a healthy lifestyle. 

In the remaining number of cases (5%), obesity is related to identifiable organic 

causes of endocrine nature (cortisol, hypersecretion, hypothyroidism, 

hyperinsulinism), hypergenetic-malformative nature (due to the action of certain 

drugs), neurological and neoplastic origins [125].  

Nevertheless, this condition represents one of the main public health 

problems worldwide, given the alarming speed with which cases are growing not 

only in Western countries but especially in developing countries [126]. Despite 
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the significant number of research reported in the literature, obesity remains an 

unsolved problem, and the discovery of drugs that aim to counteract obesity is 

growing strongly. Until today, several strategies are known to prevent and 

counteract the accumulation of fats. The two main ones involve the use of drugs 

to increase energy waste or reduce calorie count by reducing hunger or slowing 

down and/or inhibiting fats absorption [127]. In the latter cases, the therapy works 

on the enzymes involved in the digestion and absorption of fats, such as lipase 

enzymes.  

The human lipases are the pre-duodenal (lingual and gastric) and the extra-

duodenal (pancreatic, hepatic, lipoprotein, and the endothelial) lipase. Pancreatic 

lipase (triacylglycerol acyl hydrolase; PL), the principal lipolytic enzyme 

synthesized and secreted by the pancreas, plays a key role in digesting triglycerides 

[128]. It hydrolyzes fatty acids from the α and α' position of dietary triglycerides, 

yielding β- monoglycerides. (Figure 11) 

 

 

Figure 11. The hydrolysis reaction of triglyceride catalyzed by lipase. 

PL is responsible for the hydrolysis of 50–70 % of total dietary fats, and Figure 

12 depicts the physiological role of the enzyme in lipid absorption.  
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Figure 12. The physiological role of pancreatic lipase in lipid absorption. 

Thanks to the knowledge on the hydrolysis process of fats, the 

pharmacological effects of the molecules able to inhibit the lipase activity have 

been studied to reduce and /or slow down the hydrolysis process and consequently 

decrease the accumulation of fats in the adipose cell of an obese person. These 

lipase inhibitors are used as drugs with strong anti-obesity action. Among these, 

orlistat, a potent and selective pancreatic lipase inhibitor [129], is the saturated 

derivative of lipstatin, a natural PL inhibitor isolated from the bacterium 

Streptomyces toxytricini [130, 131] (Figure 13). In addition to its activity as an 

anti-obesity agent, orlistat modestly decreases blood pressure and counteracts the 

onset of type 2 diabetes. It was approved by the Food and Drug Administration 

(FDA) in 1998 in the USA, and it is considered the only effective drug to control 

obesity.  
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Figure 13. Structure of pancreatic lipase inhibitors. 

The mechanism of lipase inhibition by orlistat is via covalent bonding 

formation with a serine present in the lipase’s active site. Unfortunately, this drug 

shows several side effects, including abdominal cramps, incontinence, and other 

disorders [132]. For this reason, active research is aimed at discovering new and 

effective anti-obesity drugs with special attention devoted to compounds and/or 

natural extracts with negligible undesirable side effects.  

 

Diabetes  

Diabetes mellitus, commonly known as diabetes, is the general term to 

indicate a heterogeneous metabolism disturbance. The main finding is chronic 

hyperglycemia (high blood sugar), resulting from defects in insulin secretion, 

insulin action, or both. Chronic hyperglycemia of diabetes is associated with long-

term damage, dysfunction, and failure of different organs such as the eyes, heart, 

kidneys, nerves and blood vessels [133, 134]. Most cases of diabetes fall into two 

broad etiopathogenetic categories[133, 135, 136]. The cause of type 1 diabetes 

(T1DM) is an absolute deficiency of insulin secretion. It is an autoimmune disease, 

where the immune system attacks and destroys cells in the pancreas, where insulin 

is made up. About 10% of people suffer from T1DM [137]. The second category 

is much more prevalent concerning the previous, and it’s called type 2 diabetes 
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(T2DM). The cause is a combination of insulin action resistance, and inadequate 

compensatory insulin secretory response. In this category, hyperglycemia is 

sufficient to cause pathologic and functional changes in various target tissues. 

However, without clinical symptoms, it may be present for a long period before 

diabetes is detected. Type 2 diabetes develops in adulthood and is primary 

associated with incorrect lifestyles (sedentary life), consumption of industrially 

sourced food, and some chronic degenerative diseases. Other type of diabetes is 

prediabetes, which occurs in less than 1 % of the people with diabetes when your 

sugar is higher than usual but it’s not high enough for a diagnosis of T2DM; 

gestational diabetes mellitus (GDM) which affects about 5-6% of pregnant women 

and in most instances is an early form of T2DM.  

Hyperglycaemia causes the onset of other diseases (polyuria, polydipsia, 

weight loss, blurred vision, etc.). Retinopathy with a potential loss of vision, 

nephropathy leading to renal failure, peripheral neuropathy with risk of foot ulcers, 

amputations, autonomic neuropathy causing gastrointestinal, hypertension, 

cardiovascular symptoms, and sexual dysfunction, and an increase in the 

production of reactive radical species, with consequent oxidative damage to the 

involved tissues are long-term complications related to diabetes. Patients with 

diabetes also have an increased incidence of atherosclerotic cardiovascular, 

peripheral arterial, and cerebrovascular [138]. In 2019, diabetes was included in 

the top 10 global causes of death; thus, there is an urgent need to search for 

antidiabetic drugs to prevent and counteract sugar accumulation. Carbohydrates 

are among the main nutritious components of the human diet. Usually, after a 

meal, the blood sugar level responds highly to the digestion of carbohydrates, 

mainly starch. Figure 14 depicts the digestion of carbohydrates thanks to two 

enzymes [139]: pancreatic α-amylase (α-1,4- glucan-4-glucanohydrolase; α-

Amy), an endoglycosidase delivered into the intestinal lumen as a constituent of 

pancreatic juices and it catalyzes the hydrolysis of starch to maltose and 
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maltotriose; α-Glucosidase (α-Glu), a membrane-bound enzyme located in the 

epithelium of the small intestine, catalyzes the cleavage of glycosidic bonds and 

releases of glucose from disaccharides and oligosaccharides.  

Figure 14. Biological mechanism of carbohydrate digestion. 

Carbohydrates are initially hydrolyzed by salivary and pancreatic α-

amylase to reduce into oligosaccharides. Then, the reducing sugars are digested 

by pancreatic α-glucosidase to glucose that enters blood circulation. Therefore, 

retarding  starch digestion by inhibiting the activity of essential hydrolyzing 

enzymes, is beneficial to health as it alleviates the stimulation of pancreatic islet β 

cells.  

One of the strategies in treating diabetes includes the development of 

absorption inhibitors [140]. The inhibition of digestive enzymes is one of the most 

widely studied mechanisms used to determine the potential efficacy of natural 

products as hypoglycaemic agents. Commercially available antidiabetic drugs are 

Bayer’s acarbose [141], produced by microbial fermentation made with strains of 

the genus Actinoplanes, and the synthetic agents miglitol and voglibose (Figure 

15). Different side effects are commonly associated with these drugs, including 

flatulence, diarrhea, abdominal distention and nausea [142]. These effects have 

prompted the search of new and effective hypoglycemic agents, with special 

attention given to natural or biocompatible compounds and natural extracts. The 
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aim is to discover alternatives with less or without undesirable side effect to 

counteract diabetes. 

 

 

Figure 15. Structure of hypoglycemic agents. 

 

Natural products as inhibitors of metabolic enzymes 

The discovery of natural products derived from traditional medicinal plants 

continuously offers promising benefits for the advancement of new metabolic 

disease treatments. Over the years, many natural compounds have been 

demonstrated in clinical trials [128].  

Recent research has been devoted to understanding and explore potential 

therapies for obesity with particular interest on the use of natural products. They 

offer a wide range of pancreatic lipase inhibitors to counteract obesity. One such 

example is saponins which effectively inhibit pancreatic lipase and may serve as 

a possible treatment for obesity and related disorders. Interestingly, the platycodin 

D, isolated from fresh root of Platycodim grandiflorum, showed even stronger 

lipase inhibitory activity [128]. Polyphenol compounds also exhibit lipase 

inhibitory activity due to their interactions with a variety of enzyme proteins. 

Various polyphenols including flavonols, tannins and chalcones have been shown 

to have activity towards pancreatic lipase [128]. Among these, (-)-epigallocatechin 

3,5-O-gallate, a commonly flavonoid of Camellia sinensis, showed strong 

inhibitory activity with a IC50 value of 0.0098 µM [143]. In addition, alkaloids 

extracted from the leaves of Murraya koenigii, have been identified as attractive 
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natural compounds. One of them mahanimbine showed pancreatic lipase 

inhibitory effects with an IC50 value of 17.9 µM [143]. In the terpene family, 

carnosic acid isolated from the leaves of Salvia officinalis has been identified as a 

promising anti - obesity inhibitor with IC50 value of 36 µM [143]. These results 

highlight the promising potential of natural products in the development of new 

lipase-targeted inhibitors.  

Similarly, several studies have been conducted to identify natural 

compounds which inhibit enzymes responsible for diabetes. Nature provides a 

wide range of natural products that offer the potential for development of new 

hypoglycaemic drugs. One of them, galargine has been derived from Galega 

officinalis plant and bears a similar to the antidiabetic drug metformin [144]. 

Natural products with hypoglycemic effects are categorized into various groups 

including terpenoids, alkaloids, flavonoid and others [145]. Recent researchers 

have been particularly interested in ginsenosides found in Panax ginseng, as they 

demonstrate significant hypoglycemic effects. Besides ginseng, several other 

traditional herbs rich in terpenoids have been studies as well as oleanolic acid 

isolate from the whole herb of Swertia mileensis and from the fruit of Ligustrum 

lucidum [145]. Moreover, polyphenol-rich diets have also shown benefits in 

improving glucose metabolism. As an example, naringin and hesperidin, two 

flavanones found in fruits and vegetables, exhibit anti-diabetic effects and promote 

glycogen synthesis [146]. Phenolic acids, found in various fruits, vegetable, 

spices, berries and grains, such as chlorogenic acid, ferulic acid, p-coumaric acid 

and cinnamic acid have been shown to improve hyperglycaemia, insulin resistance 

and reduce glucose absorption [146]. For example, chlorogenic acid exhibit a low 

α-glucosidase inhibitory effect an IC50 value of 45.5 µM [147]. Finally, the 

isoquinoline alkaloid derived from Coptis chinensis Franch has been traditionally 

used in Chinese medicine to manage diabetes [146]. These natural compounds 

hold promise as potential sources for developing new and effective inhibitors to 

treat diabetes.  
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Figure 16 reports the structure of some anti-obesity and hypoglycaemic natural 

inhibitors. 

 

 
Figure 16. Examples of natural products as potential metabolic enzyme inhibitors. 

 



 

 

 

 

 

 

 

 

 

 

 

Chapter 2 
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Aim of the work 

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 potential drug candidates. The two neolignans, 

magnolol (1) and honokiol (2), extracted from the bark and leaves of Magnolia 

ssp., are examples of biphenolic compounds with a wide array of biological 

properties, as formerly reported. Conversely, a limited number of studies are 

focused on the biaryl ether scaffold of obovatol (3) due to its low extraction yield 

and the low commercial availability.  

The evaluation of new structures inspired by natural products is one of the 

main subjects for synthetic organic chemistry in light of developing new drugs. 

Biphenyl and biaryl ether scaffolds are essential intermediates in organic 

chemistry and constitute the structural moiety of a wide range of natural and 

pharmacologically active products [111, 148]. Consequently, in the last years, an 

increasing number of studies have been devoted to the synthesis of new 

compounds inspired by the three neolignans, although for obovatol, the limitations 

previously reported restrict the number of applications. 

The discovery of new molecular entities as metabolic enzyme inhibitors, 

such as α-glucosidase and α-amylase for treating type 2 diabetes, and lipase for 

obesity, is an evolving research field, given the growing increase in subjects 

suffering from these pathologies. To date, only a few data are reported for 

magnolol as an α-glucosidase and α-amylase inhibitor, and some of its derivatives 

have also been synthesized and evaluated [72, 149]. Conversely, no data are 

reported in the evaluation of obovatol as a potential metabolic enzyme inhibitor, 

and only one study reports honokiol as a potential pancreatic lipase inhibitor [150]. 

In light of these considerations, this Ph.D. study aims to synthesize new 

libraries of derivatives inspired by the three neolignans and to evaluate them as 
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potential α-glucosidase, α-amylase, and lipase inhibitors. Moreover, a in deep 

evaluation of the inhibition activity of the natural compounds (1 – 3) through in 

vitro biochemical assays, kinetic analysis, fluorescence spectroscopy, and in silico 

analysis will be reported for the first time. 

The first library proposed here is based on biphenyl structures related to 

magnolol (1) and honokiol (2), synthesized as potential pancreatic lipase 

inhibitors. An efficient synthetic procedure based on the employment of the 

Susuki-Miyaura (SM) cross-coupling reaction is proposed. The neolignans were 

designed to be structurally similar to the natural products by inserting amino or 

nitro groups. The choice to incorporate these functional groups, in addition to the 

hydroxyl group, is based on previous results on bioactive compounds containing 

amino or nitro groups, which were found to be potent lipase inhibitors [151].  

The biaryl ether scaffold of obovatol (3) has inspired the second library. 

The new analogues were designed to include various functional groups (methoxy, 

brome, carboxy, and formyl groups) and moiety (ether and thioether derivatives). 

These compounds were synthesized to investigate the specific role of structural 

modifications performed on the obovatol scaffold in α-glucosidase and α-amylase 

inhibition in light of previous results. [152-155]. This thesis describes a total 

synthesis of obovatol involving the construction of the basic skeleton of the target 

molecule by the Ullman coupling reaction, and, for the first time, its evaluation as 

α-glucosidase and α-amylase inhibitor.  

The last efforts were dedicated to the synthesis of oligomeric compounds 

inspired by the biphenyl compounds 1 and 2. This thesis reports the optimization 

of the dimerization reaction conditions of honokiol to achieve houpulin B, an 

oligomeric compound of 2 with potential high biological activities. Still, only 

some studies are reported due to its low extraction yield [91]. Different synthetic 

approaches (chemical and enzymatic) are proposed, and the synthesis of two new 

oligomeric compounds based on magnolol-magnolol and magnolol-honokiol is 
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presented. The evaluation of the inhibition activities toward the digestive enzymes 

is also reported. 

 



 

 

 

 

 

 

 

 

 

 

 

Chapter 3
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Results and discussion 

3.1  Synthesis of nitrogenated analogues inspired by magnolol and 

honokiol. 

The synthesis of analogues of new compounds inspired by magnolol (1) 

and honokiol (2) (Figure 7) is an ongoing research activity of the Laboratory of 

Bioactive Natural Products. Different compounds have been synthesized and 

evaluated as promising α-glucosidase inhibitors [72] antioxidants [156] [157], 

anticancer activity as tankyrase inhibitors, [158]and, tumor cells growth [61]. In 

addition, ongoing evaluations are as promising agents against multi-drug 

resistance through down-regulation of ATP-binding cassette transporters 

(ABCG2) expression levels and prostate cancer therapeutics. This work aimed to 

optimize the synthetic strategy to obtain new neolignans with high yields and 

evaluate them as metabolic enzyme inhibitors (Chapter 3, paragraph 3.5).  

For this reason, a library of nitrogenated biphenyls inspired by magnolol 

and honokiol was planned through Suzuki-Miyaura (SM) cross-coupling reaction. 

Obtaining high-yielding biphenyl structures inspired by natural products is one of 

the key topics for synthetic chemistry; moreover, up to date, few structures bearing 

amino and nitro groups have been reported with a biphenyl scaffold, while some 

previous findings on bioactive compounds bearing those functional groups which 

were potent lipase inhibitors [151]. 

Scheme 6 shows the synthetic strategy designed to yield new nitrogenated 

neolignans. The synthetic strategy is based on four steps. Specifically, the first step 

involves the borylation of phenol to synthesize arylboronate; the second, the use 

of SM cross-coupling reaction to afford new biphenyl compounds; the subsequent 

two steps, to insert the allyl chain onto the biphenyl core through allylation 

reaction, followed by a Claisen rearrangement. 
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Scheme 6. Synthetic strategy proposed to achieve biphenyl inspired by 1 and 2. 

 

  

Borylation reaction 

 

The first step of the procedure reported here is the borylation of arylamines 

to get pinacol boronic esters. Aryl boronic acids and boronates are useful building 

blocks in transition-metal-catalyzed cross-coupling reactions due to their low 

toxicity and high stability. In 2014, Wang et al. [159] reported a Sandmeyer-type 

borylation of arylamines by direct conversion of the amino group of aniline 

derivatives into the boronate group. The reaction occurs at room temperature with 

sodium nitrite and hydrochloric acid as diazotization agent, and the subsequent 

addition of bis(pinacolato)diboron (pin2B2), affording pinacol boronic esters with 

high yields. The two steps of the borylation reaction are reported in Scheme 7. 
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Scheme 7. Borylation reaction of aminophenol 

 

Two pinacol boronic esters compounds were synthesized (Figure 17): 4 -

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) phenol (4a) and 2 -(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl) phenol (4b). An overview of the 

experimental conditions and the spectroscopic characterization by mass 

spectrometry and 1HNMR are reported in the Chapter 5 (paragraph 5.2). 

Experimental data are reported in Supplementary materials (Figure S1 - 4) at the 

following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing


50 

 

 

Figure 17. Synthesis of biphenyls 6 − 10. 

 

Suzuki-Miyaura cross-coupling reaction 
 

The Suzuki-Miyaura coupling is a well-established and powerful tool for 

the construction of biaryl scaffolds [160] due to its efficiency and the innocuous 

character of the boron derivatives that are environmentally safer than other 

organometallic reagents. This is a reaction between aryl boronate and aryl halide 
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(substrate) in the presence of a catalyst, usually a palladium complex, a ligand, 

and a base.  

Selected experiments for SM reaction were performed to optimize the 

reaction conditions employing 4- bromo- 2- methylaniline (5a) and pinacol 

boronic ester (4a) as model compounds using a Pd-based catalyst with several 

ligands and solvents reported in Table 2. Pd(PPh3)4 was used as a catalyst, and 

Pd(OAc)2 as a precatalyst with 1'-bis(biphenylphosphino)ferrocene (Dppf) or 2 

dicyclohexyl(2′,6′-dimethoxy[1,1′-biphenyl]-2-yl)phosphine (SPhos) as ligands to 

obtain the active form in situ. As reported in Table 2, the amount of catalyst and 

ligand varied respect to the molar percentage of aryl halide, using the ligand in 

molar percentage twice the catalyst. Based on the finding, traditional SM reaction 

conditions, including the use of Pd(PPh3)4 or Pd(OAc)2 /Dppf, yielded 

unsatisfactory outcomes when applied to 5a. Compound 6 was achieved with only 

10% yield under the reaction condition reported in entry 3 (see Table 2). These 

findings suggest that this ligand-catalyst system, commonly used with aryl halides 

and boronic acids, may not be efficient when substituted aryl halide reacts with 

boronic acid pinacol esters, as indicated by Reizman et al. [161]. On the contrary, 

using SPhos combined with palladium precatalyst proved to be more effective in 

the synthesis of 6. Compound 6 was thus achieved with yields from 25.2% and 

33.6% (entries 5 and 7, Table 2) when the reaction was conducted in THF rather 

than toluene. Moreover, the yield was significantly improved from 33.6 to 98% 

(entries 7 and 8, Table 2) when a mixture of THF and H2O (10:1) was employed. 

According to Altman et al. [162], SPhos generates a highly active and stable 

catalyst system, justifying the results. The SPhos-based catalyst promotes the 

reaction of electron-rich aryl halides with excellent yield (>90%) and enables the 

synthesis of highly hindered biaryl with ortho, ortho'- substituents [163]. Other 

experiments were performed to decrease the amount of precatalyst and ligand (see 

entries 9 and 10, Table 2). The reduction of the catalyst amount does not 

negatively impact reaction yield, providing the biphenyl with almost a quantitative 
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yield, even if with a longer reaction time. Based on these data, the reaction 

conditions reported in the entry 10 were used to synthesized other compounds 

modifying the aryl bromide (5a – 5c) and arylboronate (4a and 4b), favoring 

longer reaction times over higher catalyst loading. The new biphenyls 6 – 9 were 

obtained with a 70–97% yield, while the biphenyl 10, previously reported in the 

literature by Cho et al. [164] was achieved herein with a yield of 65%. The 

synthesized neolignans are reported in Figure 18. An overview of the 

experimental conditions and the spectroscopic characterization by mass 

spectrometry, 1H NMR, 13C NMR and 2D NMR are reported in the Chapter 5 

(paragraph 5.2). Experimental data are reported in Supplementary materials 

(Figure S5 - 30) at the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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Table 2. Substrate scope of SM cross-coupling of 4a with 5a.  

Entry Cat mol%a L mol%a Solvent T (°C) Time %yieldb 

1 Pd(PPh3)4 8 - - THF 67 24h 0 

2 Pd(OAc)2 5 Dppf 15 THF-H2Oe  67 24h 0 

3 Pd(OAc)2 10 Dppf 30 THF-H2Oe  67 24h 10c 

4 Pd(OAc)2 1 SPhos 2 Toluened  80 22h 8 

5 Pd(OAc)2 1 SPhos 2 THF 67 22h 25.2 

6 Pd(OAc)2 10 SPhos 20 Toluened  80 22h 15 

7 Pd(OAc)2 10 SPhos 20 THF 67 22h 33.6 

8 Pd(OAc)2 10 SPhos 20 THF-H2Oe  67 3h 98 

9 Pd(OAc)2 5 SPhos 10 THF-H2Oe  67 5h 96.4 

10 Pd(OAc)2 1 SPhos 2 THF-H2Oe  67 24h 98.7 

a referred to aryl halide 5a; b determined by HPLC-UV quantification (see experimental section); 
cdetermined after column chromatography (see experimental section); d toluene dry; e THF-H2O 

(10:1). Cat: catalyst, L: Ligand. 

 

Allylation reaction 

 

The various properties of honokiol and magnolol are attributable to 

hydroxyl and allyl groups on the biphenyl-based structure [73, 165-167]. The 

synthesized biphenyl analogues (6 – 10) were functionalized through a 

nucleophilic substitution to insert the allyl chains (Scheme 8). The reaction occurs 

in the presence of allyl bromide and base at 56°C temperature.  

Allyl derivatives with one or two chains bound to the nitrogen were 

obtained from the allylation reaction as a result of the high reactivity of the amino 

group. Ten allylated derivatives (11a – 15) were obtained with 9.2 to 82.6% yield 

(Scheme 8). An overview of the experimental conditions and the spectroscopic 

characterization by mass spectrometry, 1H NMR, 13C NMR, and 2D NMR are 

reported in Chapter 5 (paragraph 5.2). Experimental data are reported in 

Supplementary materials (Figure S31 - 90) at the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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Scheme 8. Synthesis of biphenyls 11a – 18c. a) dry acetone, K2CO3, allyl bromide, 56 °C. b) dry 

CH2Cl2, 1M (Et)2AlCl (in dry n-hexane), room temperature.  
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Claisen rearrangement reaction 

 

The last step of the synthetic route consists of a Claisen reaction to 

rearrange the allyl chains on the two rings in the ortho position to the hydroxyl 

group. This reaction occurred in mild reaction conditions with diethyl aluminum 

chloride as Lewis’s acid to allow a complex ether-aluminum to speed up the 

reaction, promote the rearrangement and work at room temperature to avoid the 

high temperature commonly used [168]. These conditions efficiently rearranged 

the O-allyl chains of allyl derivatives except for compounds 13 and 15 and all N-

allyl chains. A total of six derivatives (16a – 18c) were obtained with yield of 25-

72% (Scheme 8). An overview of the experimental conditions and the 

spectroscopic characterization by mass spectrometry, 1H NMR, 13C NMR and 2D 

NMR are reported in the Chapter 5 (paragraph 5.2). Experimental data are 

reported in Supplementary materials (Figure S91 - 126) at the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

Commonly described reaction conditions for the Aza-Cope rearrangement 

of N-allyl anilines [169-171] were employed on the N-allyl derivative 11c. The 

reaction scheme (Scheme 9) outlines the different reaction conditions employed, 

and an overview of the experimental conditions is reported in the Chapter 5 

(paragraph 5.2).  

 

 
Scheme 9. Synthesis of 16c. a) dry CH2Cl2, 1M Et2AlCl (n-hexane; 2 eq.), room temperature, 24h. 

b) dry CH2Cl2, 1M Et2AlCl (n-hexane; 2 eq), 40°C, 24h. c) xylene, BF3*O(Et)2 (≥ 46.5%, 1 eq.), 

room temperature, 24 h. d) dry THF or dry CH3CN or dry CH2Cl2, H3PMo12O40 (20%mol), room 

temperature, 24 h. 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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However, the Aza-Cope rearrangement proved unsuccessful. Moreover, 

the approach of introducing C-allyl chains through the SM reaction before 

achieving the biphenyl scaffold was discarded due to palladium-induced 

isomerization of the double bond, resulting in the formation of a difficult-to-purify 

complex mixture of cis and trans isomers [172]. 

By employing this optimized synthetic strategy, it was possible to 

synthesize twenty-one nitrogenated analogues inspired by the natural product 1 

and 2, of which only one is reported in the literature. The evaluation of their 

inhibitory activity towards metabolic enzyme is reported in Section 3.5. 
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3.2  Synthesis of obovatol and its analogues  

The synthesis of obovatol (3) and its analogues was successfully conducted 

at the Institut des Sciences Moléculaires at the University of Bordeaux during my 

visiting period.  

 

First retrosynthetic approach of 3. 

The first attempt to obtain 3 was based on a retrosynthesis (Scheme 10) 

developed from the commercially available pyrogallol (19). The key precursor 24 

serves as a pretarget molecule and could be prepared through Ullmann coupling 

reaction of aryl halide 23 and phenol 22. Phenolic building block 22 could be 

obtained from the commercially available pyrogallol 19 through several steps: 

allylation reaction, Claisen-Cope rearrangement, followed by methylation 

reaction. 

 

 

Scheme 10. First retrosynthetic analysis of obovatol. 

 

To that purpose, the synthesis of 3 was achieved in five steps: i) allylation 

reaction to insert the allyl chain onto the biaryl ether scaffold; ii) Claisen 

rearrangement; iii) methylation reaction; iv) the Ullmann coupling reaction to 
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construct biaryl ether core; iv) demethylation reaction to give the desired 

molecule. 

 

Allylation reaction 

The synthesis begins with the preparation of the requisite O-allyl derivative 

through a nucleophilic substitution employing the commercially available 

pyrogallol (19) as the starting material. This reaction occurs in the presence of 

allyl bromide and base at 56°C. Preliminary experiments for allylation reactions 

have been performed to optimize the reaction yield by modifying the base and allyl 

bromide. Table 3 describes the different reaction conditions evaluated. In detail, 

the mole of base and allyl bromide was varied respectively from 2 equivalents to 

1, and from 1 equivalent to 1.4, with respect to pyrogallol to achieve an increase 

from 25 to 65% yield. The reaction detail is reported in Scheme 11.  

 

Table 3. Optimization of reaction conditions for allylation reaction. 

Entry K2CO3(eq.) Allylbromide(eq.) Time %Yield (5) 

1 2  1 3h 25 

2 1  1 2h 53 

3 0.5 + 0.5 *  1  4h 35 

4 1  1.25  6h 63 

5 1  1.4  6h 65 

*The second addition was carried out after 2 h due to the presence of unreacted pyrogallol 

 

The most promising reaction condition is reported in the entry 5 where the 

use of an excess of allyl bromide and one equivalent of the base allows to obtain 

the desired 2 -(allyloxy) benzene-1,3-diol (20) with a higher yield in a shorter time. 

An overview of the experimental conditions is reported in the Chapter 5 

(paragraph 5.3).  
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Scheme 11. Synthesis of 19. a) dry acetone, K2CO3 (1 eq.), allyl bromide (1.4 eq.), 6h, 56 °C. 

 

Claisen-Cope rearrangement 

The synthesized O-allyl derivative 20 was subjected to a [3,3] sigmatropic 

reaction to rearrange the allyl chain on the aromatic ring. The thermal [3,3] 

sigmatropic reaction, involving the Claisen rearrangement of a substituted allyl 

aryl ether, typically yields an ortho-dienone species, which can then easily 

enolized to give an ortho-allylphenol system. However, when the rearrangement 

process occurs at an ortho position already bearing a substituent, a concomitant 

Cope rearrangement process can take place when it is followed by an enolization 

leading to a formation of a para-allylphenol species [173]. Scheme 12 reports an 

example of Claisen rearrangement processes for allyl aryl ethers. 

 

 

Scheme 12. Claisen-Cope rearrangement reaction. 
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The synthesized compound (20) presents a substituent (hydroxyl group) in 

ortho, thus leading to a Claisen-Cope reaction with a rearrangement of the allyl 

chain in para position. Scheme 13 reports the Claisen-Cope rearrangement 

reaction detail.  

 

 

Scheme 13. Synthesis of 21 and 22. a) dry CH2Cl2, 1M (Et)2AlCl (in dry n-hexane, 2 eq.), 3h, 

room temperature. b) DMF, K2CO3 (2 eq.), CH3I (1.5 eq.), 4h, room temperature. 

 

An overview of the experimental conditions is reported in the Chapter 5 

(paragraph 5.3).  

 

Methylation reaction 

The synthesis of any phenol-containing product requires the protection of 

the hydroxyl group to prevent reaction with oxidizing agents and electrophiles or 

reaction of the nucleophilic phenoxide ion with even mild alkylating and acylating 

agents. Ethers are the most widely used phenol protective groups [174, 175]. This 

third step of the synthetic strategy is the protection of the hydroxyl group in para 

position with respect to the allylic chain. This was achieved thanks to the higher 

reactivity of OH in para position than the other two in ortho and using 1.5 

equivalent of iodomethane. This reaction occurs in the presence of 

dimethylformamide as a solvent and potassium carbonate as a base at room 

temperature. Scheme 13 reports the methylation reaction detail. An overview of 

the experimental conditions is reported in the Chapter 5 (paragraph 5.3).  
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Ullmann coupling reaction 

Copper-catalyzed arylation of nucleophiles, known as Ullmann 

condensation, is well known as one the most useful and practical methods in the 

formation of aryl ether block. This reaction has been carried out in the presence of 

an efficient copper/ligand systems allowing the use of catalytic amounts of metal 

under mild conditions. In detail, the coupling reaction took place using copper (I) 

iodide as a catalyst, N, N- dimethylglycine hydrochloride as ligand, 1-allyl-4 

bromobenzene as aryl halide (23), phenol 22 and in the presence of base and 

solvent. Scheme 14 reports the Ullmann coupling reaction. Table 4 reports the 

different reaction conditions used to synthesize the desired coupling product 

varying the solvent, the temperature and the %mol of catalyst and ligand.  

 

 

Scheme 14. The Ullmann condensation of compounds 22 and 23 for the synthesis of 24. 
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Table 4. Reaction conditions evaluated for the coupling reaction. 

Entry Catalyst %mol Ligand %mol Solvent T 

(°C) 

Time 

(h) 

% 

Yield 

1 CuI 5 N, N-Dimethylglycine 

hydrochloride 

15 DMA 90 48 0 

2 CuI 1.5 N, N-Dimethylglycine 

hydrochloride 

5 DMF 135 24 0 

3 CuI 10 N, N-Dimethylglycine 

hydrochloride 

30 Dioxane 90 48 0 

4 CuI 20 N, N-Dimethylglycine 

hydrochloride 

60 Dioxane 90 48 0 

 

Unfortunately, no attempts allowed the synthesis of aryl ether skeleton. Despite a 

careful study of the literature, it was impossible to obtain the desired product.  

 

Second retrosynthetic approach of 3. 

For this reason, the synthetic strategy was revised, modifying the starting 

substrate of ring A and thus employing the commercial 3-bromobenezene-1,2 diol 

(25) as starting material. The retrosynthetic approach based on the previously 

described five steps, starting from 25, is reported in Scheme 15. 

 

Scheme 15. Second retrosynthetic analysis of obovatol. 
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To that purpose, the synthesis of 3 was achieved by employing the 

optimized reaction condition previously reported, in the presence of allyl bromine. 

The desired O-allyl derivative (26) was achieved with a 65% yield, and 

subsequently, it was subjected to a Claisen-Cope reaction. The desired Claisen-

Cope product (27) was obtained with 80% yield. An overview of the experimental 

conditions and the spectroscopic characterization by mass spectrometry, 1H NMR 

13C NMR, and 2D NMR, are reported in the Chapter 5 (paragraph 5.3). 

Experimental data are reported in Supplementary materials (Figure S137 - 141) 

at the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

The third step is the methylation reaction on 27 to afford the required 

precursor 28 for the subsequent biaryl ether coupling. The reaction occurs in the 

presence of iodomethane, dimethylformamide as a solvent, and potassium 

carbonate as a base at room temperature. Compared to the experimental conditions 

previously reported, a different amount (3 equivalent) of iodomethane was used 

and 28 was achieved with 70% yield. Scheme 16 reports, in detail, the three-step 

reaction.  

 

 

Scheme 16. Synthesis of 26, 27, and 28. a) dry acetone, K2CO3 (1 eq.), allyl bromide (1.4 eq.), 6h, 

56 °C. b) dry CH2Cl2, 1M (Et)2AlCl (in dry n-hexane, 2 eq.), 3h, room temperature. c) DMF, K2CO3 

(2 eq.), CH3I  (3 eq.), 4h, room temperature. 

 

An overview of the experimental conditions and the spectroscopic 

characterization by mass, 1H NMR, and 13C NMR are reported in the Chapter 5 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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(paragraph 5.3). Experimental data are reported in Supplementary materials 

(Figure S142 - 143) at the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

The key precursor 30 was prepared through the Ullmann coupling reaction 

of aryl halide 28 and para-allyl phenol 29. The reaction was conducted following 

the reaction conditions reported in entry 3 of Table 4. The coupling product 30, 

obtained with 52% yield, was subjected to deprotection of phenol groups to 

achieve to achieve the expected natural product 3. Precisely, the demethylation 

reaction occurred with boron tribromide BBr3 with an 84% yield. The total 

synthesis of 3 was achieved with an overall 15% yield. Scheme 17 reports, in 

detail, the Ullman coupling and demethylation reaction.  

 

 

Scheme 17. Synthesis of 30 and 3. a) dioxane, Cs2CO3 (2 eq.), para-allyl phenol (1.5 eq.), CuI (10 

mol%), N, N-dimethylglycine HCl (30 mol%), 52h, 90 °C. b) dry CH2Cl2, BBr3 (1M in DCM, 2 

eq.), 3h, -78 °C. 

 

An overview of the experimental conditions and the spectroscopic 

characterization by, 1H NMR, and 13C NMR and IR are reported in the Chapter 5 

(paragraph 5.3). Experimental data are reported in Supplementary materials 

(Figure S144 - 147) at the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

  

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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Third retrosynthetic approach of 3 

Further, synthetic attempts were employed to increase the reaction yield, 

decrease the number of steps and reagents. A new route was planned to allow the 

total synthesis of the desired natural product 3 (Scheme 18). 

 

 

Scheme 18. One-pot retrosynthetic analysis of obovatol. 

 

The synthesis of intermediate 32 was achieved by the reaction of commercially 

available eugenol (31) with a "stabilized" form of 2-iodoxybenzoin (SIBX), a 

nonexplosive oxidant that is more sustainable and safer than IBX [176]. The SIBX 

is a white-powder formulation composed of a mixture of benzoic acid (22%), 

isophthalic acid (29%), and o-iodoxybenzoic acid (49%). The structures are 

reported in Figure 18.  
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Figure 18. SIBX component’s structure. 

 

Scheme 19 reports the mechanism for the IBX-mediated regioselective 

hydroxylation of eugenol. According to the literature, 31 adds to the iodine(V) 

center of IBX to form a λ5 - iodanil intermediate, subsequently leading to a more 

stable λ3 -iodanil intermediate, for which the tautomeric form is hydrolyzed to 

give the ortho-quinone and 2-iodobenzoic acid (IBA). The final reductive step 

affords catechol 33 [176]. 

 

 
Scheme 19. Mechanistic description of IBX-mediated demethylation of eugenol. 

 

The synthesized intermediate ortho-quinone 33 was involved in situ in 1,6 

a Michael-type addition of para-allyl phenol 29 in order to synthesize the biaryl 

ether skeleton. Scheme 20 reports the one-pot reaction conditions for the synthesis 

of 3. The reaction occurred with two equivalents of SIBX in THF at room 

temperature for 16 hours, followed by the addition of 29. Unfortunately, it was 
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impossible to achieve obovatol due to the low nucleophilicity of para-allylphenol. 

Several attempts were thus evaluated for one-pot synthesis of 3:  

a) presence of NaHCO3 (6 eq.) to quench the carboxyl group of the benzoic acid 

and isophthalic acid present in SIBX. 

b) phenate ion generated separately using NaH (1.2 eq.) in THF at 0°C.  

c) phenate ion generated separately using a mixture of NaH (1.2 eq.) and corona 

ether 15/5 (1 eq.) under the same reaction condition.  

Unfortunately, all the synthetic approaches were unsuccessful. However, the one-

pot strategy was exploited to synthesize new obovatol analogues using a 

benzenethiol, a nucleophile stronger than phenol (compounds 47 and 48, see 

below). 

 

Scheme 20. Synthesis of analogues 3. a) dry THF, SIBX (2.15 eq.), 16h, room temperature. b) 

para-allylphenol (3 eq,), dry 1-2h, room temperature. 

 

Synthesis of obovatol analogues 

The synthetic strategy reported has contributed to developing analogues. 

Two new analogues (34 and 35) were achieved by modifying the condition of the 

demethylation reaction. Compound 34 was obtained from 30, decreasing the 

equivalents of BBr3 (1 eq. solution 1M in CH2Cl2.) with an overall 18% yield. 

Conversely, the 35 was obtained by employing a single equivalent of BBr3 

(solution 1M in CH2Cl2) and stirring the reaction mixture for 30 min at -78° C, 

then allowing the reaction mixture to warm at room temperature and stirring for 
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2h. Compound 35 was achieved with 10% overall yield. Scheme 21 reports, in 

detail, the new demethylation reaction conditions. 

 

 

Scheme 21. Synthesis of analogues 34 - 35. a) dry CH2Cl2, BBr3 (1M in DCM, 1 eq.), 2h, -78 °C. 

b) dry CH2Cl2, BBr3 (1M in DCM, 1 eq.), 30 min, -78 °C, room temperature, 2h. 

 

An overview of the experimental conditions the spectroscopic 

characterization by, 1H NMR, 13C NMR and 2DNMR and IR are reported in the 

Chapter 5 (paragraph 5.3). Experimental data are reported in Supplementary 

materials (Figure S148 - 152) at the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

The Ullmann coupling reaction and the subsequent demethylation reaction 

were also employed to obtain a variety of obovatol analogues. As depicted in 

Scheme 22, Ullmann condensation of eugenol (31) with 1-allyl-4-bromobenzene 

(23), 2-bromo-4-methoxyphenyl acetic acid (38) and 4-bromobenzoylchloride 

(40) gave obovatol analogues 36, 39 and 41, respectively with 94, 40 and 20% 

yield. The commercially available 5-bromo-2-methoxybenbenaldehyde (42) has 

been initially subjected to a methylation reaction to obtain the corresponding 

methylated compound (43) [177]. Para-allyl phenol (29) reacted with 43 to give 

44 with 52% yield. Finally, demethylation of 36 afforded the analogue 37 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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quantitatively. An overview of the experimental conditions and the spectroscopic 

characterization by mass, 1H NMR, and 13C NMR and IR are reported in the 

Chapter 5 (paragraph 5.3). Experimental data are reported in Supplementary 

materials (Figure S153 - 163) at the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

 

 

Scheme 22. Synthesis of analogues 36, 37, 39, 41 and 44. a) dioxane, Cs2CO3 (2 eq.), phenol (1.5 

eq.), CuI (10 mol%), N, N-dimethylglycine HCl (30 mol%), 24h, 90 °C. b) dry CH2Cl2, BBr3 (1M 

in DCM, 1 eq.), 3h, -78 °C. c) DMF, K2CO3 (3 eq.), CH3I  (3 eq.), overnight, room temperature.  

 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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The one-pot approach previously described was applied to synthesize two 

novel thioether analogues. Scheme 23 reports, in detail, the one-pot reaction 

conditions for the synthesis of thioether analogues, using the IBX reaction to give 

the ortho-quinone 32 that was involved in situ in 1,6 a Michael-type addition of 

benzenethiols 45 and 46 to give respectively 47 and 48 with 45 and 35% yield. An 

overview of the experimental conditions and the spectroscopic characterization by 

mass, 1H NMR and, 13C NMR and IR are reported in the Chapter 5 (paragraph 

5.3). Experimental data are reported in Supplementary materials (Figure S164 - 

167) at the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

 

 

Scheme 23. Synthesis of analogues 47 - 48. a) dry THF, SIBX (2.15 eq.), 16h, room temperature. 

b) thiol (3 eq,), dry 1-2h, room temperature. 

 

It was also interesting to synthesize the corresponding obovatol sulfide 

(50), using compound 48 as an intermediate. The planned synthetic route involved 

inserting an allyl chain in the aromatic ring B through a Suzuki-Miyaura cross-

coupling reaction. The SM reaction was performed employing compounds 48 and 

allyl boronic acid pinacol ester (49) as starting materials, in the presence of 

palladium acetate as a catalyst and either SPhos or dppf as ligands (see Table 1, 

entries 3 and 10). In detail, Scheme 24 reports the Suzuki-Miyaura reaction 

conditions for the synthesis of obovatol sulfide. However, all attempts to achieve 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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the desired product 50 were unsuccessful. An overview of the experimental 

conditions is reported in the Chapter 5 (paragraph 5.3)  

 

 

 

Scheme 24. Synthesis of analogues 50. a) Pd(OAc)2 (10%mol), dppf (30%mol), K2CO3 (5 eq), 

allyl boronic acid pinacol ester (1.5 eq.), THF:H2O (10:1), 67°C, 24h.b) Pd(OAc)2 (1%mol), 

SPhos(2%mol), K2CO3 (2 eq), allyl boronic acid pinacol ester (1.5 eq.), THF:H2O (10:1), 67°C, 

24h. 
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3.3  Synthesis of oligomeric compounds 

Magnolia species also contain oligomeric compounds in addition to 

biphenyl and biaryl ether compounds (Figure 8). Their extraction yields are quite 

low and require several purification steps. Recent studies have been dedicated to 

evaluating the biological activities of some oligomers and today, the main 

challenge is developing synthetic strategy to increase their biological studies.  

Thus, the optimization of the dimerization reaction conditions of honokiol 

to synthesize houpulin B, an oligomeric compound of 2, was achieved following 

different synthetic approaches. Moreover, the synthesis of two new oligomeric 

compounds based on magnolol-magnolol and magnolol-honokiol was proposed as 

well. The evaluation of the inhibition activities toward the metabolic enzymes is 

also reported in Chapter 3 (paragraph 3.7). 

The strategy employed for the synthesis of houpulin B (52) was based on 

retrosynthesis reported in Scheme 25. The key precursor 51 serves as a pretarget 

molecule and could be prepared through phenol oxidation. The intermediate 51 

could be subjected to free radical coupling to achieve the desired natural product. 

 

 

Scheme 25. Retrosynthetic analysis of houpulin B (52). 

 

In plants, houpulin B is naturally achieved through a possible radical 

coupling reaction mediated by an enzyme, and the possible mechanism is 

described in Scheme 26. The process involves the dehydrogenation of honokiol, 

to produce a radical intermediate which can be located either at the phenolic 
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hydroxy group or at the ortho-position to the hydroxy group. The radical 51 is then 

subjected to free radical coupling, producing a new carbon-carbon bond and 

forming the natural product. 

 

 

Scheme 26. Possible mechanism for the synthesis of 52. 

 

On a laboratory scale, biomimetic coupling reactions can provide natural 

products through a radical mechanism of phenolic oxidative coupling that mimic 

the natural biosynthetic process. Therefore, in principle, it is possible to exploit 

phenolic radical coupling reaction mediated by metals and enzymes. In this regard, 

the first part of the work was dedicated to optimizing the reaction conditions for 

obtaining the natural product 52 from honokiol (2).  

At first, the focus was on using metal-catalyst (FeCl2, Ag2O) that had 

already been employed in literature for the dimerization reactions of phenolic 

compounds [102, 178]. Several experiments were conducted, varying the catalyst, 

solvent, and experimental conditions such as temperature, reaction time, and the 

employment of ultrasounds. These reaction conditions were evaluated according 

to the literature [102, 178]. Table 5 describes the different reaction conditions 

evaluated. 
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Table 5. Reaction conditions evaluated for biomimetic synthesis of 52. 

Entry Catalyst Eq.a Solvent T (°C) T (h) %yieldb 

1 FeCl2 c 0.02 Buffer phosphate d 25 24 0 

2 FeCl2 c 0.02 Buffer phosphate d  25 24 e 0 

3 Ag2O 1 CHCl3 25 5 32 

a referred to honokiol; b determined by HPLC-UV quantification (see experimental section); 
c reaction in presence of H2O2;

 d Buffer phosphate 0.1 M pH = 6; e using ultrasounds. 

 

The most promising reaction condition is reported in the entry 3 where the 

use of Ag2O as catalyst and chloroform as solvent in mild reaction conditions 

allows to obtain the desired compound with a 32% yield in a short time. Several 

attempts have been performed varying the catalyst’s equivalents, but it was not 

possible to achieve the desired product. An overview of the experimental 

conditions and the spectroscopic characterization by mass spectrometry, 1H NMR, 

13C NMR and 2D NMR are reported in the Chapter 5 (paragraph 5.4). 

Experimental data are reported in Supplementary materials (Figure S182 - 186) 

at the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

Once the desired molecule was obtained, the objective was to achieve the 

same molecule using eco-friendly reaction conditions, as biotransformation is 

considered an efficient and eco-friendly technology for the synthesis of natural 

compounds and derivatives [90]. For this reason, the focus shifted towards the use 

of enzymes [72, 179] as catalyst instead of metal-catalyst, aiming to reduce and/or 

remove the use and production of harmful and hazardous substances.  

The synthesis of houpulin B is reported in the literature by employing peroxidase 

from bitter gourd (Momordica charantia) with a 3.1% yield [90]. Several attempts 

were performed, varying the enzyme (horseradish peroxidase or laccase from 

Trametes versicolor) and the solvents.  

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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The two investigated enzymes belong to the oxidase enzyme family: 

horseradish peroxidase is an eme-protein extracted from the roots of horseradish 

plants and used to catalyze the oxidation of a wide range of substrates by hydrogen 

peroxide. At the same time, Laccase from Trametes versicolor is a multicopper 

oxidase enzyme found in fungi, and it catalyzes the oxidation of a wide range of 

substrates by using molecular oxygen as co-substrate. The reaction conditions 

were chosen based on the different reaction conditions reported in the literature. 

Reactions were carried out in organic solvents (acetone, methanol, and 

dioxane), biphasic solvent reactions, or exclusively in aqueous solvents like 

acetate or phosphate buffer [108]. Furthermore, the use of chemical mediators 

such as acid 2,2'-azino-bis(3-etilbenzotiazolin-6-solfonico) or (2,2,6,6-

Tetramethylpiperidin-1-yl)oxyl, reported in the literature for dimerization 

reactions [107, 180], was also considered. All the reactions were conducted at 

room temperature. The reaction conditions that allowed the product’s synthesis 

were achieved using laccase as an enzyme, without organic solvent but only 

phosphate buffer and without any chemical mediator at room temperature (Table 

6 entry 16). Compared to the previous reaction conditions (see Table 5 entry 3), 

compound 52 was achieved with a lower yield, approximately 13.4%, and a longer 

reaction time. However, the desired molecule was obtained without the 

employment of an organic solvent and a metal catalyst. Table 6 summarizes all 

the reaction conditions evaluated. 

  



76 

 

Table 6. Reaction conditions evaluated for enzymatic synthesis of 52. 

Entry Enzyme Mediator Solvent Buffer Time %yielda 

1 HRPb - Acetone Acetatec 24 h 0 

2 HRPb - Methanol Acetatec 24 h 0 

3 HRPb - Acetone Acetatec 24 h 0 

4 HRPb - - Phospated 24 h 0 

5 LTV - - Acetatec 4 gg 0 

6 LTV - Dioxane Acetatec 4 gg 0 

7 LTV TEMPO - Acetatec 4 gg 0 

8 LTV TEMPO Dioxane Acetateb 4 gg 0 

9 LTV ABTS - Acetatec 4 gg 0 

10 LTV ABTS Dioxane Acetateb 4 gg 4.0 

12 LTV TEMPO - Phosphated 4 gg 0 

11 LTV TEMPO Dioxane Phosphated 4 gg 0 

13 LTV ABTS - Phosphated 4 gg 0 

14 LTV ABTS Dioxane Phosphated 4 gg 0 

15 LTV - Dioxane Phosphated 4 gg 2.4 

16 LTV - - Phosphated 4 gg 13.4 

a determined by HPLC-UV quantification (see experimental section); b reaction in presence of 

H2O2; c acetate buffer 0.1 M pH = 5; d phosphate buffer 0.1 M pH = 6; HRP: horseradish peroxidase; 

LTV: laccase from Trametes versicolor; TEMPO: (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl; 

ABTS: acid 2,2'-azino-bis(3-etilbenzotiazolin-6-solfonico. All the reaction were performed at 

room temperature. 

 

The two optimized reaction conditions for honokiol dimer synthesis were 

subsequently employed for the synthesis of novel oligomeric compounds. 

Specifically, the first dimer was obtained by modifying the natural product and 

using magnolol as the starting material. The dimer 53 was obtained with the same 

reaction yield as houpulin B, 33% using the Ag2O-mediated reaction and 13% 

using the enzymatic reaction. Another dimer was synthesized using both magnolol 

and honokiol as starting materials. Dimer 54 is, therefore, a dimer inspired by 

magnolol and honokiol, and it was obtained with a yield of 30% using the Ag2O-

mediated reaction and 10% with the enzymatic reaction. Scheme 27 provides, in 
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detail, the biomimetic reaction conditions for the synthesis of oligomeric 

compounds. 

 

 

Scheme 27. Synthesis of oligomeric compounds 53- 54. a) CHCl3, Ag2O (catalyst, 1 eq.), 5h, room 

temperature. b) LTV (catalyst), phosphate buffer 0.1 M pH = 6, 4 days, room temperature. 

 

An overview of the experimental conditions and the spectroscopic 

characterization by mass spectrometry, 1H NMR, 13C NMR and 2D NMR are 

reported in the Chapter 5 (paragraph 5.4). Experimental data are reported in 

Supplementary materials (Figure S187 - 196) at the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

 

 

  

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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3.4  Inhibition of metabolic enzymes 

Magnolol (1), honokiol (2), and obovatol (3) have been reported to possess 

a wide range of biological effects. However, few studies investigate their potential 

as inhibitors of metabolic enzymes such as α-amylase, α-glucosidase, and 

pancreatic lipase. For this reason, a deep evaluation of the inhibitory activity of 

the three natural compounds towards these enzymes was conducted through in 

vitro assays, kinetic analysis, fluorescence spectroscopy, where possible, and 

molecular docking study. In addition, the assessment of their synthetic analogues’ 

inhibitory activities is also reported.  

In vitro inhibitory activity of natural compounds 

The inhibition of the pancreatic lipase (PL) enzyme was assessed 

employing an established spectrophotometric methodology previously described 

[181]. The PL activity was measured using p-nitrophenyl butyrate (p-NPB) as 

substrate and the anti-obesity drug orlistat as a positive control. At the same time, 

the inhibitory activity towards α-glucosidase from Saccharomyces cerevisiae (α-

Glu) and α-amylase from porcine pancreas (α-Amy) were established according 

to the previously described spectrophotometric methods [182] using p-nitrophenyl 

α-D-glucopyranoside (p-NP- α-G) as α-Glu substrate, and starch as substrate and 

3,5-dinitro salicylic acid (DNS) as reagent for α-Amy assay. The inhibitory 

activity was expressed as the concertation inhibiting of the 50% of enzyme activity 

(IC50), and a lower IC50 value indicates the higher inhibitory activity. The 

inhibition percentage of enzyme activity at increasing inhibitor concentration was 

related to the absorption intensity by the equation: 

% 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
𝑂𝐷control − 𝑂𝐷sample

𝑂𝐷control
∗ 100 
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Here, ODcontrol represents the measured optical density for the enzyme-substrate 

mixture in the absence of an inhibitor, and ODsample represents the optical density 

of the reaction mixture in the presence of an inhibitor. The calculated inhibition 

rates at different concentrations for each inhibitor were developed using the linear 

regression method, calculating the concentration (µM) that inhibits 50% of 

enzymatic activity (IC50).  

The obtained IC50 values are reported in Table 7. The results are compared 

to the IC50 values of orlistat, the anti-obesity drug, and acarbose, the antidiabetic 

drug, used respectively as a positive control in PL assay and α-Glu and α-Amy 

assay. The experimental details are reported in Chapter 5 (Paragraphs 5.5 - 5.7), 

and the enzyme inhibition graph of 1, 2, and 3 obtained by the linear regression 

method are reported in the supplementary material. 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

Table 7. Inhibitory activity (IC50) of natural products 1, 2 and 3 towards PL, α-Amy, and α-Glu. 

ID 
PL 

a IC50 ± SD 

α-Amy 

a IC50 ± SD 

α-Glu 
a IC50 ± SD 

1 158.7 ± 5.1 24.0 ± 2.7 47.1 ± 2.9 

2 115.5 ± 9.0 44.3 ± 3.9 121.3 ± 5.5 

3 270.0 ± 15.0 23.6 ± 2.0 124.6 ± 5.0 

orlistat 0.9 ± 0.1 - - 

acarbose - 34.6 ± 0.9 248.3 ± 2.3 

a Results are expressed in µM. IC50 is the concentration required to inhibit 50% of enzyme activity. 

The IC50 values are mean ± SD (n = 3). 

 

According to the results, magnolol was a slightly better α-Amy inhibitor 

(1: 24.0 µM) than acarbose (34.6 µM) and five times more active as an α-Glu 

inhibitor (1: 47.1 µM) than the hypoglycemic drug (248.3 µM). Honokiol and 

obovatol showed similar behavior, being twice as active as an α-Glu inhibitor (2: 

121.3 µM; 3: 124.6 µM) than acarbose. Obovatol was a slightly better α-Amy 

inhibitor (24.6 µM) than acarbose, while honokiol showed an IC50 value of 44.3 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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µM. All three natural neolignans were weak lipase inhibitors compared to the anti-

obesity drugs according to IC50 value.  

Except for magnolol and honokiol, whose IC50 values against α-Glu are 

reported in the literature [72, 149, 183, 184], and magnolol, for which the 

inhibition kinetics is reported [185], there are no detailed studies on their 

inhibitory activities toward the other enzymes. The three neolignans were also 

subjected to an in silico absorption, distribution, metabolism, and excretion 

(ADME) study on the SwissADME web platform [186]. The results are reported 

in Supplementary materials (Figure S170, 200 - 201) at the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

The neolignans exhibited suitable physiochemical properties concerning 

oral bioavailability [187] as lipophilicity values less than 5 (1: 4.22; 2: 4.22; 

3:4.35). They also showed topological polar surface area (TPSA) less than 140 

Angstroms squared [Å2] (1: 40.46 Å2; 2: 40.46 Å2; 3:49.69 Å2), thus demonstrating 

good gastrointestinal absorption and blood-brain barrier. 1, 2, and 3 also showed 

moderate water solubility and satisfied all Lipinski’s rules [188]. 

  

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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3.5  Lipase inhibitory activity of nitrogenated analogues inspired by 

magnolol and honokiol. 

Magnolol and honokiol are poor inhibitors of PL if compared with the 

currently employed anti-obesity drug orlistat. However, honokiol is considered a 

promising inhibitor in screening the component of various Chinese medicinal 

herbs [150]. For this reason, this compound was evaluated, considering its 

encouraging IC50 value. The study was extended to magnolol, as other biological 

investigations have observed different activities between the two isomeric 

neolignans [70, 189]. In light of these considerations and considering the lack of 

information, a detailed PL inhibitory study was performed. 

Moreover, although the two neolignans are not potent lipase inhibitors, 

their structure was considered a promising scaffold. In general, several 

optimization steps have to be performed before a natural compound leads to the 

synthesis of a more effective analogues. Moreover, studying these natural 

compounds as lipase inhibitors may be relevant as obesity is connected to other 

metabolic disorders. Thus, the honokiol and magnolol may be interesting as they 

are also studied as inhibitors of other enzymes (i.e., α-Glu and α-Amy).  

In addition, according to the inhibition results on other nitrogenated 

compounds [151], the synthesized nitrogenated analogues (6 – 18c; Paragraph 

3.1) inspired by magnolol and honokiol (Figure 7) have been evaluated for their 

inhibitory activity towards PL.  

The studies were conducted through in vitro assays, kinetic, and molecular 

docking analyses.  

 

In vitro lipase inhibitory activity 

The inhibition of the pancreatic lipase enzyme was assessed using 

established spectrophotometric methodologies previously described in the 
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literature [181] and before reported in Paragraph 3.4. The obtained IC50 values 

are reported in Table 8. The results were compared to the IC50 values of the anti-

obesity drug orlistat used as a positive control in PL assay and compared to the 

two natural compounds 1 and 2. 

Based on the findings, all biphenyl compounds achieved by SM cross-

coupling (6 – 10) exhibited either inactivity (>300 µM) or weak inhibitory activity 

(100-300 µM) on the PL. Whereas the O- and/or N-allyl derivatives (11a – 15) 

and the products of Claisen rearrangement (16a – 18c) demonstrated enhanced 

inhibitory activity. Compounds with free NH2 and OH groups exhibited the 

highest PL inhibitory activity, and the potency of inhibition increased from SM 

products to the corresponding O-allyl derivatives with free NH2 and further to the 

C-allyl derivatives with both free NH2 and OH. As an example, the inhibitory 

activity increased as follows: 6 (225.5 µM) < 11b (46.9 µM) ≤ 16b (41.7 µM); 7 

(180.0 µM) < 12 (106.1 µM) < 17 (42.6 µM); 9 (>300 µM,) < 14b (82.6 µM) < 

18b (44.4 µM). An overview of the inhibition results highlighted the potential of 

neolignans 16b, 17, and 18b as promising PL inhibitors (IC50 values < 45 µM). 

These compounds possessed an allyl chain in the ortho position to the hydroxyl 

group, a scaffold similar to the honokiol. Additionally, the IC50 of the three 

synthesized neolignans were lower than those of natural compounds 1 and 2 (158.7 

µM and 115.5 µM) and poor compared to the anti-obesity drugs orlistat (0.9 µM). 

Furthermore, their scaffolds could be attributed to significant interest in 

developing novel anti-obesity drugs. 
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Table 8. Inhibition data of 1, 2 and synthesized analogues (IC50) towards PL enzyme. 

ID PL 
a IC50 ± SD 

1 158.7± 5.1 

2 115.5 ± 9.0 
6 225.5 ± 11.0 

7 180.0 ± 13.0 

8 113.2 ± 1.7 

9 >300 

10 103.6 ± 19 

11a 53.7 ± 0.2 

11b 46.9 ± 1.4 

11c 76.6 ± 7.0 

11d 45.6 ± 5.0 

12 106.1 ± 7.8 

13 47.8 ± 2.1 

14a 119.0 ± 6.9 

14b 82.6 ± 2.9 

14c 93.2 ± 9.4 

15 57.0 ± 2.3 

16a 54.0 ± 1.3 

16b 41.7 ± 1.5 

17 42.6 ± 2.0 

18a 53.5 ±6.4 

18b 44.4 ± 1.4 

18c 93.2 ± 13.5 

orlistat 0.9 ± 0.1 
a Results are expressed in µM. IC50 is the concentration required to inhibit 50% of enzyme activity. 

The IC50 values are mean ± SD (n = 3). 

 

The neolignans 16b, 17, and 18b were also subjected to an in silico 

absorption, distribution, metabolism, and excretion (ADME) study on the 

SwissADME web platform [186]. The results are reported in Supplementary 

materials (Figure S128 - 130) at the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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They exhibited good physicochemical properties, including lipophilicity 

and TSPA [188]. The synthesized biphenyl also showed poor/low water solubility, 

good bioavailability score [187], a good drug-likeness profile without Lipinski, 

Veber, and Ghose violation rules, and low skin permeation but high 

gastrointestinal absorption [188]. In addition, none of the selected compounds has 

been identified as pan assays interference compounds (PAINS) [186, 190]. 

Finally, adding functional groups like NH2 and NO2 could enhance ADME 

properties if they are irrelevant to the PL inhibitory activity.  

Molecular docking analysis 

The molecular docking studies were conducted thanks to a collaboration 

with Dr. Luana Pulvirenti of the ICB-CNR of Catania to understand the inhibition 

mechanism better, investigating the affinity for the PL catalytic site of magnolol, 

honokiol, and the biphenyls 6 – 18c.  

The key interacting residues in the binding site of PL include Ser152, Phe215, 

Arg256, His263, Leu264, Asp176, and Tyr114 [181].  

All the ligands are well accommodated into the binding pocket, occupying almost 

the same spatial portion. The calculated binding energies (Kcal/mol) listed in 

Table 9 suggested a good affinity for nitrogenated inhibitors. The list of molecular 

interactions for each analysed compound, obtained by the visual inspection of 

docked conformation, is reported in Table 9. 
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Table 9. Binding Energies (ΔGbind) and Interacting Residues of magnolol (1), honokiol (2), and 

bisphenols 6 – 18c with PL Catalytic Site. a 

Ligands 

a Autodock 

Vina calcd 

ΔGbind 

a Glide 

calcd 

ΔGbind 

Interacting 

residues 
Interaction 

Binding Glide 

distance (Å) 

1 

A-ring -8.7 -5.55 His263 

 

π – π /π - cation 

 

- 

2 

B-ring 

O2' (B-ring) 

B-ring 

-8.6 -6.62 
Phe77, 

Phe77, 

Phe215 

π – π 

H-donor 

π – π 

- 

2.0 

- 

6 

O4' (B-ring) 

O4' (B-ring) 

O4' (B-ring) 

B-ring 

-7.4 -5.15 

 

Gly76, 

His151, 

Asp79, 

His263 

 

H-acceptor 

H-acceptor 

H-donor 

π - π 

 

2.6 

2.1 

1.8 

- 

7 

O4' (B-ring) 

O4' (B-ring) 

O4' (B-ring) 

B-ring 

A-ring 

-7.7 -5.23 

 

His151, 

Gly76, 

Asp79, 

His263, 

Phe215 

 

H-acceptor 

H-acceptor 

H-donor 

π – π/ π - cation 

π - π 

 

2.7 

2.1 

1.8 

- 

- 

8 

O4' (B-ring) 

O4' (B-ring) 

O4' (B-ring) 

-7.6 -5.18 

 

Gly76, 

His151, 

Asp79 

 

H-acceptor 

H-acceptor 

H-donor 

 

2.6 

2.1 

1.8 

9 

O2' (B-ring) 

B-ring 

NH (A-ring 

-8.1 -6.16 

 

Ser152,  

Phe77,  

Asp79 

 

H-donor 

π - π 

H-donor 

 

1.8 

- 

2.8 

10 

B-ring 

B-ring 

-8.2 -5.38 

 

His263 

His263 

 

π - π 

π - cation 

 

- 

- 

11a 

A-ring 

N2 (A-ring) 

-7.6 -3.39 

 

His263,  

Ser152 

 

π - π 

H-donor 

 

- 

2.2 

11b 

B-ring -7.7 -5.19 

 

His263 

 

π – π/ π - cation 

 

- 

11c 

A-ring -7.8 -4.95 

 

His263 

 

π – π/ π - cation 

 

- 

11d 

B-ring -7.3 -3.98 

 

His263 

 

π – π 

 

- 

12 

B-ring -8.1 -5.48 

 

His263 

 

π – π/ π - cation 

 

- 

13 

O4' (B-ring) 

A-ring 

-7.6 -4.47 

 

Arg256, 

His151 

 

π - cation 

salt bridge 

 

- 

- 

14a -7.1 -3.89    
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A-ring His263 π – π/ π – cation - 

14b 

A-ring -7.3 -4.92 

 

His263 

 

π – π/ π - cation 

 

- 

14c 

B-ring -7.0 -5.30 

 

Phe77 

 

π – π - 

15 

B-ring -6.5 -4.45 

 

- 

 

- 

 

- 

16a 

A-ring -8.4 -3.88 

 

His263 

 

π – π/ π - cation 

 

- 

16b 

A-ring 

B-ring 

O4' (B-ring) 

-8.4 -5.51 

 

Phe77,  

His263,  

Asp79 

 

π – π 

π – π/ π - cation 

H-donor 

 

- 

- 

2.0 

17 

A-ring 

B-ring 

O4' (B-ring) 

-8.5 -5.70 

 

Phe77,  

His263 

Asp79 

 

π – π 

π – π/ π - cation 

H-donor 

 

- 

- 

2.4 

18a 

O2' (B-ring) 

B-ring 

-7.8 -4.77 

 

Phe77,  

His263 

 

H-donor 

π - cation 

 

2.3 

- 

18b 

O2' (B-ring) 

A/B-ring 

A-ring 

N4 (A-ring) 

-8.0 -6.71 

 

Phe77,  

Phe215,  

His263 

Tyr114 

 

H-donor 

π – π 

π – π 

H-donor 

 

1.8 

- 

- 

2.5 

18c 

B-ring 

O2' (B-ring) 

-7.7 -6.58 

 

Phe77,  

Ser152 

 

π – π 

H-donor 

 

- 

2.1 

orlistat -6.6 -3.45 His263 H-acceptor 2.6 
a The ΔGbind values were calculated with Autodock Vina and Glide and are expressed as 

Kcal/mol. Otherwise indicated in Figure 19, the A-ring brings amino or nitro group, B-ring is 

the phenolic ring. 

The analysis of docked poses showed the main interacting residues that can 

stabilize the complex between each compound and the enzyme. Non-covalent 

interactions are established with His263, His151, Ser152, Asp79, Gly76, Phe215, 

Arg256 and Phe77. 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 concerning the interactions can be inferred:  

- 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; 

- the A-ring, bringing an amino or nitro group, was less involved and allowed to 

establish only weak interaction with the protein counterpart when bearing more 
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bulky substituents, probably due to the conformation geometry of the ligand into 

the cavity. 

The biphenyl derivatives 6 – 10, despite the promising interactions 

calculated and collected in Table 9, show scarce in vitro results towards PL, as 

explained by their lack of the right lipophilicity. The B-ring of 6 − 10, lacking the 

allyl chain of the natural analogues 1 and 2, remains wholly exposed to the solvent, 

not generating stabilizing interactions. Moreover, the functionalization of OH and 

NH2 with allyl groups is not an excellent strategy to improve the affinity with the 

enzyme, as evidenced by the docking outcomes obtained for the allyl analogues 

11a-d, 12, 13, 14a-c, and 15. The derivatization of NH2 with an allylic chain at the 

A-ring changes the orientation into the cavity, worsening the interaction with PL 

(see the comparison between 16a and 16b). Also, a comparison between 17a and 

17c, mono and bis N-allyl analogues, respectively, with 17b, clearly shows a 

worsening in terms of interactions with PL. In particular, the interaction involving 

the A-ring is entirely lost, while the interaction pattern for the B-ring remains 

good. Compounds 16b, 17, and 18b showed the best fitting for intermolecular 

interactions with PL with the A-ring (containing the amino group) surrounded by 

the hydrophobic residues (Figure 19). 

Conversely, the B-ring (the phenolic ring) of 18b is in a positively charged 

portion, whereas that of 16b and 17 is in a negatively charged area. The docking 

analyses grouped the compounds 16b and 17 with magnolol and 18b with 

honokiol, in agreement with kinetic results. The results suggest the importance of 

free OH in the B-ring, mainly when this is in the C-2' position as for one of the 

most promising compounds, 18b. Moreover, the allyl chain in ortho to the OH 

would seem necessary, as it mimics the natural distribution of the substituents of 

the natural compound 2. The 2D interaction diagrams are reported in Figure 19.  
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Figure 19. 2D interaction diagrams of orlistat, 1, 2, 16b, 17, and 18b with PL. 
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Kinetic of inhibition  

The inhibition of PL of the most promising inhibitors 16b, 17, and 18b and 

of the magnolol (1) and honokiol (2) were determined using the enzyme kinetic 

study [181, 191]. The mode of inhibition on PL was determined through the 

Lineweaver-Burk (L-B) graph by plotting the reciprocal of initial velocity (v0) and 

the reciprocal of the concentration of substrate concentration (NPB). The details 

are reported in Chapter 5 (Paragraphs 5.8), while the kinetic results are reported 

in Table 10. 

Despite their similar structure, magnolol and honokiol act as PL inhibitors 

with different modes of inhibitions. Honokiol behaved as a competitive inhibitor, 

as data lines on the L-B plot crossing the y-axis indicated. This suggests the 

inhibitor did not influence the maximum reaction rate (vmax). The constant Ki: 

674.8 µM, related to the formation of the enzyme-inhibitor complex (EI), was 

determined by plotting the slope of L-B plot lines and the inhibitor concentration. 

The secondary plots are reported in Supplementary materials (Figure S132) at the 

following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

Conversely, magnolol exhibited a mixed-type inhibition mode with the L-

B plot lines intersecting in the third quadrant. This behaviour can be attributed to 

an intermediate mechanism between non-competitive and uncompetitive 

inhibition [147]. In this case, two constants were calculated: Ki the inhibitor 

constant for the formation of EI complex, and Kʹi the inhibitor constant related to 

the formation of ESI complex. In particular, the Kʹi should be less than Ki (Ki: 

614.3 µM; Kʹi: 176.2 µM), as confirmed by the secondary plots of the L-B plot. 

The secondary plots are reported in Supplementary materials (Figure S132) at the 

following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

The L-B plot of PL inhibition in the presence of 1 and 2 is reported in Figure 20. 

Figure 20. Lineweaver-Burk plots of pancreatic lipase inhibition in the presence of: A) 1; B) 2. 

The synthetic biphenyls 16b and 17 exhibited a mixed-type inhibition 

mode as for magnolol (Figure 20 A,). The two neolignans showed an intermediate 

behaviour between non-competitive and uncompetitive mode with Kʹi
 < Ki as 

described in the secondary plot (Table 10). The two synthetic neolignans also gave 

lower dissociation constants than the natural product 1. The most promising 

inhibitor with a high affinity for ES complex was compound 17, as confirmed by 

the low value of Kʹi (6.4 µM). Conversely, compound 18b acted with a competitive 

inhibition mode, as showed for honokiol (Figure 20 B). The kinetic constant (Ki 

= 249 μM) was determined by plotting the slope of the L-B plot line and the 

concentration of the inhibitor. The kinetic results are reported in Table 10, the L-

B graph in Figure 21, and the secondary plot are reported in Supplementary 

materials (Figure S132) at the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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Figure 21. Lineweaver-Burk plots of A) 16b, B) 17, and C) 18b with PL. 

 

Table 10. Kinetic parameters for pancreatic lipase inhibition with 1, 2, 16b, 17 and 18b.a 

ID 

PL 

Type of 

inhibition 
Ki ± SD (μM) Ki

'
 ± SD (μM) 

1 Mixed-type 614.3 ± 19.1 140.9 ± 8.6 

2 Competitive  674.8 ± 43.1 - 

16b Mixed-type 286.4 ± 20.5 36.6 ± 2.3- 

17 Mixed-type 176.2 ± 13.8 6.4 ± 1.4 

18b Competitive 249.0 ± 34.6  

aKi refers to the constants for the formation EI complex; Kʹi refers to the constants for the formation 

ESI complex.  

 

Fluorescence quenching. 

For an in-depth understanding of enzymatic inhibition, fluorescence 

quenching studies for backbone changes of enzymes in the presence of a ligand 
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are frequently performed. Unfortunately, the peculiar structure of the biphenyls 

has an intense fluorescence emission at 300-500 nm, which results in the 

overlapping of the fluorescence emission band of the biphenyl over the band of 

the enzyme (350 nm). Consequently, as the concentration of the inhibitor 

increases, the intensity of the biphenyl band increases; therefore, it is impossible 

to measure the decrease in the fluorescence of the enzyme. All the data for the 

fluorescence analysis of LP with 1, 2, 16b, 17, and 18b are reported in the 

Supplementary material (Figure S135 – 136) in the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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3.6  α-glucosidase and α-amylase inhibitory activity of obovatol 

analogues 

The small library of novel neolignans inspired by obovatol (30, 34 – 37, 

39, 41, 44 and 47 – 48; Paragraph 3.2), exhibited different functional groups 

(methoxy, brome, carboxy, and formyl groups) and moieties (ether and thioether 

derivatives). These compounds were synthesized to investigate the specific role of 

structural modifications performed on the obovatol scaffold in α-glucosidase and 

α-amylase inhibition in light of previous results [152-155]. Obovatol and the new 

compounds have been evaluated for their inhibitory activity through in vitro 

assays, kinetic analysis, fluorescence quenching measurements, molecular 

docking and circular dichroism analyses.  

In vitro α-glucosidase and α-amylase inhibitory activity 

The inhibition of the α-glucosidase and α-amylase enzymes was assessed 

using established spectrophotometric methodologies previously described in the 

literature [182] and before reported in Paragraph 3.4. The obtained IC50 values 

are reported in Table 11. The results were compared to the IC50 values of the 

hypoglycaemic drug acarbose, used as a positive control, and to the natural 

compounds 3. Based on the outcomes, the majority of the novel neolignan 

compounds were more active inhibitors towards α-Glu enzyme (39.6 – 97.7 µM) 

than obovatol (124.6 µM) and more effective than acarbose (248.3 µM). The 

synthesized analogues also showed α-Amy inhibitory activity with IC50 value 

between 6.2 and 43.6 µM. Significantly, compounds 35, 41, and 48 (IC50: 6.2-17.6 

µM) exhibited higher activity than both 3 (24.6 µM) and acarbose (34.6 µM). 
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Table 11. Inhibitory activity (IC50) of 3 and synthesized analogues towards α-Amy and α-Glu. 

ID 
α-Amy 

a IC50 ± SD 

α-Glu 
a IC50 ± SD 

3 23.6 ± 2 124.6 ± 3 

30 43.6 ± 3.5 198.0 ± 15.6 

34 38.8 ± 2.9 167.5 ± 5.6 

35 12.7 ± 0.9 111.0 ± 7.3 

36 36.1 ± 2.8 177.7 ± 2.9 

37 24.5 ± 2.1 127.7 ± 5.8 

39 20.1 ± 0.4 97.7 ± 2.0 

41 17.6 ± 1.6 119.4 ± 4.5 

44 27.0 ± 2.3 65.6 ± 2.1 

47 35.4 ± 1.2 56.1 ± 2.4 

48 6.2 ± 1.0 39.8 ± 2.4 

acarbose 34.6 ± 0.9 248.3 ± 2.3 

a Results are expressed in µM. IC50 is the concentration required to inhibit 50% of enzyme activity. 

The IC50 values are mean ± SD (n = 3). 

 

Some structure–activity relationship hypotheses can be formulated 

considering the functional groups and moieties linked in the biaryl ether scaffold. 

According to previous findings, the compounds featuring free hydroxyl groups 

exhibited relevant inhibitory activity [147, 192]. Consequently, methylated 

compounds displayed less inhibitory activity than their related compounds: 

neolignans 30 and 34 were less active than natural product 3, while compound 36 

showed less inhibitory activity than 37.  

Of particular interest was compound 35, a neolignan bearing two free 

hydroxyl groups as the natural compounds and displaying an IC50 value of 111.0 

µM for α-Glu inhibition and 12.7 µM for α-Amy inhibition. This enhanced 

inhibitory effect could be attributed to 2-bromo-propyl chains instead of allyl 

groups. The addition of bromine groups to aromatic or aliphatic moieties has been 

reported in the literature [152, 193, 194]. The "Br" group established hydrophobic 

interactions with specific active residues, thereby increasing the α-glucosidase 

inhibitory effects [194]. According to the inhibition data reported in Table 11, 
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bromine might also play a role in enhancing α-amylase inhibition. The 

combination of free hydroxyl groups and bromine in the scaffold also contributed 

to the overall inhibitory effects of thioether derivative 48 with IC50 values of 39.8 

µM for α-Glu inhibition and 6.2 µM for α-Amy inhibition. Similarly, the thioether 

derivative 47 showed a higher α-glucosidase inhibitory activity (IC50 56.1 µM). 

The enhanced activity of sulfide analogues can also be attributed to specific 

interactions established with specific residues of the α-glucosidase binding site as 

previously documented for α-Glu [154] but not for α-Amy.  

Compounds 37, 39, 41, and 44, bearing the ring B moiety of obovatol but 

different functional groups on the A ring without an allyl chain, were active as 3 

or more effective α-Glu inhibitors. Specifically, compound 37 exhibited a 

comparable inhibitory effect. In contrast, compounds 39 and 41, bearing a 

carboxyl function on the A ring instead of an allyl chain, demonstrated either 

equivalent or slightly superior inhibitory activity than 3 towards both enzymes. 

Notably, neolignan 44, featuring a 1-allyl-4-phenoxy moiety and a formyl group 

on the A ring, was a more potent α-glucosidase inhibitor than obovatol and related 

compounds. These findings indicated that an allyl chain on the biaryl ether 

scaffold might not be relevant to inhibitory activity. A summary of the structure-

activity relationship is reported in Figure 22.  

 

 

Figure 22. Structural features affecting the α-Amy and α-Glu inhibitory activity of obovatol 

analogues. 
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The neolignans 35, 44, 47, and 48 were also subjected to an in silico 

absorption, distribution, metabolism, and excretion (ADME) study on the 

SwissADME web platform [186]. The results are reported in Supplementary 

materials (Figure S171 - 174) at the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

Compounds 44, 47, and 48 exhibited suitable physicochemical properties, 

including oral bioavailability with lipophilicity values less than 5, while 

compound 35 showed a lipophilicity of 5.65. All tested compounds displayed a 

computational TPSA of less than 140 Angstroms squared [Å2], between 35.53 and 

65.76 [Å2], thus showing computational good intestinal absorption. Compounds 3, 

44, and 47 showed moderate water solubility and satisfied all of Lipinski’s rules, 

whereas 48 violated one of Lipinski’s rules. The neolignan 35 showed poor 

solubility and violated one of Lipinski’s rules.  

Molecular docking analysis 

The molecular docking studies were conducted thanks to a collaboration 

with Dr. Luana Pulvirenti of the ICB-CNR of Catania.  

To rationalize the in vitro inhibitory outcomes, obovatol and its analogues were in 

silico evaluated for their affinity for the α-glucosidase and α-amylase catalytic 

sites, and the output poses were carefully analyzed. The composition of the α-Glu 

binding site includes the following interacting residues: Asp68, Ser156, Phe157, 

Phe177, Asp214, His239, Asn241, His245, Glu276, Ala278, Phe300, Glu304, 

Thr307, Ser308, Pro309, Arg312, Gln222, Asp349, Gln350, and Asp408; whereas 

for α-Amy are Trp58, Trp59, Tyr62, Val98, His101, Tyr151, Leu162, Thr163, 

Leu165, Arg195, Ala198, Lys200, His201, Glu233, Glu240, Ile235, His299 and 

Asp300 [195].  

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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The in silico data for α-Glu and α-Amy are listed in Tables 12 and 13; 

these values suggest a good interaction of obovatol and its analogues with both 

enzymes. In good agreement with the in vitro inhibition results (Paragraph 3.6), 

all the synthetic analogues, except 34, 36, and 37 showed lower binding energies 

toward both the enzyme catalytic sites (-4.14 to -5.52 α-Glu, and -4.83 to -5.60 

Kcal/mol α-Amy) than obovatol ( -3.69 α-Glu; and -4.48 Kcal/mol α-Amy). In 

general, a careful analysis of the pose outcomes allows to observe that all the 

ligands are compatible with the hydrophobic pocket of both enzymes, suggesting 

that they could be promising inhibitory agents.  

The docking analysis of obovatol (3) shows a stabilization into the 

hydrophobic pocket of α-Glu originated by the formation of a hydrogen bond 

between the OH at C-3 and Asp408, a π-cation interaction between the A-ring and 

Arg312, and a π-π interaction between the B-ring and Phe300. Furthermore, the 

ligand would appear to be stabilized by a hydrophobic portion (Ala278, Val277, 

Ala21, Gly217, and Leu218) near the allylic chain of the B-ring. When the OH at 

C-3 is methylated, as in compound 34, the ligand changes its orientation into the 

binding pocket, thus favoring the formation of a hydrogen bond between the OH 

at C-2 and Glu304 but maintaining the π-cation interaction with Arg312. These 

interactions worsen overall stabilization (-3.35 Kcal/mol) than the obovatol (3) as 

the ligand is more exposed to the solvent (see Figure S1 in Supporting material). 

This finding agrees with the higher IC50 value determined for 34 (167.5 µM), with 

respect to that observed for 3 (124.6 µM). In the case of 30 in which both OH at 

C-2 and C-3 are methylated, the ligand is capable of forming two π-π interactions 

between B-ring and A-ring and α-Glu Phe177 and Phe300, respectively, thus 

favoring greater incorporation into the hydrophobic cavity. As far as α-Amy is 

concerned, the trend is the same, as the methylation of the C-2 and C-3 positions 

of the obovatol (3) does not represent an advantageous structural modification (see 

Table 13 for more details).  
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If the methylation of the phenolic OH did not seem beneficial for the 

biological activity, the bromination of both allyl chains would appear to be. 

Indeed, ligand 35 shows better binding energies for both enzymes (-5.04 and -4.83 

Kcal/mol, respectively); the data obtained for α-Glu and α-Amy are also confirmed 

by the IC50 values (111 µM and 12.7 µM, see section 2.2). Taking a look at the 

docking pose of 35 into α-Glu (Figure 23), it seems that the flexibility of the 

aliphatic chains associated with the hydrophobic effect of Br surrounded by a 

hydrophobic portion (Phe177, Leu218, Ala278, Phe300, Phe158, Phe157, Pro309, 

Phe310, Phe311) allows the ligand incorporation into the cavity, reducing the 

exposure to the external environment. This favors the formation of two hydrogen 

bonds between the OH at C-2 and C-3 and Asp349, while the B-ring establishes 

an π-cation interaction with Arg312. Similar considerations are related to α-Amy. 

The ligand 35 seems to be incorporated into the cavity so that the A-ring changes 

its orientation, favoring the formation of two hydrogen bonds: the OH at C-2 with 

His299 and the OH at C-3 with Glu233. The most active compounds toward the 

inhibition of α-Glu are 47 and 48, according to the in vitro assay results. Docking 

analyses corroborated these results as indicated by calculated ΔGbind (47: -5.34; 

48: -5.37 Kcal/mol). The ligand 47 interacts with the catalytic pocket only through 

the A-ring, establishing a hydrogen bond between the OH at C-3 and Asp349, 

whereas the B-ring does not stabilize the complex being more exposed to the 

external environment. However, the introduction of bromine on B-ring, as in the 

ligand 48, allows the formation of a π-cation and a π-π interaction with the close 

Arg312 and Phe157, thus justifying the higher inhibitory activity with respect to 

47. The simultaneous presence of the thioether and bromine groups makes the 

interaction with the enzyme more stable; consequently, the inhibition effect 

obtained is higher than with obovatol (3). The 48 ligand is also efficient in 

stabilizing the complex with α-Amy (-5.50 Kcal/mol). The A-ring mimics the 

obovatol maintaining the same interactions but being more incorporated and less 

exposed to the external environment. The B-ring is better accommodated and 
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surrounded by a hydrophobic portion (Tyr151, Ile215, Ala198, Leu162, Leu165, 

Tyr62, Trp59) of the biological target that contributes to stabilizing the complex 

altogether. These observations perfectly agree with its IC50 value (6.2 µM) and 

allow us to consider 48 a potent α-Amy inhibitor.  

Ligands 36 and 37 maintain the B-ring of obovatol (3), whereas the 

substitution on the A-ring differs from 3 (one OH/OMe at C-2 and the allylic chain 

at C-4 instead of C-5). The outcomes obtained for both enzymes highlight as the 

lack of OH at the C-3 position worsens the stability of the complex (α-Glu Gbind 

-2.84 and -3.02 Kcal/mol; α-Amy Gbind -3.30 and -2.70 Kcal/mol) and therefore 

providing a weaker inhibition. These data confirm the crucial role of the A-ring 

for the expected biological activity and simultaneously reveal the secondary 

function of the B-ring of obovatol (3), which does not participate in the 

stabilization. The structural modifications on the A-ring of ligands 39 

(carboxymethyl group at C-2) and 41 (carboxyl group at C-4) seem to have no 

significant effect on the stabilization of correspondent complexes with α-Glu. 

Consequently, they have comparable inhibitory activity to that of 3. Different 

consideration concerns α-Amy. Indeed, both ligands are well accommodated 

within the hydrophobic pocket with a Gbind of -5.09 and -5.02 Kcal/mol, 

respectively, suggesting the stability of the complexes with the biological target. 

Compound 39 can establish a hydrogen bond between the carbonyl oxygen of the 

carboxymethyl group, and Gln63. 

Moreover, the same ring establishes two π-π stacking interactions with 

Trp58 and Trp59. Ligand 41 has a different orientation into the hydrophobic 

pocket compared to 39, establishing two hydrogen bonds between the two oxygens 

of the carboxyl group in position C-4 and the amino acids Lys200 and Ile235; 

moreover, the A ring is involved in a π-π interaction with His201. In both ligands, 

the B-ring does not participate in the interaction with the biological counterpart 

and appears to be more exposed to the external environment. Finally, the formyl 

group on the A-ring of ligand 44 is involved in the formation of a hydrogen bond 
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with His239 of α-Glu hydrophobic pocket; consequently, a good stabilization 

energy of -4.66 Kcal/mol was observed. Analogously, a hydrogen bond between 

the carbonyl group and Ile235 and a π-π stacking interaction between the A-ring 

and His201 occur with the α-Amy catalytic site. In both cases, no stabilization 

effect was due to the B-ring maintained as in 3.  

Considering the above, the most important outcome is that OH groups at 

C-2 and mostly at C-3 of the obovatol scaffold are relevant for interacting with α-

Glu and α-Amy. In particular, the OH group in position C-3 would seem to have 

a critical role in stabilizing the complex; when it is involved in forming hydrogen 

bonds with the biological counterpart, the complex is more stable, and 

consequently, the inhibitory effect is stronger. Compounds 35, 47, and 48 are 

among the most active ligands for α-Glu: they establish a hydrogen bond between 

the OH at C-3 and Asp349, which is part of the catalytic triad of α-Glu and would 

seem to have a key role precisely in the stabilization of the transition state of the 

substrate [196]. Analogously, ligands 35 and 48 establish a hydrogen bond 

between the OH at C-3 with Glu233, part of the catalytic triad [196]. In this 

context, when this substitution pattern on the A-ring is retained, the B-ring seems 

to have only a supporting role. The 2D interaction diagrams are reported in 

Figures 23 and 24.  

  



101 

 

Table 12. Binding Energies (Gbind) and list of molecular interaction and interacting residues of 

obovatol and derivatives with the α-Glu catalytic site. 

Ligands a Glide calcd Gbind 
Interacting 

residues 
Interaction 

Binding Glide 

distance (Å) 

3 

B-ring -3.69 Phe300 π - π - 

A-ring Arg312 π-cation - 

OH (C-3) Asp408 H-donor 2.1 

30 

B-ring -5.52 Phe177 π - π - 

A-ring Phe300 π - π - 

34 

OH (C-2) -3.35  Glu304 H-donor 1.9 

A-ring Arg312 π-cation - 

35 

OH (C-2) -5.04  Asp349 H-donor 1.7 

OH (C-3) Asp349 H-donor 1.9 

B-ring Arg212 π-cation - 

36 

B-ring -3.02 Phe300 π - π - 

B-ring Phe157 π - π - 

37 

OH (C-2) -2.84 Glu304 H-donor 1.8 

A-ring Phe157 π - π - 

A-ring Arg312 π-cation - 

39 

OCH3 (C-5) -4.61 Asn241 H-acceptor 2.0 

COO- (C-2) Lys155 salt bridge - 

COO- (C-2) Arg312 H-acceptor 1.9 

B-ring Arg312 π-cation - 

41 

COO- (C-4) -4.14 Lys155 salt bridge - 

COO- (C-4) Arg312 H-acceptor 2.1 

44 

CHO (C-3) -4.66 Hie239 H-acceptor 2.1 

47 

OH (C-2) -5.34 Asp349 H-donor 1.9 

OH (C-3) Asp349 H-donor 1.6 

48 

OH (C-2) -5.37 Asp349 H-donor 1.9 

OH (C-3) Asp349 H-donor 1.6 

B-ring Phe157 π - π - 

B-ring Arg312 π-cation - 

acarbose 

 

-7.09 Glu304, Thr307, 

Ser308, Arg312, 

Phe157, Asp408, 

Asp349 

- - 

a The ΔGbind values were calculated with Glide and are expressed as Kcal/mol. 
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Table 13. Binding Energies (Gbind) and list of molecular interaction and interacting residues of 

obovatol and derivatives with the α-Amy catalytic site. 

Ligands a Glide calcd Gbind 
Interacting 

residues 
Interaction 

Binding Glide 

distance (Å) 

3 

OH (C-3) -4.48 Glu233 H-donor 1.6 

OH (C-2) Asp197 H-donor 1.7 

30 

A-ring -4.64 Trp59 π - π - 

34 

OCH3 (C-3) -3.22 Gln63 H-acceptor 2.4 

OH (C-2) Tyr62 H-donor 2.7 

35 

OH (C-3) -4.83  Glu233 H-donor 1.6 

OH (C-2) Hie299 H-acceptor 2.7 

36 

A-ring -2.70 Trp59 π - π - 

37 

OH (C-2) -3.30 Asp197 H-donor 1.8 

39 

A-ring -5.09 Trp58 π - π - 

A-ring Trp59 π - π - 

 COO- (C-2) Gln63 H-acceptor 2.0 

41 

A-ring -5.02 His201 π - π - 

COO- (C-4) Lys200 H-acceptor 2.5 

COO- (C-4) Ile235 H-acceptor 1.9 

44 

CHO (C-3) -5.60 Ile235 H-acceptor 2.1 

A-ring His201 π - π - 

47 

B-ring -4.99 His201 π - π - 

OH (C-2) Glu233 H-donor 1.8 

OH (C-3) Glu233 H-donor 1.8 

48 

OH (C-3) -5.50 Glu233 H-donor 1.6 

OH (C-2) Asp197 H-donor 1.9 

acarbose  

-8.33 

 

Glu240, 

Glu233, 

Trp59, 

GLN63, 

His201, 

Lys200 

  

a The ΔGbind values were calculated with Glide and are expressed as Kcal/mol. 
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Figure 23. 2D interaction diagrams of acarbose, 3, 35, 44, 47 and 48 with α-Glu. 
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Figure 24. 2D interaction diagrams of acarbose, 3, 35 and 48 with α-Amy. 
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Kinetic of inhibition  

The inhibition of obovatol (3) and its promising analogues targeting α-

glucosidase (35, 44, 47, and 48) and α-amylase (35 and 48) was explored. The 

mode of inhibition on α-Glu and α-Amy was determined through the Lineweaver-

Burk (L-B) graph by plotting the reciprocal of initial velocity (v0) and the 

reciprocal of the concentration of substrate (NPG for α-Glu and CNPG3 for α-

Amy. The details are reported in the Chapter 5 (Paragraph 5.9 - 5.10), while the 

kinetic results are reported in Table 14. The mode of inhibition of obovatol (3) 

was investigated as well.  

Obovatol was a non-competitive inhibitor toward α-glucosidase, as the 

lines in the L-B plot cross the x-axis, and a competitive inhibitor toward α-

amylase. The L-B plot of α-Glu and α-Amy inhibition in the presence of 3 are 

reported in Figure 25. 

The L-B plots of α-Glu and α-Amy inhibition in the presence of 3 are reported in 

Figure 25. 

 

Figure 25. Lineweaver-Burk plots of A) α-glucosidase and B) α-amylase inhibition in the presence 

of 3. 

The Ki values, calculated by plotting the slope of the L-B plot line and the 

concentration of the inhibitor, resulted in 79.1 µM and 12.7 µM respectively, for 
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α-Glu and α-Amy. The secondary plots are reported in Supplementary materials 

(Figure S178 - 179) at the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

The Lineweaver-Burk plots for obovatol analogues (35, 44, 47, and 48) are 

reported in Figures 26 for α-Glu and 27 for α-Amy. The kinetic parameters are 

summarized in Table 14, while the secondary plots to determine kinetic constants 

are depicted in Supplementary materials (Figure S179 - 180) at the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

Compounds 35 and 47 showed a similar α-glucosidase inhibitory 

mechanism observed for obovatol (non-competitive inhibition mode), yielding Ki 

values of 146.2 µM and 125 µM, respectively. Conversely, the L-B plots for 44 

and 48 suggested a mixed-type inhibition, an intermediate mechanism between 

non-competitive and uncompetitive inhibition [147]. The Ki values for the EI 

complex were respectively 234.2 µM for 44 and 42.0 µM for 48, while the Kʹi 

values for the ESI complex were 44.2 µM for 44 and 4.9 µM for 48. The kinetic 

results agreed with the lowest IC50 value observed in the inhibitory assay, thus 

suggesting a strong capability of 48 to interact with the enzyme to the ES complex.  

To explain the α-Glu mixed-type inhibition of 44 and 48, other potential 

binding sites were in silico examined, four obtained by sitemap and another 

recently proposed in the literature [197]. The molecular interaction with both 

molecules was studied for each binding site [197], and the calculated Gbind 

energies are reported in Table S1 (see supporting). The best interaction was 

collected in the allosteric site composed of the following residues (Table S2, line 

2): Thr287, Ala289, Ala290, Tyr292, Glu293, Val294, Ser295, His258. Arg259, 

Met261, Lys262, Asn263, Val265, Gly268, Arg269, Glu270, Ile271, Met272, 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing


107 

 

Thr273 Lys12 with a calculated ΔGbind of -5.97 and -6.21 kcal/mol for molecules 

44 and 48, respectively. Both values are lower than those obtained for the 

interaction with the catalytic site. Compound 44 interacts into the allosteric 

binding site with His258, establishing a π-π stacking interaction; compound 48 

interacts with the cavity through a H-bond interaction between the OH at C-3 and 

Arg269, whereas the B-ring is involved in a π-cation interaction with Lys12 and a 

π-π interaction with His258 (Figure S177). No other significant interactions were 

found with other reported allosteric sites for both molecules, for which binding 

energies <5 (from -2.78 to 4.76 kcal/mol) were registered, suggesting that both 

molecules interact only with the first reported allosteric site. 

The analysis of the kinetic data for α-amylase inhibition reported a 

competitive inhibition mode for 35 and 48 as well as the obovatol. The Ki values 

of 3 (12.7 µM) 35 (29.9 µM), 48 (8.5 µM) agree with the experimental IC50 values 

and docking outcomes with 48 being the most effective inhibitor toward the two 

enzymes. 
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Figure 26. Lineweaver-Burk plots of A) 35, B) 44, C) 47, D) and 48 with α-Glu. 

 

 

Figure 27. Lineweaver-Burk plots of A) 35 and B) 48 with α-Amy. 
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Table 14. Kinetic parameters for α-glucosidase and α-amylase inhibition with 3, 35, 44, 47 and 

48.a 

ID 

α-Glu α-Amy 

Type of 

inhibition 

Ki = ± SD 

(μM) 

Kʹi= ± SD 

(μM) 

Type of 

inhibition 

Ki = ± SD 

(μM) 

3 non-competitive   79.1 ± 2.0 - competitive 12.7 ± 3.0 

35 non-competitive 146.2 ± 5.7 - competitive 29.9 ± 2.4 

44 mixed-type 234.2 ± 7.2 44.2 ± 5.4 - - 

47 non-competitive 125.0 ± 5.1 - - - 

48 mixed-type   42.0 ± 2.3  4.9 ± 0.2 competitive 8.5 ± 0.9 

aKi refers to the constants for the formation EI complex; Kʹi refers to the constants for the formation 

ESI complex. 

 

Fluorescence measurements  

The affinity of 3 for α-Glu and α-Amy was determined spectroscopically 

by fluorometric titration. Tryptophan (Tyr) possesses chromophore groups 

responsible for the endogenous fluorescence of several proteins, including α-

glucosidase and α-amylase [198]. The interaction between enzyme and substrate 

alters the microenvironment surrounding Trp residues resulting in a decrease in 

fluorescence. To elaborate on the results, α-Glu exhibited an intrinsic fluorescence 

emission peak at around 340 nm when excited at 295 nm. In comparison, α-Amy 

showed an emission peak near 345 nm under the same excitation. Obovatol did 

not exhibit fluorescence when it was irradiated at 295 nm, and the fluorescence 

spectra are reported in Supplementary materials (Figure S181) at the following 

link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

The fluorescence spectra of α-glucosidase and α-amylase in the presence 

of increasing concentrations of compound 3 are depicted in Figure 28. These 

analyses were performed at three different temperatures, 298.15, 303.15, and 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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310.15 K, to provide information on the nature of the interaction. The addition of 

the neolignan reduced the fluorescence intensity of α-Glu and α-Amy, and the data 

obtained were elaborated following the equation (Eq. 4) detailed in Chapter 5 

(paragraph 5.11). The linear correlation observed in the Stern-Volmer plots, 

reported in Figure 29, indicated a singular quenching mode for both enzymes. 

According to the equation and from the plots, it was possible to determine the 

dissociation constant Ksv and the bimolecular quenching constant Kq. The results 

are collected in Table 15. As the studied temperature increased, the collisions 

increased, thus leading to higher Ksv values. 

Consequently, the fluorescence quenching occurred through a dynamic 

mechanism with the consequent raising of Ksv values [182, 199]. The 

determination of the number of binding sites (n) and the binding constant (Ka) for 

the interaction of 3 with both enzymes were calculated using the equation (Eq. 5) 

reported in Chapter 5 (Paragraph 5.11). The resulting values are reported in 

Table 15, and the number of sites was close to 1 in the temperature range studied, 

suggesting the establishment of a one-to-one complex between the fluorophore 

and the quencher. 
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Figure 28. Changes in the intrinsic A) α-Glu and B) α-Amy fluorescence at different 

concentrations of 3 at different temperatures (pH 6.9, λex = 295 nm). 

 

 

Figure 29. Stern-Volmer plots for the quenching effects of A) α-Glu and B) α-Amy with 3. 

 

The affinity of the inhibitor 35, 44, 47, and 48 for α-Glu and 35 and 48 α-

Amy was determined spectroscopically by fluorometric titration. The fluorescence 

spectra of α-glucosidase and α-amylase in the presence of increasing 

concentrations of selected analogues are depicted in Figure 30 - 31. The addition 

of the neolignans reduced the fluorescence intensity of α-glucosidase and α-

amylase enzymes, and the data obtained were elaborated following the equation 

(Eq.4) detailed in Chapter 5 (paragraph 5.11). Compound 44 exhibited an 
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intrinsic fluorescence in the region at 405 nm when irradiated at 295 nm (Figure 

S180 supporting materials). In contrast, the other compounds didn’t possess an 

intrinsic fluorescence in the same range. The linear correlation observed in the 

Stern-Volmer plots, reported in Figure 32 – 33, indicated a similar quenching 

mode for both enzymes. The dissociation constant Ksv and the bimolecular 

quenching constant Kq are collected in Table 15. As for obovatol, the fluorescence 

quenching occurred through a dynamic mechanism. The resulting values are 

reported in Table 15.  
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Table 15. Quenching constants KSV, quenching rate constants Kq, and binding constants Ka of the 

interaction of obovatol and analogues (35, 44, 47 and 48) with the proper enzyme. 

 
T (K) 

Ksv 

(× 104 L/mol) 

Kq 

(× 1012 L/mol) 
R2 

Ka 

(× 104 L/mol) 
n R2 

α-Glu 

3 

298.15 0.70 ± 0.02 0.70 ± 0.02 0.9905 0.95 ± 0.04 1.11 0.9954 

303.15 1.04 ± 0.15 1.04 ± 0.15 0.9902 1.79 ± 0.23 0.76 0.9936 

310.15 1.30 ± 0.18 1.30 ± 0.18 0.9935 2.20 ± 0.32 1.35 0.9994 

35 

298.15 0.54 ± 0.02 0.54 ± 0.02 0.9942 0.20 ± 0.14 1.18 0.9933 

303.15 0.70 ± 0.03 0.70 ± 0.03 0.9931 0.24 ± 0.04 1.14 0.9951 

310.15 0.84 ± 0.04 0.84 ± 0.04 0.9980 0.52 ± 0.05 1.20 0.9935 

44 

298.15 0.81 ± 0.02 0.81 ± 0.02 0.9908 0.20 ± 0.02 1.36 0.9902 

303.15 1.27 ± 0.45 1.27 ± 0.45 0.9929 0.35 ± 0.08 1.28 0.9902 

310.15 1.64 ± 0.38 1.64 ± 0.38 0.9989 0.50 ± 0.04 1.30 0.9926 

47 

298.15 2.61 ± 0.25 2.61 ± 0.25 0.9976 0.99 ± 0.13 1.23 0.9965 

303.15 2.96 ± 0.15 2.96 ± 0.15 0.9973 1.84 ± 0.24 1.11 0.9978 

310.15 3.33 ± 0.18 3.33 ± 0.18 0.9925 2.18 ± 0.31 1.11 0.9972 

48 

298.15 1.81 ± 0.34 1.81 ± 0.34 0.9940 2.09 ± 0.44 0.96 0.9932 

303.15 2.42 ± 0.18 2.42 ± 0.18 0.9912 3.54 ± 0.57 0.96 0.9908 

310.15 3.18 ± 0.21 3.18 ± 0.21 0.9965 3.87 ± 0.62 0.83 0.9919 

α-Amy 

3 

298.15 3.03 ± 0.40 3.03 ± 0.40 0.9902 3.49 ± 0.70 0.95 0.9944 

303.15 3.62 ± 0.14 3.62 ± 0.14 0.9978 4.53 ± 0.54 0.93 0.9930 

310.15 4.89 ± 0.21 4.89 ± 0.21 0.9962 6.30 ± 0.54 0.92 0.9966 

35 

298.15 2.95 ± 0.29 2.95 ± 0.29 0.9934 1.70± 0.12 1.14 0.9929 

303.15 4.89 ± 0.32 4.89 ± 0.32 0.9913 2.25 ± 0.04 0.90 0.9994 

310.15 6.32 ± 0.13 6.32 ± 0.13 0.9907 6.10 ± 0.37 1.00 0.9924 

48 

298.15 4.25 ± 0.04 4.25 ± 0.04 0.9985 3.10 ± 0.22 1.11 0.9926 

303.15 5.75 ± 0.36 5.75 ± 0.36 0.9941 4.78 ± 0.54 1.07 0.9923 

310.15 7.20 ± 0.23 7.20 ± 0.23 0.9904 7.60 ± 0.07 0.97 0.9942 
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Figure 30. Changes in the intrinsic α-Glu fluorescence at different concentrations of A) 35, B) 44, 

C) 47 and D) 48 at different temperatures (pH 6.9, λEXC = 295 nm). 
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Figure 31. Changes in the intrinsic α-Amy fluorescence at different concentrations of A) 35 and 

B) 48 at different temperatures (pH 6.9, λEXC = 295 nm). 

 

Figure 32. Stern-Volmer plots for the quenching effects of α-Glu with selected compounds A) 35, 

B) 44, C) 47, and D) 48. 
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Figure 33. Stern-Volmer plots for the quenching effects of α-Amy with selected compounds A) 

35 and B) 48. 

 

Circular dichroism 

Circular dichroism (CD) spectroscopy was conducted thanks to a 

collaboration with Prof. Alessandro D’Urso and Dr. Gabriele Travagliante of the 

Department of Chemical Sciences of the University of Catania. 

Circular dichroism (CD) spectroscopy is mainly used to monitor the secondary 

structure (α-helix, β-sheet, β-turn, and random coil) changes of proteins in solution 

and, more specifically, the conformational changes of a given protein in the 

presence of selected ligands [200, 201]. CD measurements were carried out to 

confirm further the interaction of 3 and the most promising analogues 35, 44, 47, 

and 48 towards α-glucosidase, thus providing details and valuable information 

regarding the inhibition process. Reliable results using 𝛼-amylase have been not 

obtained due to the experimental conditions not being suitable for CD measures. 

The CD measurement of α-Glu has been carried out in the absence and presence 

of different aliquots of the selected compounds. ECD spectra were acquired in the 

200-260 nm range and are reported in Figure 34.  

The α-Glu seem to be arranged in α-helix structures exhibiting two 

negative bands (210 and 222 nm) attributable to n → π* transition for the peptide 

adopting the α-helix structures as reported in the literature [182, 202]. The ECD 

spectra of the selected compound in a buffer solution in the absence of the enzyme 
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were also acquired, and all compounds did not show any CD signal in the 

absorption region (see Figure 34 orange line). Then, ECD spectra of the α-Glu 

solution with increasing amounts of neolignans were recorded (1:0; 1:1; 1:2, 1:4, 

1:6). In detail, the intensity of both bands observed in the ECD spectrum of α-Glu 

decreases showing the loss of part of the α-helix structures as a result of the 

interaction between enzyme and ligands. Figure 34 also reports the ECD 

difference spectra to visualize the conformational changes of α-Glu induced by the 

interaction with neolignans. In particular, all difference spectra show two bands: 

a negative band below 210 nm and a positive band centered around 225 nm (inset 

in Figure 34). These spectroscopic features are characteristic of the random coil 

conformation that shows a positive contribution at about 220 nm, a negative at 200 

nm, a cross-over point at 210 nm. However, the positive contribution at 225 nm is 

also attributed to the β- turns, together with a positive signal in the 200 nm region, 

and the broad positive feature of the difference spectra suggests that the content of 

random coil and β-turns may increase after the interaction with neolignans. 

 

 

Figure 34. ECD spectra of α-Glucosidase [0.5 µM] in the presence of increasing amounts of A) 3, 

B) 35, C) 44, D) 47 and E) 48. Inset: ECD difference between the spectra of α-Glu:compound 1:1 

minus that of α-Glu alone (black line) and α-Glu:compound 1:6 minus that of α-Glu alone (red 

line). 
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CD data were further estimated with the secondary Structure Estimation 

software included in the JASCO Spectra Manager software to quantify the changes 

in the secondary structure and the results are reported in Table 16. 

Table 16. The secondary structure content of α-glucosidase influenced by 3, 35, 44, 47 and 48.a 

3 (µM) α-helix (%) β-sheet (%) β-turn (%) random (%) 

0 37.9 3.6 27.0 31.5 

0.5 33.7 4.5 28.4 33.4 

3.0 31.0 8.3 27.6 33.1 

35 (µM) α-helix (%) β-sheet (%) β-turn (%) random (%) 

0 38.7 9.3 22.9 29.1 

0.5 34.1 9.3 24.4 32.3 

3.0 31.2 13.9 22.1 32.8 

44 (µM) α-helix (%) β-sheet (%) β-turn (%) random (%) 

0 34.1 8.4 25.5 31.9 

0.5 32.5 11.8 22.3 33.4 

3.0 27.0 15.0 23.2 34.8 

47 (µM) α-helix (%) β-sheet (%) β-turn (%) random (%) 

0 37.7 11.7 22.5 28.1 

0.5 32.7 14.7 19.7 32.9 

3.0 28.9 10.1 25.6 35.4 

48 (µM) α-helix (%) β-sheet (%) β-turn (%) random (%) 

0 34.6 9.6 24.5 31.4 

0.5 33.9 12.2 23.0 30.8 

3.0 30.3 11.1 25.8 32.8 
a ECD spectra data were elaborated with the JASCO Spectra Manager software. 

 

According to the CD data, the interaction between the enzyme and the 

tested neolignans caused: 

- a significant decrease of the α-helix content (from 38.7% to 27%) as increasing 

concentrations of inhibitors. 

- an increase in random coil content (from 29.1 to 35.4%) at the highest 

concentrations of inhibitors. 
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-3, 35, and 44 caused an increase in β-sheet content with the increase of the 

complex’s ratio, while compounds 47 and 48 led to an initial increase at 1:1 ratio 

and a decrease at ratio 1:6.  

-the β-turn content exhibited a slight increase when compounds 3, 47, and 48 were 

added, while the content showed a reduction with compounds 35 and 44.  
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3.7  Inhibitory activity of oligomeric compounds towards metabolic 

enzymes  

In the light of the IC50 values reported for magnolol and honokiol 

(Paragraph 3.4), the three synthesized oligomeric compounds (52 – 54; 

Paragraph 3.3) have been investigated for their potential metabolic enzyme 

inhibitory activity through in vitro assays, kinetic analysis, and in silico study. The 

fluorescence measurements were not carried out due to the presence of the 

biphenyl scaffold. 

In vitro inhibitory activity 

The inhibition of the pancreatic lipase, α-glucosidase, and α-amylase was 

assessed using established spectrophotometric methodologies previously 

described in Paragraph 3.4. The obtained IC50 values are reported in Table 17. 

The results were compared to the IC50 values of the hypoglycemic drug acarbose 

for α-Glu and α-Amy enzyme used as a positive control and of anti-obesity drug 

orlistat for PL enzyme. The inhibition results were also compared to the IC50 

values of 1 and 2. According to the inhibition results, the synthesized dimers 

showed higher IC50 values than the related parent compounds, being more 

effective inhibitors than the hypoglycemic drug (248.3 µM for α-Glu and 34.6 µM 

for α-Amy). In detail, the honokiol dimer 52 exhibited a significant inhibitory α-

Amy inhibitory activity (10.3 µM), while its inhibition effect on PL and α-Glu was 

relatively moderate (respectively 65.0 µM and 80.8 µM).  

Conversely, the magnolol dimer 53 displayed a strong inhibitory activity 

towards α-Amy and moderate activity toward α-Glu; it was also three times more 

active against PL (52.9 µM) than magnolol (158.7 µM). Interestingly, the mixed 

honokiol-magnolol dimer 54 demonstrated potent α-Amy inhibition similar to 

compounds 52 and 53, but limited lipase inhibition as to 52. The oligomer 54 was 
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less active (83.4 µM) against α-Glu compared to magnolol (47.1 µM) while 

displaying moderate activity compared to honokiol (121.2 µM).  

Based on the above-obtained results, the magnolol dimer 53 was a more 

effective inhibitor for all three enzymes than the corresponding natural product 

and the related synthesized oligomers. For this reason, it was selected for 

additional investigation of its inhibitory activity effects through docking studies 

and kinetic analysis. 

 

Table 17. Inhibitory activity (IC50) of 1, 2 and synthesized dimers towards PL, α-Amy and α-Glu. 

ID 
PL 

a IC50 ± SD 

α-Amy 

a IC50 ± SD 

α-Glu 
a IC50 ± SD 

1 158.7 ± 5.1 24.0 ± 2.7 47.1 ± 2.9 

2 115.5 ± 9.0 44.3 ± 3.9 121.3 ± 5.5 

52 65.0 ± 2.0 10.3 ± 1.6 80.8 ± 1.2 

53 52.9 ± 3.0 8.0 ± 0.6 33.4 ± 1.9 

54 85.8 ± 1.4 9.1 ± 0.4 83.4 ± 9.2 

orlistat 0.9 ± 0.1 - - 

acarbose - 34.6 ± 0.9 248.3 ± 2.3 

a Results are expressed in µM. IC50 is the concentration required to inhibit 50% of enzyme activity. 

The IC50 values are mean ± SD (n = 3). 

The dimers 52, 53, and 54 were also subjected to ADME evaluation on the 

[186]. The results are reported in Supplementary materials (Figure S202 - 204) at 

the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

The three dimers exhibited a computational TPSA of less than 140 

Angstroms squared [Å2] (80.92 Å2), thus showing computational moderate skin 

permeation and cytochrome P450 1A2 and 2D6 inhibition.  

 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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Molecular docking analysis 

The molecular docking studies were conducted thanks to a collaboration 

with Dr. Luana Pulvirenti of the ICB-CNR of Catania.  

The key interacting residues in the binding site of PL were previously 

reported in Paragraph 3.5 [181]. All the ligands were well accommodated into 

the binding pocket, occupying almost the same spatial portion. The calculated 

binding energies (Kcal/mol) listed in Table 18 suggest a good affinity for 

inhibitors. All the synthetic analogues (52, 53, and 54) showed good binding 

energies toward the pancreatic lipase catalytic site (from -6.02 to -7.35 Kcal/mol) 

than the two natural products (1: -5.72; 2: -6.69). The magnolol dimer 53, 

exhibited the most significant binding energy (-7.35 Kcal/mol), in good agreement 

with the in vitro inhibition results (Paragraph 3.7). The list of molecular 

interactions for each analysed compound, obtained by the visual inspection of 

docked conformation, is reported in Table 18.  
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Table 18. Binding Energies (Gbind) and list of molecular interaction and interacting residues of 

magnolol (1), honokiol (2), and derivatives 52 – 54 with PL Catalytic Site. 

Ligands a Glide calcd ΔGbind 
Interacting 

residues 
Interaction 

Binding Glide 

distance (Å) 

1 

OH (ring A) -5.72 Phe77 H - bond - 

B-ring  Phe77 π - π stacking - 

OH (B-ring)  His151 Salt bridge - 

2 

OH (ring A) -6.69 Phe77 H - bond - 

B-ring  Phe77 π - π stacking - 

52 

A ring  -6.02 Tyr114 π - π stacking - 

OH (D ring)   Asp79 H - bond - 

53 

A ring  -7.35 Tyr114 π - π stacking - 

OH (D ring)  Asp79 H - bond - 

54 

OH (D ring) -6.18 Asp79 H - bond - 

orlistat 

 -3.45 His263 H-acceptor 2.6 
a The ΔGbind values were calculated with Glide and are expressed as Kcal/mol. 

The docking analysis of 1 and 2 showed a stabilization into the 

hydrophobic pocket of PL originated by the formation of a hydrogen bond between 

the hydroxyl group of ring A and Phe77, and a π-π interaction between the B-ring 

and Phe77. The magnolol also appeared to be stabilized by a salt bridge between 

the hydroxyl group of ring B and His151. Similar to the natural products, the 

dimeric compounds 52 – 54 were stabilized in the PL pocket thanks to the 

formation of hydrogen bonds between the OH present in the ring D and Asp79. A 

π-π interaction between the B-ring and Tyr114 also stabilized the ligands 53 and 

54. Furthermore, the dimers would appear to be stabilized by a hydrophobic 

portion (Tyr114, Pro180, Ala178, Ile209, Phe215, Leu213, and Leu153) near the 

allylic chain of the A-ring. The 2D interaction diagrams of the anti-obesity drug 

(orlistat), magnolol (1) and the promising magnolol dimer 53 are reported in 

Figure 35. The 3D interaction of dimer 53 are reported in Supplementary 

materials (Figure S208). 
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The composition of the α-Glu and α-Amy binding sites were previously 

reported in Paragraph 3.6 [195]. The in silico data for α-Glu and α-Amy are listed 

in Tables 19 and 20. The results obtained for α-Glu highlighted the higher binding 

energy values of the synthesized oligomeric compounds (from -6.03 to 6.79 

Kcal/mol) than the natural neolignans 1 (-5.02 Kcal/mol) and 2 (-5.48 Kcal/mol). 

The binding energies of dimers were also lower than the hypoglycemic drug 

acarbose (-7.09 Kcal/mol). The in silico data for α-Amy enzyme showed 53 (-6.10 

Kcal/mol) as the most active compound according to the in vitro assay results. The 

dimer 52 exhibited less binding energy (-5.43 Kcal/mol) than the related natural 

product 1 (-5.46 Kcal/mol). In comparison, 53 had moderate binding energy (-5.19 

Kcal/mol) than the related parent compounds 1 (-5.46 Kcal/mol and 2 (-5.44 

Kcal/mol). The synthetic dimer and the natural products were less active than 

acarbose (-8.33 Kcal/mol). The list of molecular interactions for each analyzed 

compound, obtained by visually inspecting docked conformation, is reported in 

Tables 19 and 20.  

The analysis of the docked poses showed the main interacting residues that 

can stabilize the complex between each neolignan and the two enzymes. Non-

covalent interactions were established with Pro309, Glu 304, Asp349, Arg312, 

Thr307, Asp408, Ser239 and Glu304 for α-Glu, while the interactions for α-Amy 

were established with Thr163, Gln63, Asp 300, Glu233, Tyr62, Trp59 and 

Asp300. 

The docking analysis of neolignans also showed a stabilization into the 

binding pocket of α-Glu, originated by the formation of a π-π interaction and π-

cation interaction. In detail, 52 was stabilized by the π-π interaction between 

Phe157 and A-ring, Hie239 and C-ring, Phe231 and D-ring and by π-cation 

interaction between Hip279 and C-rings. The honokiol dimer was also stabilized 

by a hydrophobic portion (Ala278, Pro309, Phe310, and Phe231) near the allylic 

chain of the C-ring. Magnolol dimer 53 appeared to be stabilized thanks to the π-

π interaction between Phe300 and A-ring and π-cation interaction of Arg312 and 
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B- ring. The polar portion of the enzyme (Tyr215, Hie245, Asn241, Hie239, 

Ser308 and Thr307) was also important to stabilize the dimers near the allylic 

chain of the A and D-ring. The oligomer 54 was stabilized by the π-cation and π-

π interaction of A-ring and Arg312, Hie239 and B- rings, respectively. As 

honokiol dimer, compound 54 was more stable thanks to the hydrophobic portion 

(Ala278, Leu218, Phe300, and Phe77) near the allylic chain of the A-ring. 

The docking analysis of neolignans also showed a stabilization into the 

binding pocket of α-Amy, originating by the formation of a π-π interaction and π-

cation interaction. In details, 52 was stabilized by the interaction between the 

Trp59 and B-ring, while the π-π interaction between Hip305 and D-ring stabilized 

53. All synthesized dimers also seemed to be stabilized by a hydrophobic portion 

near the allylic chain of the aromatic ring (52: Tyr151 and A-ring; 53: Tyr62, 

Leu162, Trp28, Trp59, and C-ring; 54: Tyr151, Leu237, Ile235, Val234 with B 

and C-ring). The 2D interaction diagrams of acarbose, magnolol (1), and the 

promising magnolol dimer 53 are reported in Figures 36 and 37. 
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Table 19. Binding Energies (Gbind) and list of molecular interaction and interacting residues of 

magnolol (1), honokiol (2), and derivatives 52 – 54 with the α-Glu catalytic site. 

Ligands a Glide calcd ΔGbind 
Interacting 

residues  
Interaction 

Binding Glide 

distance (Å)) 

1 

OH (A-ring) -5.02 Glu304 H - bond - 

A-ring  Arg312 π - cation - 

B-ring  Phe300 π - π stacking - 

B-ring  Phe157 π - π stacking - 

2 

OH (A-ring) -5.48 Asp349 H - bond - 

A-ring  Phe157 π - π stacking - 

A-ring  Phe300 π - π stacking - 

OH (B-ring)  Asp408 H - bond - 

B-ring  312 π - cation - 

52 

A-ring -6.79 Phe157 π - π stacking - 

OH (B-ring)  Pro309 H - bond - 

OH (C-ring)  Glu304 H - bond - 

C-ring  Hip279 π - cation  - 

C-ring  Hie239 π - π stacking - 

OH (D-ring)  Pro309 H - bond - 

D-ring  Phe231 π - π stacking - 

53 

OH (A-ring) -6.03 Asp349 H - bond - 

A-ring  Phe300 π - π stacking - 

B-ring  Arg312 π - cation - 

OH (C-ring)  Arg312 H - bond - 

OH (D-ring)  Thr307 H - bond - 

54 

OH (A-ring) -6.33 Asp408 H - bond - 

A-ring  Arg312 π - cation - 

B-ring  Hie239 π - π stacking - 

OH (C-ring)  Thr307 H - bond - 

OH (D-ring)  Ser239 H - bond - 

acarbose 

 

-7.09 Glu304 

 Thr307 

 Ser308 

 Arg312 

 Phe157 

 Asp408 

 Asp349 

 - 

a The ΔGbind values were calculated with Glide and are expressed as Kcal/mol. 
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Table 20. Binding Energies (Gbind) and list of molecular interaction and interacting residues of 

magnolol (1), honokiol (2), and derivatives 52 – 54 with the α-Amy catalytic site. 

Ligands a Glide calcd ΔGbind 
Interacting 

residues 
Interaction 

Binding Glide 

distance (Å) 

1     

OH (A-ring) -5.46 Trp59 H - bond  

B-ring  Trp59 π - π stacking  

2     

OH (ring A) -5.44 Asp300 H - bond  

A-ring  Trp59 π - π stacking  

OH (B-ring)  Glu233 H - bond  

B-ring  Tyr62 π - π stacking  

52 

OH (A ring) -5.43 Thr163 H - bond  

B ring   Trp59 π - π stacking - 

OH (C ring)  Gln63 H - bond  

OH (D ring)  Asp300 H - bond  

53 

OH (A ring) -6.10 Thr163 H - bond  

D ring  Hip305 π - π stacking - 

54 

OH (B ring) -5.19 Glu233 H - bond  

OH (D ring)  Tyr62 H - bond - 

acarbose     

 

-8.33 Glu240 

Glu233 

Trp59 

Gln63 

His201 

Lys200 

  

a The ΔGbind values were calculated with Glide and are expressed as Kcal/mol. 
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Figure 35. 2D interaction diagrams of orlistat, 1, and 53 with PL. 
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Figure 36. 2D interaction diagrams of acarbose, 1, and 53 with α-Glu. 
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Figure 37. 2D interaction diagrams of acarbose, 1, and 53 with α-Amy. 
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Kinetic of inhibition  

The mode of inhibition of the magnolol dimer 53, the most promising 

oligomer targeting pancreatic lipase, α-glucosidase, and α-amylase was explored 

using UV spectroscopy, and the kinetic data were elaborated as described before. 

The kinetic results are reported in Tables 21. The mode of α-Glu inhibition of 

magnolol has already been reported in the literature, exhibiting a mixed-type 

inhibition [185]. On the other hand, the mode of α-Amy inhibition of 1 is not 

reported and thus, it was also investigated. In contrast, the PL of inhibition 

mechanisms of 1 has already been investigated in Paragraph 3.5 (mixed-type 

inhibition). 

In detail, 1 exhibited a competitive mode of inhibition toward α-Amy with 

the Ki values of 11.6 µM (Table 21). The L-B plot of α-Amy inhibition in the 

presence of 1 is reported in Figure 38, while dimer 53 acted as a non-competitive 

α-amylase inhibitor (Figure 39) with Ki values of 21.6 µM (Table 21). The 

secondary plots of the L-B plot are reported in Supplementary materials (Figure 

S209) at the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

 

 

Figure 38. Lineweaver-Burk plots of 1 with α-Amy 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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Unlike magnolol, 53 acted as PL uncompetitive inhibitor, binding not the 

free enzyme but the enzyme-substrate complex. The inhibitor does not compete 

with the substrate for the same binding site, and the value of both Km and Vmax 

result altered, but a distinctive kinetic pattern emerges under steady-state 

conditions. The L-B plot for an uncompetitive inhibitor produces a line parallel to 

the original enzymes-substrate plot but with a higher y-intercept rather than 

intersecting lines.  

Conversely, 53 exhibited a competitive α-glucosidase inhibition mode with 

Ki values of 17.0 µM. The L-B plots of the three enzymes in the presence of 53 

are reported in Figure 39, while the secondary plots of the L-B plot are reported 

in Supplementary materials (Figure S210) at the following link: 

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/vie

w?usp=sharing 

Figure 39. Lineweaver-Burk plots of A) 53 with α-Glu, B) with PL, and C) with α-Amy. 

  

https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
https://drive.google.com/file/d/1OxXuw5qQ0mIGLRJQivSZsiDnba253SV7/view?usp=sharing
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Table 21. Kinetic parameters for lipase, α-glucosidase and α-amylase inhibition with 1 and 53.a 

ID 

PL α-Glu α-Amy 

Type of 

inhibition 

Ki ± SD 

(μM) 

Ki
’
 ±SD 

(μM) 

Type of 

inhibition 

Ki ± SD 

(μM) 

Type of 

inhibition 

Ki  ± SD 

(μM) 

1 mixed-type 614.3 ± 19.1 140.9 ± 8.6   competitive 11.6 ± 0.35 

53 
uncompetit

ive 
10.9 ± 1.1  competitive 17.0 ± 0.9 

non-

competitive 
21.6 ± 2.0 

aKi refers to the constants for the formation EI complex; Kʹi refers to the constants for the formation 

ESI complex.  
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3.8  Additional screening 

This Ph.D. project evaluated the inhibition of metabolic enzymes of new 

synthesized compounds. However, as highlighted in the Introduction, natural 

compounds and their analogues, could potentially exhibit many biological effects. 

For this reason, these compounds are under evaluation for other possible biological 

activities through ongoing collaboration.  

The synthesized compounds are under evaluation in the frame of an 

agreement with EU-OPENSCREEN ERIC, a globally operating non-profit 

research infrastructure based in Berlin (Germany). The compounds will be 

profiled in a panel of about twenty assays, delivering extensive information on 

physical-chemical, cellular toxicity, and antimicrobial properties.  

In addition, they will be studied as potential herbicides, fungicides, and 

insecticides in the frame of an agreement with the Open Innovation Platform Agro 

by BASF-SE (Ludwigshafen, Germany).  

Moreover, the three libraries of new compounds will be evaluated in the 

frame of the COST Action CA21145, the European network for diagnosis and 

treatment of antibiotic-resistant bacterial infections (EURESTOP), a funding 

agency for research and innovation networks, for antibiotic-resistant bacterial 

infections. 
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Conclusion and perspective 

Natural products have long been considered a source of inspiration for 

developing new drugs thanks to their biological and therapeutical properties. In 

recent years, there has been renewed attention towards natural compounds, leading 

to the discovery of new lead compounds and related bioinspired molecules 

obtained through chemical modification or a total chemical synthesis.  

My research project was developed within this scenario to discover new 

bioinspired enzymatic inhibitors of pancreatic lipase and α-glucosidase and α-

amylase as potential anti-obesity or hypoglycaemic scaffolds starting from natural 

polyphenols. During my Ph.D. research project, I focused my activity on a specific 

class of polyphenolic compounds, namely neolignan. Mainly, my attention was 

dedicated to three natural compounds, magnolol (1), honokiol (2), and obovatol 

(3) (Figure 7, Chapter 1). Magnolol and honokiol are two bisphenolic neolignans 

extensively investigated for their wide range of biological effects, while obovatol, 

which features a biphenyl ether linkage, has received much less attention.  

 

4.1 Nitrogenated analogues inspired by magnolol and honokiol as 

pancreatic lipase inhibitors 

The first group of polyphenols included in these studies was related to the 

neolignans magnolol (1) and honokiol (2), naturally occurred from Magnolia 

species and cited mainly in the literature for a wide range of biological activities 

as well as antitumoral, antioxidant, anti-obesity and antidiabetic properties. 

Numerous works have demonstrated how the chemical modification of 1 and 2 

can lead to synthesizing new molecules with biological activity higher than the 

natural leads. The above-cited biological features prompted us to synthesize new 
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honokiol and magnolol analogues, particularly nitrogenated analogues as potential 

pancreatic lipase inhibitors.  

The project’s initial phase was dedicated to the chemical synthesis of 

twenty-one nitrogenated analogues following an efficient synthetic strategy based 

on four steps. Specifically, the first step involved the borylation of phenol to 

synthesize arylboronate, giving two pinacol boronic esters (4a and 4b) with 98% 

yield. The second step was dedicated to optimizing Suzuki-Miyaura reaction 

conditions varying catalyst, ligand, solvent, and reaction temperature (see 

Chapter 3, Paragraph 3.1). SM cross-coupling reaction was employed between 

pinacol boronic ester and aryl bromide containing amine or nitro group (5a – 5c) 

to afford new diphenyl compounds (6 – 9) and 10 with a yield between 70 – 97%. 

The subsequent two steps were an allylation reaction to insert the allyl chain onto 

the biphenyl core, obtaining O and/or N-allyl derivatives (11a – 15) with 9.2 – 

82.6%yield, followed by a Claisen rearrangement to give the ortho-allyl 

derivatives (16a – 18c) with 25 – 72%yield.   

According to the inhibition results on other nitrogenated compounds 

reported in the literature, the synthesized nitrogenated analogues (6 – 18c) inspired 

by magnolol and honokiol have been evaluated for their inhibitory activity towards 

PL. This research describes a detailed investigation of the PL inhibitory activity 

of honokiol considered a suitable candidate for the treatment of obesity but lacking 

a deep in vitro analysis of the inhibition mechanism. The study was consequently 

extended to magnolol in light of their structural similarity.  

The studies on the natural compounds and their analogues were conducted 

through in vitro assays, kinetic, and molecular docking analyses. Due to the 

peculiar structure of the biphenyls structure, fluorescence quenching 

measurements were not obtained. 

According to the inhibition results, it is interesting to underline how the 

structure modification might affect the inhibitory activity. All synthesized 

biphenyls (6 – 10) were inactive or weak pancreatic lipase inhibitors. In contrast, 
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adding allyl chains increased the PL inhibitory activity from biphenyl to the 

corresponding O-allyl derivative with free NH2 and the C-allyl derivative with free 

OH and NH2. Neolignans 16b, 17, and 18b were the most promising PL inhibitors 

with IC50 value <45 µM. These compounds possess free OH groups and the allyl 

chain in the ortho position to a phenolic group, a typical structural feature of 

honokiol (2).  

Thanks to a collaboration, molecular docking analyses were also carried 

out to define the affinity for the PL catalytic site of 1, 2, and the new nitrogenated 

analogues. The docking results showed that all ligands are well located in the 

binding pocket, occupying almost the same spatial portion. The analysis of docked 

poses highlighted the main interacting residues that can stabilize the complex 

between each compound and the enzyme. Moreover, the allyl chain in ortho to the 

OH seemed necessary. Thus, this study suggested that biphenyl 16b, 17, and 18b 

were among the most active ligands for PL. These biphenyls were selected for a 

deeper investigation of their PL inhibitors activity together with 1 and 2.  

As reported in Lineweaver-Burk plots, the neolignans showed different 

modes of PL inhibition despite their similar structure: 1, 16b, and 17 were mixed-

type inhibitors, while 2 and 18b were competitive inhibitors. The kinetic results 

were also in agreement with the inhibition data. 

The above results highlighted how the proposed structures share promising 

structural features for developing new pancreatic lipase inhibitors.  

The importance of this work lies in the high-yield synthetic strategy 

employed to achieve new biphenyls. Optimizing SM cross-coupling conditions to 

find high-yielding biphenyl structures inspired by natural products is one of the 

key topics for organic synthetic chemistry. For this reason, this approach can be 

of reference value for addressing this challenge. Moreover, up to date, few 

structures containing nitrogen atoms have been reported with a biphenyl core 

despite their biological properties. 
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4.2 Obovatol and its analogues as α-glucosidase and α-amylase 

inhibitors 

The second group of neolignans included in these studies was related to the 

obovatol (3), a biaryl ether compound extracted from the Magnolia obovata trees. 

Previous studies have shown different biological properties of obovatol, including 

antioxidant, neuroprotective, antibacterial, and anti-inflammatory activities. This 

part of my Ph.D. project aimed to establish an efficient synthetic approach to 

synthesize obovatol and a small library of its analogues as new potential α-

glucosidase and α-amylase inhibitors.  

Several attempts to obtain 3 were carried out. The synthetic strategy 

employed to achieve the desired product was based on five steps starting from the 

commercially available phenol (25): i) allylation reaction to insert the allyl chain, 

ii) Claisen-Cope rearrangement to give the para-allyl derivative; iii) methylation 

reaction to protect both hydroxyl group; iv) Ullmann coupling and v) subsequent 

demethylation. Thanks to this strategy, it was possible to synthesize the natural 

product 3 with an overall of 15%. Other synthetic attempts have been employed 

to increase the reaction yield and decrease the number of steps and the waste 

amount. Unfortunately, a more sustainable and cost-effective synthetic route has 

been studied to achieve the synthesis of obovatol in one-pot strategy without any 

results (see Chapter 3, Paragraph 3.2). However, one-pot synthesis was 

exploited to synthesize two new thioether obovatol analogues (47 – 48) with 35 – 

45% yield. Two new analogues (34 and 35) were obtained, modifying the reaction 

condition of the demethylation reaction, respectively with 18% and 10% yield 

overall. The synthetic strategy used for obtaining 3 also contributed to 

synthesizing a variety of obovatol analogues. Significantly, five new compounds 

(36, 37, 39, 41, 44) have been achieved by modifying the starting reagents of 

Ullmann condensation with a reaction yield between 20 – 94%.  
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A total of ten analogues (30, 34 – 37, 39, 41, 44, 47, 48) have been 

synthesized, exhibiting a wide range of functional groups (methoxy, bromine, 

carboxyl and formyl group) and moiety (thioether derivatives). In light of the 

previous finding reported in the literature, obovatol and its analogues have been 

evaluated as α-glucosidase and α-amylase inhibitors. The studies were conducted 

through in vitro assays, kinetic and molecular docking analyses, fluorescence 

quenching measurements, and circular dichroism studies. For the first time, a 

detailed evaluation of α-Glu and α-Amy activity was reported for the obovatol, 

and according to the inhibition data, it was twice active as an α-Glu inhibitor 

(124.6 µM) and a slightly better α-Amy inhibitor (24.6 µM) than acarbose (248.3 

µM and 34.6 µM, respectively). Moreover, an investigation on the obovatol 

analogues showed that most of the new neolignans were more active toward the 

inhibition of α-Glu (39.6 – 97.7 µM) and of α-Amy (6.2 – 17.6 µM) than 1 and far 

more potent than acarbose. Among these, 35, 44, 47, and 48 were more effective 

inhibitors of α-Glu, while 35 and 48 were potential inhibitors of α-Amy.  

To rationalize the results of the enzymatic inhibition, 3 and the newly 

synthesized analogues were in silico evaluated for their affinity for the α-Glu or 

α-Amy catalytic sites through a molecular docking analysis. The in silico data for 

the α-Glu or α-Amy suggested a good interaction of obovatol and its analogues 

with both biological counterparts, and the results agreed with the in vitro inhibition 

results. Significantly, the most active compounds toward the inhibition of α-Glu 

were 35, 47, and 28. In contrast, the most effective compounds toward the 

inhibition of α-Amy were 35 and 28, according to the in vitro assay results. These 

biaryl ether compounds were selected for a deeper investigation of their α-Glu and 

α-Amy inhibitors activity together with 3.  

As reported in Lineweaver-Burk plots (Chapter 3, Paragraph 3.6), the 

neolignans showed different modes of α-Glu inhibition despite having very similar 

scaffolds: 3, 35, and 47 were non-competitive inhibitors, while 44 and 48 were 

mixed-type inhibitors. The kinetic results were also in agreement with the 
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inhibition data. The α-amylase inhibition occurred with a competitive inhibition 

mode for each compound.  

Fluorescence experiments also investigated the interaction between the 

selected compound and α-Glu or α-Amy. The obovatol and the promising 

molecules did not exhibit fluorescence when irradiated at 295 nm. As reported in 

the fluorescence spectra (Chapter 3, Paragraph 3.6), the fluorescence intensity 

decreased as the inhibitor concentration increased, confirming the interaction. The 

fluorescence quenching occurred through a dynamic mechanism, and the number 

of the binding sites was near one concerning the two enzymes. The fluorescence 

results were also in good agreement with the inhibition data. 

Finally, circular dichroism spectroscopy was carried out to confirm further 

the interaction of 3 and the most promising analogues 35, 44, 47, and 48 towards 

α-glucosidase. The ECD spectra of the α-Glu solution with increasing amounts of 

neolignans suggested the conformational changes (α-helix, β- turns, and random 

coil content) of α-Glu induced by the interaction with neolignans. 

The above results highlighted how the proposed structures could be considered 

interesting candidates for future studies to develop more effective α-glucosidase 

and α-amylase inhibitors.  

This thesis reports an efficient synthetic strategy based on the Ullman 

coupling reaction to obtain obovatol and a small library of novel neolignans. For 

the first time, a detailed evaluation of α-glucosidase and α-amylase activity was 

reported here for the obovatol. These studies showed that the obovatol and the new 

analogues synthesized 35, 44, 47, and 48 have promising structural features as 

acarbose-like potential drugs for developing hypoglycaemic agents. In silico 

studies highlighted how the free hydroxyl groups’ combined effect and bromine’s 

presence contribute to enhancing the ether neolignan’s inhibitory activity and the 

thioether derivative. Conversely, the presence of allyl chains on biphenyl structure 

seems not relevant for inhibitory activity.  
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The value of this work lies in the efficient synthesis of obovatol involving 

the construction of the basic skeleton of the target molecule by a coupling reaction. 

Moreover, evaluating new structures inspired by natural products is one of the 

main subjects for synthetic organic chemistry in light of developing new scaffolds 

for managing type-2 diabetes. 

 

4.3 Dimeric compounds as metabolic enzyme inhibitors 

The phytochemical studies of the Magnolia content also provided different 

oligomeric compounds linked through aromatic rings. These compounds were 

isolated from various Magnolia trees (roots, bark, and leaves), though their 

extraction yields are pretty low (< 0.1%) and require several purification steps. As 

a result, a limited number of studies have been focused on their biological studies, 

with a few showing their anti-inflammatory, antioxidant, and antitumor activity. 

Consequently, the last part of my Ph.D. research project was devoted to the 

synthesis of honokiol dimer known as houpulin B and its evaluation of the 

inhibition towards metabolic enzymes. In addition, two new oligomers not 

naturally occurring, a magnolol dimer and a mixture of a honokiol-magnolol 

dimer, were also synthesized and evaluated. 

Several attempts were conducted to synthesize the desired product. At first, 

the synthesis was carried out using a chemical catalyst and non-green reaction 

conditions. The Ag2O-mediated reaction gave the desired product 52 with 32% 

yield. Additional synthetic attempts have increased the reaction yield and 

minimized waste. Significantly, the new reactions were performed by modifying 

the reaction condition by using an enzyme as a catalyst, solvent (organic solvent, 

or in biphasic solvent reactions, or aqueous solvents), and chemical mediator (see 

Chapter 3, Paragraph 3.3). The desired product was obtained using only an 

aqueous solvent without the employment of any mediator and organic solvent, 

however, resulting in a lower reaction yield (13.4 %). The optimized reaction 
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conditions were also employed to synthesize two oligomers that do not naturally 

occur: magnolol dimer 53 and a mixture of honokiol-magnolol dimer 54. The new 

oligomers 53 and 54 have been achieved, respectively, with 33% and 30% reaction 

yield using the Ag2O-mediated reaction with 13% and 10% yield using the 

enzymatic reaction. The two biomimetic reactions gave the natural product 52 and 

two new dimeric compounds 53 and 54. 

An investigation on the inhibitory activity of the oligomeric product (52 – 

54) showed that each compound exhibited higher inhibitory activity (IC50 values 

of 33.4 – 83.4 µM for α-Glu; 8.0 – 10.3 µM for α-Amy) than the related natural 

lead 1 and 2 and far more potent than the hypoglycemic acarbose (248.3 µM for 

α-Glu and 34.6 µM for α-Amy). The dimer 52 and 53 were also twice active lipase 

inhibitors (respectively 52.9 µM and 65.0 µM) than the magnolol (158.7 µM) and 

honokiol (115.5 µM), while 54 exhibited a moderate PL activity (85.8 µM).  

A collaboration for molecular docking analysis was also carried out to 

define the affinity for the PL, α- Glu, and α-Amy catalytic sites of 1, 2, and the 

oligomers 52 – 54. The docking analysis of neolignans also showed a stabilization 

into the binding pocket of PL, α- Glu, and α-Amy, originating from the formation 

of a hydrogen bond, π-π interaction, and π-cation interaction. All synthesized 

dimers also seemed to stabilize by a hydrophobic portion near the allylic chain of 

the aromatic ring. The docking results agreed with the inhibition data, so 53 was 

selected for additional investigation of its inhibitory activity effects kinetic 

analysis.  

The mode of enzymatic inhibition of 53 occurred with different 

mechanisms: uncompetitive for PL inhibition, competitive for α- Glu, and non-

competitive for α-Amy inhibition. The kinetic data also confirmed the previous 

data and showed how these oligomeric compounds could enhance the natural 

lead’s inhibition properties.  

This work has enabled the synthesis of the natural compound houpulin B 

with improved yields, and the biological studies related to it. Notably, the 
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inhibitory activity of this natural product towards pancreatic lipase, α-glucosidase 

and α-amylase was assessed for the first time. Through the optimized biomimetic 

reactions, two novel non-natural dimers, magnolol-magnolol (53) and magnolol-

honokiol (54), were obtained and evaluated as potential metabolic enzyme 

inhibitors. The synthesis of magnolol-magnolol dimer (53), exhibiting a promising 

inhibitory activity against the three enzymes, could be of interest in controlling 

post-prandial hyperglycemia and hyperlipidemia, thus managing type 2 diabetes 

and obesity. This research contributes to the development of new metabolic 

enzyme inhibitors, considering these compounds as interesting scaffolds for future 

studies. 
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Final comments 

In conclusion, this thesis reports on the biological evaluation of pancreatic 

lipase, α-glucosidase and α-amylase inhibition of the three natural products, 

magnolol, honokiol, and obovatol, (1 – 3) and their bioinspired compounds 

(nitrogenated analogues, biaryl or thiol ether compounds, and oligomeric 

products).  

The results highlighted the natural products as potential "natural leads", 

and their structural optimization might enhance their biological effects towards the 

selected enzymes. Based on the data, the proposed scaffolds could be considered 

interesting candidates for future studies to afford new potential structures for 

inhibiting the enzymes targeted for type 2 diabetes and obesity management.  

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Chapter 5
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Experimental section  

5.1  Materials and methods 

All reactions were carried out under nitrogen or argon atmosphere using 

dry solvents under anhydrous conditions unless otherwise noted. Solvents for 

chromatographic purification (ethyl acetate, cyclohexane, n-hexane, acetone, 

dichloromethane, methanol) were purchases at the highest commercial quality. 

Reagents were purchased at the highest commercial quality and used without 

further purification, unless otherwise noted. Evaporations were conducted under 

reduced pressure at 35°C unless otherwise noted. Yields refer to 

chromatographically and spectroscopically (1H NMR) homogeneous materials 

unless otherwise noted. Reactions were monitored by thin-layer chromatography 

(TLC) carried out using pre-coated Merck silica gel plates (60F-254). Merck silica 

gel (60, particle size 40-63 µm) was used for column chromatography. The 

visualization of the reaction components was obtained under UV light at 

wavelengths of 254 nm.  

NMR spectra were recorded using a Varian Unity Inova spectrometer 

operating at 300 or 500 MHz (1H) and 75 or 125 MHz (13C) or Bruker Avance 300 

MHz and were calibrated using residual undeuterated solvent as an internal 

reference [CDCl3 (
1H): δ = 7.26 ppm; CDCl3 (

13C): δ = 77.0 ppm; CD3OD (1H): δ 

= 3.31 ppm; CD3OD (13C): δ = 49.0 ppm; (CD3)2CO (1H): δ = 2.05 ppm; (CD3)2CO 

(13C): δ = 29.84 ppm]. All NMR experiments, including two-dimensional spectra, 

i.e., g-COSY, g-HSQCAD, and g-HMBCAD, were performed using software 

supplied by the manufacturer, and acquired at constant temperature (300 K). g-

HMBCAD experiments were optimized for a long-range 13C1H coupling constant 

of 8.0 Hz. The following abbreviations were used to describe the multiplicities: s 

for singlet, d for doublet, t for triplet, q for quartet, dd for double doublet, ddd for 
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double double doublet, ddt for double double triplet, dq for double quartet, dddt 

for double double double triplet, bs for broad singlet, m for multiplet.  

High-performance liquid chromatography (HPLC) was carried out using 

an Agilent 1100 Series with auto-sampler and pump and an Agilent UV detector. 

Preparative liquid chromatography (LC) was performed on silica gel (63-200 µm, 

Merck, Darmstadt, Germany), or Sephadex-LH20 (Sigma-Aldrich, Milan, Italy), 

or RP-18 (Merck, Darmstadt, Germany) using different mixtures of solvents, as 

reported for each compound. Thin layer Chromatography (TLC) was carried out 

using pre-coated silica gel F254 plates (Macherey-Nagel).  

High-resolution mass spectra were acquired with a Q Exactive Orbitrap 

mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with 

an ESI ion source operating in positive or negative mode and with a Q Exactive-

Thermo mass spectrometer (Centre d’Etude Structurale et d’Analyse des 

Molécules Organiques (CESAMO) at the Institut des Sciences Moléculaires (ISM, 

CNR-UMR 5255, Talence), France). Samples were dissolved at 1E-5M 

concentration in 50:50 (MeOH/H2O+1%). IR spectra were recorded between 4000 

and 450 cm-1 on a Bruker IFS55 (OPUS/IR 3.0.2) FT-IR spectrometer. 

The lipase (LIP), α-glucosidase (α-Glu) and α-amylase (α-Amy) inhibition 

assays were performed on a 96-well microplate, Intrinsic fluorescence 

experiments were performed on an Agilent Cary Eclipse spectrometer. The 

fluorescence spectrum was acquired after 1 min from each addition setting the 

instrument (Varian Cary Eclipse Spectrophotometer) with the following 

parameters: λEXC at 280 nm and excitation and emission slits of 5 nm, acquisition 

from 300 to 500 nm for pancreatic lipase; λEXC = 295 nm; slit 10 nm; acquisition 

from 310 to 500 nm for α-glucosidase and α-amylase. Experiments were carried 

out at 300.15, 305.15, and 310.15 K for pancreatic lipase 298.15, 303.15, and 

310.15 K for α-glucosidase and α-amylase.  

Natural products 1 and 2 and selected nitrogenated neolignans 16b, 17 and 

18b were analyzed by HPLC-UV using Chiralcel OD column (4.6 mm x 250 mm, 
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5 µm, Daicel, Japan), eluted in isocratic mode (n- hexane: propan – 2- ol 80:20) at 

0.7 mL/min at two different temperatures 283.15 K and 300.15 K. The 

chromatograms were acquired at 254 nm and reported in Figures S133 – 134 in 

Supplementary materials. 

5.2  General procedure for the synthesis of nitrogenated analogues 

Synthesis of boronic acid pinacol ester.  

Aminophenol (3.66 mmol) was weighed and moved to an amber vessel, and then 

it was solubilized with methanol (7.2 ml). Cool the reaction mixture at 0 °C and 

stir vigorously. Then, HCl 3M (3.6 ml) and H2O (3.6 ml) were added to the 

reaction mixture and stirred for two minutes. Lastly, a solution of NaNO2 and H2O 

(1 eq in 1.8 ml) was added, and the reaction mixture was stirred for 40 min. In the 

next step, the reaction mixture was placed at room temperature, and a solution of 

bis(pinacolato)diboron (pin2B2) and H2O (1.5 eq in 3.6 ml) was added, and the 

reaction mixture was stirred for 1 h and 15 min. The crude of reaction was diluted 

with H2O and partitioned with CH2Cl2. The combined organic layer was washed 

dried over anhydrous Na2SO4, filtered, and taken to dryness.  

Synthesis of 4 -(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) phenol (4a). 

According to the general procedure, the reaction of 4- Aminophenol (400 mg, 3.66 

mmol) with bis(pinacolate) diboron (1.37 g, 5.4 mmol) afforded compound 4a 

with 100%yield, after silica gel column chromatography (cyclohexane: acetone 

93:7). Compound 4a is known in literature and HRESIMS (-) and 1H NMR 

spectrum is only reported. HRESIMS m/z 219.1221 [M−H] − calcd for C12H17BO3 

m/z 219.127. 

Synthesis of 2 -(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) phenol (4b). 

According to the general procedure, the reaction of 2- Aminophenol (400 mg, 3.66 

mmol) with bis(pinacolate) diboron (1.37 g, 5.4 mmol) afforded compound 4b 

with 80%yield, after silica gel column chromatography (petroleum ether→ 
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petroleum ether: ethyl acetate 98:2). Compound 4b is known in literature and 

HRESIMS (-) and 1H NMR spectrum is only reported. HRESIMS m/z 219.1218 

[M−H] − calcd for C12H17BO3 m/z 219.1271. 

Preliminary reaction for the synthesis of 4-amino-3-methyl- [1,1′-biphenyl]-4′-

ol (6). 

Preliminary experiments for SM reaction were performed employing 4-bromo-2-

methylaniline 5a (10.0 mg; 54 µmol) and 4a (11.2 mg, 81 µmol) as starting 

reagents. The catalyst-ligand system, solvent, and temperature were varied as 

reported in Table 22 and the reaction yield was determined after quantification 

with HPLC-UV using a reversed-phase column (RP-18) and the following 

gradient of of CH3CN/H+ (99:1 v/v; B) in H2O/H+ (99:1 v/v; A) at 1 mL/min: t0 

min B = 10%, t20 min B = 100%. The diode array detector was set at 254, 280, and 

305 nm. The quantification occurred at 280 nm. 
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Table 22. Preliminary experiments of SM cross-coupling reaction of 4a with 5a. 

entry Catalyst 
mg, 

%mol 
Ligand 

mg, 

%mol 

Solvent 

(µL) 

Base 

(mmol) 

T 

(°C) 

Time 

(h) 

1 Pd(PPh3)4 (4.6, 8%) -  THF (800) NaOH 

(0.11) 

67 24 

2 Pd(OAc)2 (0.6, 5%) dppf (4.5, 

15%) 

THF:H2O 

(800:80) 

K2CO3 

(0.27) 

67 24 

3 Pd(OAc)2 (1.2, 

10%) 

dppf (9.0, 

30%) 

THF:H2O 

(800:80) 

K2CO3 

(0.27) 

67 24 

4 Pd(OAc)2 (0.12, 

1%) 

SPhos (0.5, 

2%) 

dry 

toluene 

(100) 

K2CO3 

(0.11) 

80 22 

5 Pd(OAc)2 (0.12, 

1%) 

SPhos (0.5, 

2%) 

THF (100) K2CO3 

(0.11) 

67 22 

6 Pd(OAc)2 (1.3, 

10%) 

SPhos (4.9, 

20%) 

dry 

toluene 

(100) 

K2CO3 

(0.11) 

80 22 

7 Pd(OAc)2 (1.3, 

10%), 

SPhos (4.9, 

20%) 

THF (100) K2CO3 

(0.11) 

67 22 

8 Pd(OAc)2 (1.3, 

10%), 

SPhos (4.9, 

20%) 

THF:H2O 

(100:10) 

K2CO3 

(0.11) 

67 3 

9 Pd(OAc)2 (0.12, 

1%) 

SPhos (0.5, 

2%) 

THF:H2O 

(100:10) 

K2CO3 

(0.11) 

67 24 

10 Pd(OAc)2 (0.6, 5%) SPhos (2.3, 

10%) 

THF:H2O 

(100:10) 

K2CO3 

(0.11) 

67 5 

 

Optimized procedure for preparation of biphenyls neolignane (6 − 10).  

Aryl bromide (1.0 mmol, if solid), boronic acid pinacol ester (1.5 mmol), Pd 

(OAc)2 (1.0 mol%), SPhos (2.0 mol%), and K2CO3 (2.0 mmol) were weighted and 

moved to a flask. The reaction flask was evacuated and backfilled with Ar (this 

procedure was repeated thrice). A mixture of THF: H2O 10:1 (2 ml and 0.2 mL, 

respectively) was added with a syringe. The reaction mixture was heated at 67 °C 

and stirred vigorously for 24 h. The crude of the reaction mixture was filtered 
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through celite plug. The mixture was diluted with water (5 ml) and partitioned 

with EtOAc (3x5ml). The combined organic layer was washed, dried over 

anhydrous Na2SO4, filtered, and taken to dryness. The expected compound was 

recovered after column chromatography. When the aryl bromide was a liquid (1.0 

mmol) it was added together with the solvents with a syringe. 

Synthesis of 4-Amino-3-methyl-(1,1'-biphenyl)-4'-ol (6). 

According to the general procedure, the reaction of 5a (100.0 mg; 0.54 mmol) with 

4a; (178.2 mg; 0.81 mmol), afforded compound 6 (85.0 mg, 79%yield), after 

purification on silica gel column chromatography (dichloromethane → 

dichloromethane: methanol 98:2). White amorphous solid. 1H NMR (500 MHz, 

CD3OD- CDCl3): δ 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'/H5'), 6.75 (d, J = 8.1 Hz, 1H, 

H-5), 2.23 (s, 3H, CH3-3). 13C NMR (125 MHz, CD3OD- CDCl3): δ 155.6 (C, C-

4'), 143.1 (C, C-4), 133.1 (C, C-1'), 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 (CH3-3). HRESIMS m/z 200.1091 [M + H]+, calcd for C13H14NO m/z 

200.0997. 

Synthesis of 2-Amino-5-methyl-(1,1′-biphenyl)-4′-ol (7). 

The reaction of 2- bromo-4-methylaniline 5b (75.0 mg; 0.40 mmol) with 4a (82.7 

mg; 0.60 mmol), afforded compound 7 (60.0 mg, 76 % yield), after purification 

on silica gel column chromatography (n-hexane: acetone 90:10 → 87:13). White 

amorphous solid. 1 H NMR. (500 MHz, CDCl3): δ 7.27 (d, J = 8.0 Hz, 2H, H-2' / 

H-6'), 6.96 (d, J = 8.1 Hz, 1H, H-4), 6.93 (s, 1H, H6), 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, CH3). 13C NMR (125 MHz, 

CDCl3): δ 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'), 20.4 (CH3). HRESIMS m/z 200.1088 [M + H]+, calcd 

for C13H14NO m/z 200.1075. 
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Synthesis of 5-Nitro-(1,1′-biphenyl)-2,4′-diol (8). 

According to the general procedure, the reaction of 2-bromo-4-nitrophenol 5c 

(186.0 mg; 0.85 mmol) with 4a (263.8 mg; 1.30 mmol), afforded compound 8 

(138.6 mg, 70 % yield), after purification on a silica gel column chromatography 

(n-hexane: acetone 90:10 → 88:12). Yellow amorphous solid. 1 H NMR (500 

MHz, CD3OD-CDCl3): δ 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′). 13C NMR (125 MHz, CD3OD-CDCl3): δ 

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 C12H8NO4 m/z 

230.0453.  

Synthesis of 4′-Amino-3′-methyl-(1,1′-biphenyl)-2-ol (9).  

According to the general procedure, the reaction of 5a (150.0 mg; 0.80 mmol) with 

4b (263.8 mg; 1.20 mmol) afforded compound 9 (160.0 mg, 97 % yield), after 

purification on a silica gel column chromatography (dichloromethane → 

dichloromethane: methanol 90:10). White amorphous solid. 1 H NMR (500 MHz, 

CDCl3): δ 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). 
13C NMR (125 

MHz, CDCl3): δ 154.9 (C, C2), 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 (CH3). HRESIMS m/z 

200.1089 [M + H]+, calcd for C13H14NO m/z 200.1075.  

Synthesis of 2′-Amino-5′-methyl-(1,1′-biphenyl)-2-ol (10). 

According to the general procedure, the reaction of 5b (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-
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hexane:acetone 80:20). White amorphous solid. Spectroscopic data agreed with 

those previously reported. [29] HRESIMS m/z 200.1075 [M + H]+, calcd for 

C13H14NO m/z 200.1075. 

Synthesis of O-allyl and N-allyl derivatives 

Synthesis of N-Allyl-4′-(allyloxy)-3-methyl-(1,1′-biphenyl)-4-amine (11a).  

A solution of compound 6 (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 11a (17.0 mg, 50 % yield) was recovered after 

purification on silica gel column chromatography (cyclohexane → cyclohexane: 

acetone 99:1). Yellow oil. 1 H NMR (500 MHz, CDCl3): δ 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, Ha-9'), 5.34 (dd, J = 14.8, 1.4 Hz, 1H, Ha-9), 5.32 (dd, 

J = 8.4, 1.5 Hz, 1H, Hb-9'), 5.20 (dd, J = 10.4,1.4 Hz, 1H, Hb-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, CH3). 
13C NMR (125 

MHz, CDCl3): δ 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 (CH2, C9'), 116.3 (CH2, C-9), 114.9 (CH, C-

3'/C-5'), 110.3 (CH, C-5), 68.9 (CH2, C-7'), 46.6 (CH2,C-7), 17.6 (CH3). 

HRESIMS m/z 280.1732 [M + H]+, calcd for C19H22NO m/z 280.1703.  

Synthesis of 4′-(allyloxy)-3-methyl-(1,1′-biphenyl)-4-amine (11b).  

A solution of compound 6 (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 11b (13.0 mg, 45 % yield) was recovered after 

purification on silica gel column chromatography (cyclohexane → cyclohexane: 

acetone 99:1), further purified on Sephadex LH-20 (eluted in chloroform). 
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Colourless oil. 1 H NMR (500 MHz, CDCl3): δ 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, Ha-9'), 5.31 (dd, J = 10.5, 1.2 Hz, 1H, Hb-9'), 4.58 (d, J = 5.3 Hz, 2H, H-8'), 

2.24 (s, 3H, CH3). 
13C NMR (125 MHz, CDCl3): δ 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 (CH2, C-9'), 115.4 (C-5), 115.1 

(CH, C-3'/C-5'), 69.0 (CH2, C-7′ ), 17.7 (CH3). HRESIMS m/z 240.1412 [M + H]+, 

calcd for C16H18NO m/z 240.1388. 

Synthesis of 4-(Allylamino)-3-methyl-(1,1′-biphenyl)-4′-ol (11c).  

A solution of compound 6 (25.0 mg; 0.12 mmol) in dry acetone (2 mL) was mixed 

in K2CO3 (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 → cyclohexane: acetone 90:10). 

11c: 3.0 mg, 11% yield, colourless oil. 1 H NMR (500 MHz, CDCl3): δ 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, Ha-9), 5.20 (d, J = 10.2 Hz,1H, Hb-9), 3.87 (d, J = 4.9 Hz, 2H, H-7), 2.22 

(s, 3H, CH3). 
13C NMR (125 MHz, CDCl3): δ 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 (CH2, C-9), 115.6 (CH, C-3' /C-

5'), 110.5 (CH, C-5), 46.6 (CH2, C-7), 17.7 (CH3). HRESIMS m/z 240.1411 [M + 

H]+, calcd for C16H18NO m/z 240.1388.  

Synthesis of 4′- (diallylamino)-3-methyl-(1,1′-biphenyl)-4′-ol (11d).  

A solution of compound 6 (25.0 mg; 0.12 mmol) in dry acetone (2 mL) was mixed 

in K2CO3 (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 → cyclohexane: acetone 90:10). 
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11d: 3.3 mg, 9.2 % yield, yellowish oil. 1 H NMR (500 MHz, CDCl3): δ 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, Ha-9/Ha-12), 5.13 (d, J = 10.2, 2H, Hb-9/Hb-12), 3.62 (d, 

J = 6.0, 4H, H-7/H-10), 2.38 (s, CH3). 
13C NMR (125 MHz, CDCl3): δ 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 (CH2, C-9/ 

C-12), 115.5 (CH, C-3'/C-5'), 55.6 (CH2, C-7/C-10), 18.5 (CH3). HRESIMS m/z 

280.174 [M + H]+, calcd for C19H22NO m/z 280.1701.  

Synthesis of 4′-(Allyloxy)-5-methyl-(1,1′-biphenyl)-2-amine (12).  

A solution of compound 7 (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. 1 H NMR (500 MHz, CDCl3): δ 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, Ha-9), 5.31 (d, J = 10.3 Hz, 1H, Hb-9), 4.58 (d, J = 5.3 Hz, H-7'), 

2.27 (s, 3H, CH3). 
13C NMR (125 MHz, CDCl3): δ 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 (CH2, C-9'), 115.8 (CH, 

C-3), 115.1 (CH, C-3'/C-5'), 69.0 (CH2, C-7'), 20.6 (CH3). HRESIMS m/z 

240.1407 [M + H]+, calcd for C16H18NO m/z 240.1389. 

Synthesis of 2,4′-Bis(allyloxy)-5-nitro-1,1′-biphenyl (13).  

A solution of compound 8 (16.9 mg; 0.07 mmol) in dry acetone (1 mL) was mixed 

in K2CO3 (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, 
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and the expected compound (18.8 mg, 82.6 % yield) was recovered after 

purification on silica gel column chromatography (cyclohexane: acetone 90:10). 

Yellow solid. 1 H NMR (500 MHz, CDCl3): δ 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, Ha-9'), 5.37 (d, J = 17.4 Hz, 1H, Ha-9), 5.32 

(d, J = 10.5 Hz, 1H, Hb-9'), 5.29 (d, J = 10.5, 1H, Hb-9), 4.67 (d, J = 4.5 Hz, 2H, 

H-7), 4.59 (d, J = 5.8 Hz, 2H, H-7'). 13C NMR (125 MHz, CDCl3): δ 160.5 (C, C-

1), 158.6 (C, C-4'), 141.7 (C, C-5), 133.2 (CH, C8'), 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 

(CH2, C-9'), 117.9 (CH2, 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 C18H18NO4 m/z 

312.1236. 

Synthesis of N-Allyl-2-(allyloxy)-3′-methyl-(1,1′-biphenyl)-4′-amine (14a).  

A solution of compound 9 (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 14a (10.0 mg, 30 % yield) was recovered after 

purification on silica gel column chromatography (petroleum ether → petroleum: 

dichloromethane 35:65). Yellowish oil.1 H NMR (500 MHz, CDCl3): δ 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, Ha-9'/Ha-9), 5.22 (ddt, J = 10.3, 2.6, 1.4 Hz, Hb-9'/Hb-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). 
13C NMR (125 MHz, 

CDCl3): δ 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 (CH2, C-9), 116.3 

(CH2, C-9'), 113.0 (CH, C-3), 109.6 (C, C-5'), 69.1 (CH2, C-7), 46.6 (CH2, C-7'), 
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17.6 (CH3). HRESIMS m/z 280.1730 [M + H]+, calcd for C19H22NO m/z 

280.1701.  

Synthesis of 2-(allyloxy)-3′-methyl-(1,1′-biphenyl)-4′-amine (14b).  

A solution of compound 9 (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 silica gel column chromatography (cyclohexane → cyclohexane: acetone 

90:10). 14b: 5.7 mg, 20 % yield. Colourless oil. 1 H NMR (500 MHz, CD3OD): δ 

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, 

Ha-9), 5.20 (d, J = 16.6 Hz, 1H, Hb-9), 4.54 (d, J = 4.6 Hz, 2H, H-7), 2.12 (s, 3H, 

CH3). 
13C NMR (125 MHz, CD3OD): δ 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 (CH2, C-9), 

116.0 (CH, C5'), 114.5 (CH, C-3), 70.2 (CH2, C-7), 17.6 (CH3). HRESIMS m/z 

240.1407 [M + H]+, calcd for C16H18NO m/z 240.1388.  

Synthesis of N,N-diallyl-2-(allyloxy)-3′-methyl-(1,1′-biphenyl)-4′-amine(14c). 

A solution of compound 9 (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 silica gel column chromatography (cyclohexane → cyclohexane: acetone 

90:10). 14c: 5.5 mg, 14 % yield. Yellowish oil. 1 H NMR (500 MHz, CDCl3): δ 

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, Ha-9), 5.12 (dd, J = 9.1, 1.5 Hz, 2H, Ha-9'/Ha−12'), 5.05 (dd, 

J = 10.2, 1.3 Hz,2H, Hb-9/Hb-9'), 4.46 (d, J = 4.7 Hz, 2H, H-7), 3.55 (d, J = 6.1 
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Hz, 4H, H-7'/ H-10'), 2.28 (s,3H, CH3). 
13C NMR (125 MHz, CDCl3): δ 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-2'), 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 (CH, C-5), 116.9 (CH2, C-9'/ C-12'), 

116.6 (CH2, C-9), 113.0 (CH, C-3), 69.0 (CH2, C-7), 55.3 (CH2, C-7'/ C-10'), 18.4 

(CH3). HRESIMS m/z 320.2044 [M + H]+, calcd for C22H26NO m/z 320.2014.  

Synthesis of N,N-Diallyl-2-(allyloxy)-3′-methyl-(1,1′-biphenyl)-6′-amine (15) 

A solution of compound 11 (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.1 H NMR. (500 MHz, CDCl3): δ 7.24 (d, J = 7.5 Hz, 1H, H-6), 7.24 (t, J = 7.4 

Hz, 1H, H4), 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, Ha-

9), 5.13 (dd, J = 17.3, 1.2 Hz, 2H, Ha-9'/ Ha-12'), 5.00 (dd, J = 10.1, 1.5 Hz, 1H, 

Hb-9), 4.96 (dd, J = 10.3, 1.2 Hz, 2H, Hb-9'/ Hb-12'), 4.50 (d, J = 4.7 Hz, 2H, H-

7'), 3.39 (d, J = 6.2, 2H, H-7'/H10'), 2.29 (s, 3H, CH3). 
13C NMR (125 MHz, 

CDCl3): δ 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 

(CH2, C-9'/C-12'), 116.6 (CH2, C-9), 112.5 (CH, C-3), 68.7 (CH2, C-7), 55.4 

(CH2, C-7'/C-10'), 21.0 (CH3). HRESIMS m/z 320.2055 [M + H]+, calcd for 

C22H26NO m/z 320.2014. 

General procedure for the synthesis of Claisen products. 

A 1 M Et2AlCl solution (in n-hexane; 100 µL) was added dropwise to allyl 

derivatives 11a–15 in dry CH2Cl2 (1 mL). The mixture was stirred at room 
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temperature for 2–3 h, and then the reaction was quenched by adding 2 N HCl 

solution (2 mL) at 0 ◦C temperature. The mixture was partitioned with CH2Cl2 (2 

× 5 mL); the combined organic phases were washed with water, dried over 

anhydrous Na2SO4, filtered and taken to dryness. The expected compound was 

recovered after column chromatography, affording the pure products. 

Synthesis of 3′-Allyl-4-(allylamino)-3-methyl-(1,1′-biphenyl)-4′-ol (16a). 

According to the general procedure, compound 16a (5.0 mg, 51 % yield) was 

recovered after a Sephadex LH-20 column chromatography (dichloromethane). 

Yellowish oil. 1 H NMR (500 MHz, CDCl3): δ 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, Ha-9), 5.21 (m, 3H, Hb-

9b / Ha-9'/ Hb-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): δ 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 (CH2, C-9'), 116.7 (CH2, C-9), 116.5 (CH, C-3'), 110.8 (CH, C-5), 

47.0 (CH2, C-7), 35.8 (CH2, C-7'), 18.0 (CH3). HRESIMS m/z 280.1680 [M + H]+, 

calcd for C19H22NO m/z 280.1702.  

Synthesis of 3′-Allyl-4-amino-3-methyl-(1,1′-biphenyl)-4′-ol (16b). 

According to the general procedure, compound 16b was achieved without further 

purification (3.6 mg, 60 % yield). Colorless oil. 1 H NMR (500 MHz, CDCl3): δ 

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, H6), 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, Ha-9'), 5.17 (d, J = 10.1 Hz, 1H, Hb-

9'), 3.46 (d, J = 6.1 Hz, 2H), 2.22 (s,3H, CH3). 
13C NMR (125 MHz, CDCl3): δ 

153.0 (C, C-4'), 143.7 (C, C-4), 136.6 (CH2, C-8'), 134.5 (C, C1'), 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 (CH2, C-9'), 116.2 (CH, C-5'), 115.4 (CH, C-5), 35.4 
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(CH2, C-7'), 17.7 (CH3). HRESIMS m/z 240.1352 [M + H]+, calcd for C16H18NO 

m/z 240.1388.  

Synthesis of 3′-Allyl-2-amino-5-methyl-(1,1′-biphenyl)-4′-ol (17). 

According to the general procedure, the expected compound 16 (8.0 mg, 50 % 

yield) was recovered after silica gel column chromatography (cyclohexane → 

cyclohexane: acetone 100 → 50:50). Amorphous white solid. 1 H NMR (500 MHz, 

CDCl3): δ 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, 

Ha-9'), 5.16 (d, J = 10.1 Hz, 1H, Hb-9'), 3.44 (d, J = 6.2 Hz, 2H, H-7'), 2.26 (s, 

3H, CH3). 
13C NMR (125 MHz, CDCl3): δ 153.4 (C, C-4'), 141.1 (C, C-2),136.4 

(CH2, C-8'), 132.3 (C, C-5), 131.2 (CH, C-6), 131.1 (CH, C-2'), 128.8 (CH, C-4), 

128.6 (CH, C-6'), 128.1 (C, C-1'), 125.8 (CH, C-3'), 116.7 (CH2, C-9'), 116.2 (CH, 

C-5'), 115.9 (CH, C-3), 35.3 (CH2, C-7'), 20.6 (CH3). HRESIMS m/z 240.1403 [M 

+ H]+, calcd for C16H18NO m/z 240.1388.  

Synthesis of 3-Allyl-4′-(allylamino)-3′-methyl-(1,1′-biphenyl)-2-ol (18a). 

According to the general procedure, compound 18a (5.6 mg, 25 % yield) was 

recovered after silica gel column chromatography (petroleum ether: 

dichloromethane 95:5 → 90:10). Yellowish oil. 1 H NMR (500 MHz, CDCl3): δ 

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 = 7.5 Hz, 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, Ha-9'), 5.22 (dd, J = 10.3, 1.1 Hz, 1H, 

Hb-9'), 5.13 (dd, J = 17.1, 1.6 Hz, 1H, Ha-9), 5.09 (dd, J = 10.0, 1.1 Hz, 1H, Hb-

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, CH3). 

13C NMR (125 MHz, CDCl3): δ 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-1'), 123.0 (C, C-3'), 120.3 (CH, 

C-5), 116.6 (CH2, C-9'), 115.7 (CH2, C-9), 110.7 (CH, C-5'), 46.6 (CH2, C-7'), 
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34.9 (CH2, C-7), 17.6 (CH3). HRESIMS m/z 280.1685 [M + H]+, calcd for 

C19H22NO m/z 280.1701. 

Synthesis of 3-Allyl-4′-amino-3′-methyl-(1,1′-biphenyl)-2-ol (18b). 

According to the general procedure, expected compound 18b (3.1 mg) was 

achieved with 72 % yield after liquid–liquid partition. 1 H NMR (500 MHz, 

CDCl3): δ 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, Ha-9), 5.09 (d, 

J = 10.0 Hz, 1H, Hb-9), 3.45 (d, J = 6.3 Hz, 2H, H-7), 2.26 (s, 3H, CH3). 
13C NMR 

(125 MHz, CDCl3): δ 150.5 (C, C-2), 142.8 (C, C-4'), 136.8 (CH2, 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 

(CH2, C-8), 34.8 (CH2, C-7), 17.5 (CH3). HRESIMS m/z 240.1357 [M + H]+, calcd 

for C16H18NO m/z 240.1388.  

Synthesis of 3-Allyl-4′-(diallylamino)-3′-methyl-(1,1′-biphenyl)-2-ol (18c) 

According to the general procedure, the expected compound 18c (6.7 mg, 50 % 

yield) was recovered after silica gel column chromatography (petroleum ether 

100%). Brownish oil. 1 H NMR (500 MHz, CDCl3): δ 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, Ha-9'/Ha-12'), 5.14 (d, J = 11.7 Hz, 

2H, Hb-9'/Hb-12'), 5.13 (d, J = 16.2 Hz, 1H, Ha-9), 5.10 (d, J = 10.1 Hz, 1H, Hb-

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, CH3). 

13C NMR (125 MHz, CDCl3): δ 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 (CH2, C-9'/C-12'), 115.8 (CH2, C-9), 
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55.6 (CH2, C-7'/C-10'), 34.9 (CH2, C-7), 18.7 (CH3). HRESIMS m/z 320.1985 [M 

+ H]+, calcd for C16H18NO m/z 320.2014. 

Preliminary reaction for Aza-Cope rearrangement 

Synthesis of 3-allyl-4-amino-5-methyl-[1,1'-biphenyl]-4'-ol (16c). 

Preliminary experiments for Aza-Cope rearrangement reaction were performed 

employing N-allyl derivative 11c (10.0 mg; 0.041 mmol) as starting reagent. The 

reaction conditions are varied as follow and monitored by TLC (95:5 CHCl3: 

MeOH). 

a) 11c was solubilized in 0.35 mL of dry CH2Cl2 and 1 equivalent or 2 equivalents, 

respectively of 1 M Et2AlCl (in n-hexane, 10 or 20 µL) were added. The reaction 

mixture was stirred at room temperature for 24 h.  

b) 11c was solubilized in 0.35 mL of dry CH2Cl2 and 2 equivalents of 1 M Et2AlCl 

(in n-hexane, 20 µL) were added. The reaction mixture was stirred at 40°C for 24 

h.  

c) 11c was solubilized in 0.2 mL of xylene and 1 equivalent of BF3 * O(Et)2 

(≥46.5%, 10 µL) was added. The reaction mixture was refluxed for 24h. 

d) 11c (0.041 mmol) and 15 mg of H3PMo12O40 (20% mol) were solubilized in 2 

mL of different organic solvent (dry THF, or dry CH3CN or dry CH2Cl2). The 

reaction mixture was stirred at room temperature for 24 h.  
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5.3 General procedure for the synthesis of obovatol and its analogues 

Preliminary reaction for the synthesis of 2-(allyloxy) benzene-1,3-diol (20). 

Initial experiments for allylation reaction were performed employing pyrogallol 

19 (10.0 mg; 0.79 mmol) as starting material in dry acetone (8 mL) at 56°. The 

base K2CO3 and allyl bromide were varied as reported in Table 23. 

 

Table 23. Preliminary experiments of allylation reaction of 20. 

entry K2CO3 (mg, mmol) Allyl bromide (mg, mmol) T (°C) Time(h) 

1 (219.2, 1.58) (95.9, 0.79) 56 3 

2 (109.2, 0.79) (95.9, 0.79)  56 2 

3 (109.2, 0.79) (95.9, 0.79) * 56 4 

4 (109.2, 0.79) (119.5, 1.10) 56 6 

5 (109.2, 0.79) (133.8, 1.39) 56 6 

*The second addition of base was carried out after 2h 

Synthesis of 2-(allyloxy) benzene-1,3-diol (20). 

A solution of 19 (100.0 mg; 0.79 mmol) in dry acetone (8 mL) was mixed in 

K2CO3 (109.2 mg; 0.79 mmol) for 10 min, then, allyl bromide (133.8 mg; 1.39 

mmol) was added, and the mixture was refluxed for 6h and afforded compound 20 

(85.3 mg, 65%yield), after purification on silica gel column chromatography (n-

hexane → n-hexane: ethyl acetate 98:2). yellowish oil. 1H NMR (300 MHz, 

CDCl3): δ 6.88 (t, J = 8.3 Hz, 1H, H-5), 6.50 (d, J = 8.3 Hz, 2H, H-4/H6), 6.11 

(dd, J = 17.1, 10.3 Hz, 1H, H-8), 5.58 (m, 2H, h-9), 4.52 (m, 1H, H-7). 13C NMR 

(75 MHz, CDCl3): δ 149.3 (C, C-1/C-3), 144.2 (C, C-2), 133.3 (CH, C-8), 124.9 

(CH, C-5), 119.8 (CH2, C-9), 108.3 (CH, C-4/C-6), 74.5(CH2, C-7). Spectroscopic 

data were in agreement with those previously reported [203]. 

Synthesis of 2-(allyloxy)-3-bromophenol (26). 

A solution of 3-bromobenezene-1,2 diol 25 (300.0 mg; 1.58 mmol) in dry acetone 

(12 mL) was mixed in K2CO3 (219.4 mg; 1.59 mmol) for 10 min, then, allyl 

bromide (268.8 mg; 2.22 mmol) was added, and the mixture was refluxed for 2h 
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and afforded compound 26 (224.7 mg, 62%yield) after purification on silica gel 

column chromatography (n-hexane → n-hexane: ethyl acetate 98:2). Yellowish 

oil. 1H NMR (300 MHz, CDCl3): δ 7.09 (dd, J = 6.4, 3.2 Hz, 1H, H-5), 6.94-6.88 

(m, 2H, H-4/H-6), 6.22-5.98 (m, 1H, H-8), 5.47 (dq, J = 17.1, 1.5 Hz, 1H, Ha-9), 

5.36 (dq, J = 10.3, 1.5 Hz, 1H, Hb-9), 4.60 (dt, J = 6.0, 1.2 Hz, 2H, H-7). 13C NMR 

(75 MHz, CDCl3): δ 150.4 (C, C-2), 143.3 (C, C-1), 132.8 (CH, C-8), 126.0 (CH, 

C-4), 124.6 (CH, C-5), 119.7 (CH2, C-9), 116.1 (C, C-3), 114.9 (CH, C-6), 74.6 

(CH2, C-7). 

Synthesis of Claisen - Cope derivatives 

Synthesis of 5-allylbenzene-1,2,3-triol (21).  

A 1 M Et2AlCl solution (in n-hexane; 2 eq.) was added dropwise to a solution of 

O-allyl derivative 20 (1 eq.) in dry CH2Cl2 (1 mL). The mixture was stirred at room 

temperature for 2 h and then the reaction was quenched adding 2 N HCl solution 

(2 mL) at 0°C temperature. The mixture was partitioned with CH2Cl2 (2 × 5 mL); 

the combined organic phases were washed with water, dried over anhydrous 

Na2SO4, filtered and taken to dryness. The expected compound was recovered 

after a silica gel column chromatography (n-hexane → n-hexane: ethyl acetate 

98:2)., affording the pure products (68.24 mg, 80 % yield) Yellowish oil. 1H NMR 

(300 MHz, CDCl3): δ 6.33 (s, 2H, H-4/ H-6), 5.90 (ddt, J = 16.9, 10.1, 6.7 Hz, 1H, 

H-8), 5.28 (s, 2H, OH), 5.19 (s, 1H, OH), 5.05 (m, 2H, H-9), 3.22 (d, J =7.4 Hz, 

2H, H-7). Spectroscopic data were in agreement with those previously reported 

[204]. 

5-allyl-3-bromobenzene-1,2-diol (27). 

A 1 M Et2AlCl solution (in n-hexane; 2 eq.) was added dropwise to a solution of 

allyl derivative 26 (1 eq.) in dry CH2Cl2 (1 mL). The mixture was stirred at room 

temperature for 3 h and then the reaction was quenched adding 2 N HCl solution 

(2 mL) at 0°C temperature. The mixture was partitioned with CH2Cl2 (2 × 5 mL); 

the combined organic phases were washed with water, dried oved anhydrous 
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Na2SO4, filtered and taken to dryness. The expected compound 27 (179.6 mg, 80% 

yield) was recovered after a flash column chromatography, eluting with 

cyclohexane → cyclohexane: acetone 85:15. Brownish oil. 1H NMR (300 MHz, 

CDCl3): δ 6.97 (d, J = 2.1 Hz, 1H, H-4), 6.67 (d, J = 2.0 Hz, 1H, H-6), 5.95 (m, 

1H, H-8), 5.14-5.03 (m, 2H, H-9), 3.31 (dt, J = 7.4, 1.3 Hz, 2H, H-7). 13C NMR 

(75 MHz, CDCl3): δ 144.3 (C, C-1) 142.0 (C, C-2), 136.9 (CH, C-8),134.3 (C, C-

5), 123.2 (CH, C-4), 116.3 (CH2, C-9), 115.4 (CH, C-6), 113.8 (C, C-3), 39.3 (CH2, 

C-7). 

General procedure for the synthesis of methylated derivatives. 

To a solution of Claisen-Cope product 21 or 27 or compound 42 (1 equiv.) in DMF 

was added potassium carbonate (2 equiv.). After stirring for 30 min, methyl iodide 

(3 equiv. per OH group) was added. The resulting solution was stirred for 4 h at 

room temperature. The reaction mixture was quenched by the addition of saturated 

aqueous NH4Cl solution and diluted with diethyl ether. The mixture was extracted 

with diethyl ether, and the combined organic layers were washed with brine, dried 

over anhydrous Na2SO4, filtered, and evaporated. 

Synthesis of 5-allyl -2-methoxybenzene-1,3 diol (22).  

According to the general procedure, the reaction of 21 (65.0 mg; 0.39 mmol) with 

potassium carbonate (107.9 mg; 0.78 mmol) and methyl iodide (83.8 mg; 0.59 

mmol) afforded compound 22 (49.2 mg, 70% yield) was recovered after a silica 

gel column chromatography, eluting with cyclohexane: acetone 90:10 → 

cyclohexane: acetone 80:20. Yellowish oil. 1H NMR (300 MHz, CDCl3): δ 6.35 

(s, 2H, H-4/ H-6), 6.01-5.81 (m, 1H, H-8), 5.15-5.00 (m, 2H, H-9), 3.85 (s, 3H, 

CH3), 3.24 (d, J = 5.4 Hz, 2H, H-7). 

Synthesis of 5-allyl-1-bromo-2,3-dimethoxybenzene (28). 

According to the general procedure, the reaction of 27 (112.3 mg; 0.49 mmol) with 

potassium carbonate (135.6 mg; 0.98 mmol) and methyl iodide (208.7 mg; 1.47 

mmol) afforded compound 22 (88.2 mg, 70% yield) after a flash column 
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chromatography, eluting with n-hexane → n-hexane: acetone 98:2. Yellowish oil. 

1H NMR (300 MHz, CDCl3): δ 6.97 (d, J = 1.9 Hz, 1H, H-4), 6.67 (d, J = 1.9 Hz, 

1H, H-6), 6.04-5.83 (m, 1H, H-8), 5.16-5.05(m, 2H, H-9), 3.85 (s, 3H, CH3), 3.83 

(s, 3H, CH3), 3.31 (dt, J = 6.7, 1.4 Hz, 2H, H-7). 13C NMR (75 MHz, CDCl3): δ 

153.6 (C, C-3), 144.7 (C, C-2), 137.3 (CH, C-8), 136.6 (C, C-5), 124.5 (CH, C-6), 

117.5 (CH, C-4), 116.5(CH2, C-9), 112.1(C, C-1), 60.6 (CH3), 56.0 (CH3), 39.7 

(CH2, C-7). 

5-bromo-2-methoxybenzaldehyde (43). 

According to the general procedure, the reaction of 5-bromo-2-

hydroxybenzaldehyde 42 (130.0 mg; 0.75 mmol) with potassium carbonate (207.5 

mg; 1.5 mmol) and methyl iodide (320.0 mg; 2.25 mmol) afforded compound 20 

(155.4 mg, 97% yield). Yellow solid. 1H NMR (300 MHz, CDCl3): δ 10.38 (s, 1H, 

H-7), 7.92 (d, J =2.6 Hz, 1H, H-6), 7.63 (dd, J =8.9, 2.6 Hz, 1H, H-2), 6.90 (d, J 

= 8.9 Hz, 1H, H-3), 3.90 (s, 3H, CH3). Spectroscopic data were in agreement with 

those previously reported [177]. 

Preliminary reaction for the synthesis of 5-allyl-3(4-allylphenoxy)-2-

methoxyphenol (24). 

Preliminary experiments for Ullmann coupling reaction were performed 

employing 1-allyl-1-bromobenzene 23 (50 mg, 0.25 mmol) as starting material in 

the presence of methylated compound 22 (68.5 mg, 0.38 mmol) cesium carbonate 

(162.9 mg, 0.50 mmol) as base, copper(I) iodide as catalyst and N,N-

Dimethylglycine hydrochloride as ligand. The solvent, temperature, ligand, and 

catalyst were varied, as reported in Table 24. 
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Table 24. Preliminary experiments of Ullmann  coupling reaction of 22 with 23. 

entry 
Catalyst 

mg, %mol 

Ligand 

mg, %mol 

Solvent 

(mL) 

T 

(°C) 

Time 

(h) 

1 (2.4, 5%) (5.3, 15%) DMA (1.5) 90 48 

2 (0.7, 1.5%) (1.7, 5%) DMF (1.5) 135 24 

3 (4.8, 10%) (10.5, 30%) Dioxane (1.5) 90 48 

4 (9.5, 20%) (20.9, 60%) Dioxane (1.5) 90 48 

 

General procedure for Ullmann coupling condensation. 

A mixture of bromide (1 equiv.), p-allyl-phenol (1.5 equiv.), Cs2CO3(2 equiv.), 

CuI (10% mol.) and N,N-dimethylglycine hydrochloride ( 30% mol.) in dioxane 

in a sealed tube was heated at 90°C under nitrogen atmosphere for 48 h. The cooled 

mixture was partitioned between ethyl acetate and water. The organic layer was 

separated, and the aqueous layer was extracted with ethyl acetate (3 x 15 mL). The 

combined organic layers were washed with brine, dried over Na2SO4, filtered and 

evaporated. 

Synthesis of 5-allyl-1-(4'-allylphenoxy)-2,3-dimethoxybenzene (30). 

According to the general procedure, the reaction of 28 (65.0 mg; 0.25 mmol) with 

29 (50 mg; 0.38 mmol) afforded compound 30 (38.8 mg, 52% yield) after a flash 

column chromatography, eluting with n-hexane → n-hexane: acetone 98:2. 

Yellowish oil. 1H NMR (300 MHz, CDCl3): δ 7.11 (d, J = 8.7 Hz, 2H, H-2'/H-6'), 

6.90 (d, J = 8.7 Hz, 2H, H-3'/H-5'), 6.54 (d, J = 2.0 Hz, 1H, H-6), 6.42 (d, J = 2.0 

Hz, 1H, H-4), 5.92 (dddt, J = 17.5, 16.1, 10.7, 6.7 Hz, 2H, H-8 /H-8'), 5.17-4.96 

(m, 4H, H-9/H-9'), 3.88 (s, 3H, CH3), 3.81 (s, 3H, CH3), 3.35 (d, J = 6.7 Hz, 2H, 

H-7), 3.27 (d, J = 6.7 Hz, 2H, H-7'). 13C NMR (75 MHz, CDCl3): δ 156.2 (C, C-

1'), 153.8 (C, C-3), 149.6 (C, C-1), 139.2 (C, C-2), 137.7(CH, C-8'), 137.1 (CH, 

C-8), 136.0 (CH, C-5'), 134.3(C, C-5), 129.7 (CH, C-3'/C-5'), 117.5 (CH, C-2'/C-

6'), 116.1 (CH2, C-9'), 115.7 (CH2,C-9), 113.4 (CH, C-4), 108.2 (CH, C-6), 61.1 

(CH3), 56.2 (CH3), 40.1 (CH2, C-7), 39.5 (CH2, C-7'). HRESIMS m/z 311.1630 
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[M+H]+,calcd for C20H23O3 311.1647. IR (NaCl): 2920, 2848, 1508, 1426, 1234, 

1094 cm-1. 

Synthesis of 4-allyl-1-(4'-allylphenoxy)-2-methoxybenzene (36). 

According to the general procedure, the reaction of 23 (50.0 mg; 0.25 mmol) with 

33 (61.8 mg; 0.38 mmol) afforded compound 36 (64.4 mg, 94% yield) after a flash 

column chromatography, eluting with cyclohexane → cyclohexane: ethyl acetate 

98:2. Colourless oil. 1H NMR (300 MHz, CDCl3): δ 7.12 (d, J = 8.7 Hz, 2H, H-

2'/H-6'), 6.93-6.87 (m, 3H, H-3'/H-5', H-6), 6.85 (d, J = 2.1 Hz, 1H, H-3), 6.75 

(dd, J = 8.1, 2.1 Hz, 1H, H-5), 6.00 (dddt, J = 17.1, 10.3, 8.6, 6.7 Hz, 2H, H-8/H-

8'), 5.20-5.04 (m, 4H. H-9/H-9'), 3.85 (s, 3H, CH3), 3.41 (dt, J = 6.7, 1.5 Hz, 2H, 

H-7), 3.37 (dt, J = 6.7, 1.5 Hz, 2H, H-7').13C NMR (75 MHz, CDCl3): δ 156.5 (C, 

C-1'), 151.3 (C, C-2), 143.5 (C, C-1), 137.7 (CH, C-8'), 137.3 (CH, C-8), 136.7 

(C, C-4'), 133.9 (C, C-4), 129.6 (CH, C-3'/C-5'), 121.0 (CH, C-5), 120.8 (CH, C-

6), 117.2 (CH, C-2'/C-6'), 116.0 (CH2, C-9'), 115.7 (CH2, C-9), 113.2 (CH, C-3), 

56.0 (CH3), 40.0 (CH2,C-7), 39.5 (CH2, C-7'). HRESIMMS m/z 

303.1345[M+Na]+,  calcd for C19H20O2Na 303.1361. IR (NaCl): 3077, 2977, 2836, 

1638, 1613, 1597, 1503, 1463, 1417, 1271, 1225, 1151, 1036 cm-1. 

Synthesis of 2-(2-(4'-allyl-2'-methoxyphenoxy)-4-methoxyphenyl) acetic acid 

(39). 

According to the general procedure, the reaction of 38 (170.0 mg; 0.70 mmol) with 

33 (172.4 mg; 1.05 mmol) afforded compound 39 (90.0 mg, 40% yield) after a 

flash column chromatography, eluting with cyclohexane: ethyl acetate 95:5 → 

cyclohexane: ethyl acetate 70:30. Colourless oil. 1H NMR (300 MHz, CDCl3): δ 

7.17 (d, J = 8.3 Hz, 1H, H-6), 6.88 (d, J = 8.1 Hz, 1H, H-6'), 6.79 (d, J = 2.0 Hz, 

1H, H-4'), 6.72 (dd, J = 8.1, 2.0 Hz, 1H, H-5'), 6.56 (dd, J = 8.3, 2.5 Hz, 1H, H-

5), 6.24 (d, J = 2.5 Hz, 1H, H-3), 6.08 – 5.88 (m, 1H, H-8'), 5.18 – 5.02 (m, 2H, 

H-9'), 3.77 (s, 3H, CH3), 3.75 (s, 2H, H-6), 3.69 (s, 3H, CH3), 3.37 (dt, J = 6.7, 

1.5 Hz, 2H, H-6'). 13C NMR (75 MHz, CDCl3): δ 176.9 (C, C-8), 160.1 (C, C-4), 
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157.1 (C, C-2'), 151.2 (C, C-2), 142.7 (C, C-1'), 137.3 (CH2, C-9'), 137.2 (C, C-

4'), 131.6 (CH, C-6), 121.3 (C, C-1), 121.0 (CH, C-5'), 116.0 (CH, C-8'), 115.7 

(CH, C-6'), 113.2 (CH, C-3'), 107.1 (CH, C-5), 102.8 (CH, C-3), 55.9 (CH3), 55.4 

(CH3), 40.7 (CH2, C-7'), 35.1(CH2, C-7). HRESIMS 327.1236 [M+H]-, calcd for 

C19H19O5 327.12332. IR (NaCl): 2993, 1765, 1379.07, 1244, 1056, 750 cm-1. 

Synthesis of 4-(4'-allyl-2'-methoxyphenoxy)-benzoic acid (41). 

According to the general procedure, the reaction of 40 (100.0 mg; 0.46 mmol) with 

33 (113.3 mg; 0.69 mmol) afforded compound 41 (20 mg; 20%yield) after a flash 

column chromatography, eluting with cyclohexane: ethyl acetate 95:5. Orange 

solid. 1H NMR (300 MHz, CDCl3): δ 8.03 (d, J = 9.1 Hz, 2H, H-2/H-6), 7.01 (d, 

J = 8.0 Hz, 1H, H-6'), 6.92 (d, J = 9.0 Hz, 2H, H-3/H-5), 6.85 (d, J = 2.0 Hz, 1H, 

H-3'), 6.81 (dd, J = 8.0, 2.0 Hz, 1H, H-5'), 6.00 (ddt, J = 17.0, 10.3, 6.7 Hz, 1H, 

H-8'), 5.24-5.08 (m, 2H, H-9'), 3.78 (s, 3H, CH3), 3.42 (dd, J = 6.7, 1.5 Hz, 2H, 

H-7'). 13C NMR (75 MHz, CDCl3): δ 171.6 (C, C-7), 163.2 (C, C-4), 151.5 (C, C-

2'), 141.3 (C, C-1'), 138.5 (CH, C-8'), 137.1(C, C-4'), 132.3 (CH, C-2/C-6), 122.8 

(C, C-1), 122.3 (CH, C-5'), 121.2 (CH, C-6'), 116.3 (CH2, C-9'), 115.7 (CH, C-

3/C-5), 113.3 (CH, C-3'), 55.9 (CH3), 40.1 (CH2, C-7'). HRESIMS 283.0969 

[M+H]-, calcd for C17H15O4 283.0970, . IR (NaCl): 2924, 2854, 1685, 1610, 1597, 

1504, 1463, 1423, 1273, 1232, 1161, 1122, 1035 cm-1. 

Synthesis of 5-(4'-allylphenoxy)-2-methoxybenzaldehyde (44). 

According to the general procedure, the reaction of 43 (155.4 mg; 0.72 mmol) with 

29 (145.0 mg; 1.08 mmol) afforded compound 44 (110.0 mg; 52 %yield) after a 

flash column chromatography, eluting with dichloromethane. Orange oil. 1H NMR 

(300 MHz, CDCl3): δ 10.40 (s, 1H, H-7), 7.43 (d, J = 3.1 Hz, 1H, H-6), 7.22 (dd, 

J = 9.0, 3.2 Hz, 1H, H-4), 7.11 (d, J = 8.7 Hz, 2H, H-2'/H-6'), 6.94 (d, J = 9.0 Hz, 

1H), 6.86 (d, J = 8.6 Hz, 2H, H-3'/H-5'), 5.94 (ddt, J = 16.0, 10.7, 6.7 Hz, 1H, H-

8'), 5.18 – 5.03 (m, 2H, H-9'), 3.89 (s, 3H, CH3), 3.34 (dt, J = 6.8, 1.6 Hz, 2H, H-

7'). 13C NMR (75 MHz, CDCl3): δ 189.4 (C, C-8), 158.1 (C, C-2), 155.8 (C, C-1'), 
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151.1 (C, C-5), 137.5 (CH, C-8'), 135.1 (CH, C-4'), 130.0 (CH, C3'/C-5'), 127.0 

(CH, C-5'), 125.5 (CH, C-4), 118.4 (CH, C-2'/C-6'), 118.0 (CH, C-6), 115.9 (CH2, 

C-9'), 113.2 (C, C-3), 56.2 (CH3), 39.5 (CH2, C-7'). HRESIMS 291.0980 

[M+Na]+, calcd for C17H16O3Na 291.0997. IR (NaCl):3360, 3076, 2922, 2852., 

1683,1639, 1613, 1505, 1488, 1425, 1393, 1266, 1219, 1151, 1025, 819 cm-1 

General procedure for demethylation reaction. 

To a solution of Ullman coupling product (1.0 equiv.) in dry CH2Cl2 at -78°C was 

added BBr3 (solution 1M in DCM, 1.0 or 2.0 equiv.), and the reaction mixture was 

stirred for 2h. The reaction mixture was quenched by an addition of methanol and 

diluted with ethyl acetate. The mixture was extracted with ethyl acetate, and the 

combined organic layers were washed with brine, dried over Na2SO4, filtered, and 

evaporated. 

Synthesis of 5-allyl-3-(4'-allylphenoxy)-benzene-1,2-diol (3). 

According to the general procedure, the reaction of 30 (65.0 mg; 0.21 mmol) with 

BBr3 (solution 1M in DCM, 0.44 mmol) afforded compound 3 (50 mg, 84% yield) 

was recovered after a flash column chromatography, eluting with 

dichloromethane. Yellowish oil. 1H NMR (300 MHz, CDCl3): δ 7.18 (d, J = 8.6 

Hz, 2H, H-2'/H-6'), 6.97 (d, J = 8.6 Hz, 2H, H-3'/H-6'), 6.60 (d, J = 1.9 Hz, 1H, 

H-6), 6.31 (d, J = 1.9 Hz, 1H, H-4), 6.01-5.77 (m, 2H, H-7/H-7'), 5.35 (brs, 1H, 

OH), 5.30 (brs, 1H, OH), 5.22-4.92 (m, 4H, H-9/H-9'), 3.40 (dt, J = 6.8, 1.5 Hz, 

2H, H-7), 3.23 (d, J = 6.7, 1.6 Hz, 2H, H-7'). 13C NMR (75 MHz, CDCl3): δ 155.0 

(C, C-1'), 144.8 (C, C-3), 143.7 (C, C-1), 137.4 (CH, C-8), 137.2 (CH, C-8'), 135.3 

(C, C-4'), 132.9 (C, C-2), 132.5 (C, C-5), 129.9 (CH, C-3'/C-5'), 117.9(CH, C-

2'/C-6'), 115.9 (CH2, C-9), 115.8 (CH2, C-9'), 111.1 (CH, C-6), 110.6 (CH, C-4), 

39.7 (CH2, C-7), 39.4 (CH2, C-7'). HRESIMS 281.1176 [M+H]-, calcd for 

C18H17O3
:281.1178. IR (NaCl): 3450, 2924, 2853, 1639, 1602, 1504, 1444, 1360, 

1214, 1168, 1022 cm-1. 
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Synthesis of 4-allyl-2-(4'-allylphenoxy)-6-methoxyphenol (34). 

According to the general procedure, the reaction of 30 (30.0 mg; 0.10 mmol) with 

BBr3 (solution 1M in DCM, 0.1 mmol) afforded compound 34 (30 mg, 

100%yield). Brownish oil. 1H NMR (300 MHz, CDCl3): δ 7.12 (d, J = 8.5 Hz, 2H, 

H-2'/H-6' ), 6.92 (d, J = 8.6 Hz, 2H, H-3'/H-5'), 6.53 (d, J = 1.9 Hz, 1H, H-3), 6.44 

(d, J = 1.8 Hz, 1H, H-5), 6.10-5.80 (m, 2H, H-8/H-8'), 5.14-4.99 (m, 4H, H-9/H-

9'), 3.91 (s, 3H, CH3), 3.36 (dt, J = 6.5, 1.6 Hz, 2H, H-7), 3.26 (dt, J = 6.6, 1.5 Hz, 

2H, H-7').13C NMR (75 MHz, CDCl3): δ 155.8 (C, C-1'), 147.9 (C, C-6), 143.3 

(C, C-2), 137.6 (CH, C-8'), 137.3 (CH, C-8), 135.6 (C, C-4'), 134.5 (C, C-4), 131.5 

(C, C-1), 129.7(CH, C-3'/C-5'), 117.3 (CH, C-2'/C-6'), 115.9 (CH2, C-9), 115.7 

(CH2, C-9'), 113.0 (CH, C-3), 107.3 (CH, C-5), 56.3(CH3), 39.9 (CH2, C-7), 39.5 

(CH2, C-7'). HRESIMS 319.1302 [M+Na]+, calcd for C19H21O3 319.1310 . IR 

(NaCl): 2923, 2853, 1504, 1452, 1433, 1222, 1084. cm-1. 

Synthesis of 5-(8-bromopropyl)-3[4'-(8'-bromopropyl) phenoxy)]benzene-1,2-

diol (35). 

To a solution of Ullmann coupling 30 (30.0 mg, 0.10 mmol) in dry CH2Cl2 (0.2 

mL) at -78°C was added BBr3 (solution 1M in DCM, 0.1 mmol). After stirring for 

30 min at the same temperature, the reaction mixture was allowed to warm to room 

temperature and stirred for 2h. Compound 32 (22.5 mg, 50% yield) was recovered 

after a flash column chromatography, eluting with cyclohexane: acetone 90:10 → 

cyclohexane: acetone 80:20. Brownish oil. 1H NMR (300 MHz, CDCl3): δ 7.18 

(d, J = 8.4 Hz, 2H, H-2'/H-6'), 6.97 (d, J = 8.4 Hz, 2H, H-3'/H-5'), 6.59 (d, J = 1.9 

Hz, 1H, H-6), 6.33 (d, J = 1.8 Hz, 1H, H-4), 4.45-3.94 (m, 2H, H-8/H-8'), 3.29-

2.76 (m, 4H, H-7/H-7'), 1.68 (dd, J = 19.6, 6.6 Hz, 6H, CH3). 
13C NMR (75 MHz, 

CDCl3): δ 155.6 (C, C-1'), 144.9 (C, C-1), 143.3 (C, C-3), 133.8 (C, C-2), 133.7 

(C, C-5), 131.0 (C, C-4'), 130.7 (CH, C-2'/C-6'), 117.7 (CH, C-3'/C-6'), 111.9 (CH, 

C-4), 111.6 (CH, C-6), 46.9 (CH2, C-7), 46.6 (CH2, C-7'), 43.6 (CH2, C-8), 43.6 

(CH2, C-8'), 25.7 (CH3), 25.6 (CH3). HRESIMS 442. 9681 [M+H]-, calcd for 

C18H19Br2O3 442.9857. IR (NaCl): 3425, 2923, 1505, 1219, 1170, 601. cm-1. 
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Synthesis of 5-allyl-2-(4'-allylphenoxy) phenol (37). 

According to the general procedure, the reaction of 36 (30.0 mg; 0.11 mmol) with 

BBr3 (solution 1M in DCM, 0.11 mmol) afforded compound 37 (30 mg, 

100%yield). Brownish oil. 1H NMR (300 MHz, CDCl3): δ 7.17(d, J = 8.6 Hz, 2H, 

H-2'/H-6'), 6.97 (d, J = 8.6 Hz, 2H, H-3'/H-5'), 6.92 (d, J = 2.1 Hz, 1H, H-6), 

6.83(d, J = 8.3 Hz, 1H, H-3), 6.69 (dd, J = 8.3, 2.1 Hz, 1H, H-4), 6.26-5.74 (m, 

2H, H-8/H-8'), 5.34-4.91 (m, 4H, H-9/H-9'), 3.38 (ddd, J = 8.6, 6.8, 1.6 Hz, 4H, 

H-7/H-7'). 13C NMR (75 MHz, CDCl3): δ 155.3 (C, C-1'), 147.3 (C, C-1), 141.8 

(C, C-2), 137.4 (C, C-5), 137.3 (C, C-4'), 136.9 (CH, C-8), 135.2 (CH, C-8'), 

129.9(CH, C-3'/C-5'), 120.6 (CH, C-2'/C-6'), 118.7 (CH, C-4), 117.8 (CH, C-3), 

116.2(CH2, C-9), 116.0 (CH2, C-9'), 115.9 (CH, C-6), 39.7 (CH2, C-7), 39.4 (CH2, 

C-7'). HRESIMS 265.1233 [M+H]-, calcd for C18H17O2 265.1229. IR (NaCl): 

3520, 3077, 2923, 2853, 1637, 1598, 1502, 1452, 1432, 1270, 1223, 1163, 1111 

cm-1. 

General procedure for phenol oxidation and Michael type addition. 

To a stirred suspension of SIBX (2.15 equiv.) in dry THF (ca. 0.05M) was added 

phenol (1.0 equiv.). After stirring in the dark at room temperature for 16 h, 

thiophenol (3.0 equiv.) was added and the reaction mixture was stirred at room 

temperature for 2h. The white suspension was filtered out from the resulting 

solution. The filter cake was washed with CH2Cl2 (20 mL), and the combined 

filtrate and washings were poured into water (30 mL). After separation, the 

aqueous layer was further extracted with CH2Cl2 (30 mL). the combined organic 

layers were washed with saturated aqueous NaHCO3 (4 x 15 mL) and treated with 

an aqueous solution (2 mL) of Na2S2O4 for 10 min with vigorous under nitrogen 

in the dark. The resulting solution was washed with water (10 mL), brine (10 mL), 

dried over Na2SO4, filtered and evaporated. 

Synthesis of 5-allyl-3-(phenylthio)- benzene-1,2-diol (47) 

According to the general procedure, the reaction of 33 (50.0 mg; 0.30 mmol) with 

45 (99.2 mg; 0.90mmol) afforded compound 47 (30 mg, 44%yield) after flash 
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column chromatography, eluting with cyclohexane → cyclohexane: ethyl acetate 

80:20. Colourless oil. 1H NMR (300 MHz, CDCl3): δ 7.33 (d, J = 8.4 Hz, 2H, H-

3'/H-5'), 7.28-7.24 (m, 1H, H-4'), 7.19 (dd, J = 8.3, 1.4 Hz, 2H, H-2'/H-6'), 7.00 

(d, J = 2.0 Hz, 1H, H-4), 6.97 (d, J = 2.0 Hz, 1H, H-6), 6.21-5.79 (m, 1H, H-8), 

5.28-5.05 (m, 2H, H-9), 3.38 (dt, J = 6.7, 1.5 Hz, 2H, H-7). 13C NMR (75 MHz, 

CDCl3): δ 144.2 (C, C-1), 142.8 (C, C-2), 137.1 (CH, C-7), 135.8 (C, C-1'), 133.5 

(C, C-5), 129.3 (CH, C-2'/C-6'), 127.3 (CH, C-4'), 126.9 (CH, C-3'/C-5'), 126.2 

(CH, C-4), 118.0 (CH2, C-9), 116.1 (CH, C-6), 115.9 (C, C-3), 39.4 (CH2, H-7). 

HRESIMS (257.0639 [M+H]-, calcd for C15H13O2S 257.0636. IR (NaCl):3422, 

3073.72, 2923, 2853, 1581.91, 1638.35, 1581, 1478, 1438, 1265, 1168, 1122, 988, 

737, 688 cm-1. 

Synthesis of 5-allyl-3-((4'-bromophenyl) thio)-benzene-1,2-diol (48).  

According to the general procedure, the reaction of 33 (100.0 mg; 0.60 mmol) with 

46 (346.0 mg; 1.80 mmol) afforded compound 48 (30 mg, 44%yield) after flash 

column chromatography, eluting with cyclohexane → cyclohexane: ethyl acetate 

95:5. Colourless oil. 1H NMR (300 MHz, CDCl3): δ 7.35 (d, J = 8.7 Hz, 2H, H-

3'/H-5'), 6.94 (d, J = 8.7 Hz, 2H, H-2'/H-6'), 6.88 (d, J = 1.8 Hz, 1H, H-6), 6.19 

(d, J = 1.8 Hz, 1H, H-4), 6.03-5.79 (m, 1H, H-8), 5.16-5.00 (m, 1H, H-9), 3.29 

(dt, J = 6.7,1.5 Hz, 2H, H-7). 13C NMR (75 MHz, CDCl3): δ 144.4 (C, C-1), 142.9 

(C, C-2), 137.1 (CH, C-8), 135.2 (C, C-1'), 133.8 (CH, C-4), 132.4 (CH, C-3'/C-

5'), 128.5 (CH, C-2'/C-6'), 127.3 (C, C-5), 120.0 (C, C-4'), 118.3 (CH2, C-9), 116.3 

(CH, C-6), 115.5 (C, C-3), 39.4 (CH2, C-7). HRESIMS 336.9718 [M+H]+,calcd 

for C15H14BrO2S 336.9798 . IR (NaCl): 3420., 2923, 2853, 1715, 1471, 1267, 668 

cm-1. 

Preliminary experiments for the synthesis of 5-allyl-3-((4'-

allylphenyl)thio)benzene-1,2-diol (50). 

Preliminary experiment for SM reaction were performed employing thioether 

analogues 48 (10.0 mg; 0.03 mmol) and allyl boronic acid pinacol ester 49 (7.6 
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mg, 0.045 µmol) as starting reagents heating at 67°C. The catalyst-ligand system, 

solvent and temperature were varied as reported in Table 25. 

 

Table 25. Preliminary experiments of SM cross-coupling reaction of 48 with 49. 

entry 
Pd(OAc)2 

(mg, %mol) 

Ligand 

(mg, %mol) 

Solvent 

(µL) 

K2CO3 

(mg, mmol) 

Time 

(h) 

1 (0.7, 10%) Dppf (5.0, 30%) THF:H2O 

(800:80) 

K2CO3 

(20.7, 0.15) 

24 

2 (0.1, 1%) SPhos (0.3, 2%) THF:H2O 

(100:10) 

K2CO3 (8.3, 

0.06) 

24 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



178 

 

5.4  General procedure for the synthesis of oligomeric compounds 

Preliminary reaction for the synthesis of houpulin B (52). 

Preliminary experiments for dimerization reaction were performed employing 

honokiol 2 (10.0 mg; 0.04 mmol) as starting reagent. The catalyst, solvent and 

temperature, were varied as reported in Table 26 and the reaction yield was 

determined after quantification with HPLC-UV using a reversed-phase column 

(RP-18) and the following gradient of of CH3CN/H+ (99:1 v/v; B) in H2O/H+ (99:1 

v/v; A) at 1 mL/min: t0 min B = 40%, t15 min B = 100%. The diode array detector 

was set at 254, 280, and 305 nm. The quantification occurred at 280 nm. 

 

Table 26. Preliminary experiments of dimerization reaction of 52. 

Entry Catalyst mg, µmol Solvent mL T (°C) T (h) 

1 FeCl2 b 0.1, 8 Buffer phosphate 0.1 M pH = 6 0.8 25 24 

2 FeCl2 b 0.1, 8 Buffer phosphate 0.1 M pH = 6  0.8 25b
 24d 

3 Ag2O 9.26, 40 CHCl3 0.5 25 5 

a reaction in presence of H2O2; busing ultrasounds. 

 

General procedure for Ag2O-mediated reaction. 

A solution of honokiol 2 (0.094 mmol) in CHCl3 (5 mL) was combined with Ag2O 

(0.094 mmol). The resulting reaction mixture was stirred at room temperature in 

the dark for 5 h. The mixture was filtered, and the solvent was evaporated under 

reduced pressure. The expected compound was recovered after column 

chromatography. 

Preliminary reaction for the enzymatic synthesis of houpulin B. 

Preliminary experiment for dimerization reaction were performed employing 

honokiol 2 (10.0 mg; 0.04 mmol) as the starting reagent. The catalyst, solvent, and 

temperature, were varied, as reported in Table 27 the reaction yield was 

determined after quantification with HPLC-UV using a reversed-phase column 

(RP-18) and the following gradient of of CH3CN/H+ (99:1 v/v; B) in H2O/H+ (99:1 
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v/v; A) at 1 mL/min: t0 min B = 40%, t15 min B = 100%. The diode array detector 

was set at 254, 280, and 305 nm. The quantification occurred at 280 nm. 
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Table 27. Preliminary experiments of enzymatic dimerization reaction of 52. 

Entry 
Enzyme 

(mg) 

Mediator 

(mg, µmol) 

Solvent 

(mL) 

Buffer 

(mL) 
T(°C) Time 

1 HRPa 

(0.32) 

- 

- 

Acetone 

(2.4) 

Acetateb 

(1.2) 

25 24 h 

2 HRPa 

(0.32) 

- 

- 

Methanol 

(2.4) 

Acetateb 

(1.2) 

25 24 h 

3 HRPa 

(0.32) 

- 

- 

Acetone 

(2.4) 

Acetateb 

(1.2) 

37 24 h 

4 HRPa 

(0.32) 

- 

- 

-  Phospatec 

(1.2) 

25 24 h 

5 LTV 

(24.0) 

- 

- 

-  Acetateb 

(15.0) 

25 4 gg 

6 LTV 

(24.0) 

- 

- 

Dioxane 

(3) 

Acetateb 

(12.0) 

25 4 gg 

7 LTV 

(24.0) 

TEMPO 

(4.13, 26.4) 

-  Acetateb 

(15.0) 

25 4 gg 

8 LTV 

(24.0) 

TEMPO 

(4.13, 26.4) 

Dioxane 

(3) 

Acetateb 

(12.0) 

25 4 gg 

9 LTV 

(24.0) 

ABTS 

(6.0, 12.0) 

-  Acetateb 

(15.0) 

25 4 gg 

10 LTV 

(24.0) 

ABTS 

(6.0, 12.0) 

Dioxane 

(3) 

Acetateb 

(12.0) 

25 4 gg 

12 LTV 

(24.0) 

TEMPO 

(4.13, 26.4) 

-  Phosphatec 

(15.0) 

25 4 gg 

11 LTV 

(24.0) 

TEMPO 

(4.13, 26.4) 

Dioxane 

(3) 

Phosphatec 

(12.0) 

25 4 gg 

13 LTV 

(24.0) 

ABTS 

(6.0, 12.0) 

-  Phosphatec 

(15.0) 

25 4 gg 

14 LTV 

(24.0) 

ABTS 

(6.0, 12.0) 

Dioxane 

(3) 

Phosphatec 

(12.0) 

25 4 gg 

15 LTV 

(24.0) 

- Dioxane 

(3) 

Phosphatec 

(12.0) 

25 4 gg 

16 LTV 

(24.0) 

- -  Phosphatec 

(15.0) 

25 4 gg 

a reaction in presence of H2O2 ;b acetate buffer 0.1 M pH = 5; c phosphate buffer 0.1 M pH = 6; 

HRP: horseradish peroxidase; LTV: laccase from Trametes versicolor; TEMPO: (2,2,6,6-

Tetramethylpiperidin-1-yl)oxyl; ABTS: acid 2,2'-azino-bis(3-etilbenzotiazolin-6-solfonico 

 

General procedure for enzymatic reaction 

Honokiol 2 (0.11 mmol) was solubilized in phosphate buffer 0.1 M pH = 

6 (50 mL) and subjected to ultrasonication. Subsequently, laccase mixture (74 mg) 
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was added to the solution The reaction was then incubated at 25 °C under agitation 

(150-200 rpm) for four days. The mixture was partitioned with EtOAc (3x25ml). 

The combined organic layer was washed, dried over anhydrous Na2SO4, filtered, 

and taken to dryness. The expected compound was recovered after column 

chromatography. 

Synthesis of 5,5',5'',5'''-tetraallyl-[1,1':3',1'':3'',1'''-quaterphenyl]-2,2''',4',6''-

tetraol (52). 

According to the Ag2O-mediated dimerization reactions, the desired product 52 

(15 mg, 31.3%) was achieved after flash column chromatography eluting with 

cyclohexane: ethyl acetate 95:5→ cyclohexane: ethyl acetate 60:40. Brownish oil.  

According to the LTV-mediated dimerization reactions, the desired product 52 

(3.5 mg, 12%) was achieved after flash column chromatography eluting with 

cyclohexane: ethyl acetate 95:5→ cyclohexane: ethyl acetate 60:40. Brownish oil. 

The spectroscopic data were in agreement with those previously reported in the 

literature [91].  

1H NMR (500 MHz, (CD3)2CO): δ 7.37 (s, 4H, H-2'/H-6'/ H-2''/H-6''), 7.13 (dd, J 

= 2.4 Hz, 2H, H-6/H-6'''), 6.97 (dd, J = 8.2, 2.4 Hz, 2H, H-3, H-4'''), 6.88 (d, J = 

8.2, Hz, 2H, H-4/ H-2'''), 5.04 (m, 4 H, H-8/ H-8'/ H-8''/H-8'''), 5.08 (m, 8 H, H-9/ 

H-9'/ H-9''/H-9'''), 3.52 (d, J = 7.1, Hz, 4H, H-7/H-7''') 3.33 (J = 6.7, Hz, 4H. H-

7'/H-7'').13C NMR (125 MHz, (CD3)2CO): δ 152.4 (C, C-2/C-2'''), 150.8 (C,C-

4'/C-6''), 138.4 (CH, C-8/C-8''), 137.1 (CH, C-8'/C-8''), 131.2 (C, C-5), 131.0 (C, 

C-1'/C-3''), 130.5 (C, C-2'/C-2''), 130.4 (CH, C-6), 130.4 (CH, C-6'/C-6''),129.6 

(C, C-1/C-1''') 128.1 (C, C-5'), 128.0 (C, C-5''), 128.0 (CH, C-3/C-4'''), 127.6 (C, 

C-3'') 125.5 (C, C-1'), 116.0 (CH, C-4/ C-2'''), 115.1 (CH2, C-9/C-9'''), 114.6 (CH2, 

C-9'/C-9''), 39.1 (CH2, C-7'/C-7''), 34.6 (CH2, C-7/C-7'''). HRESIMS 553.2370 

[M+Na]+,calcd for C36H34NaO4 553.2355. 
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Synthesis of 5,5',5'',5'''-tetraallyl-[1,1':3',1'':3'',1'''-quaterphenyl]-2,2',2'',2'''-

tetraol (53). 

According to the Ag2O-mediated dimerization reactions, the desired product 53 

(16.4 mg, 33%) was achieved after flash column chromatography eluting with 

cyclohexane: ethyl acetate 95:5→ cyclohexane: ethyl acetate 60:40. White 

amorphous solid.  

According to the LTV-mediated dimerization reactions, the desired product 53 

(3.9 mg, 13.4%) was achieved after flash column chromatography eluting with 

cyclohexane: ethyl acetate 95:5→ cyclohexane: ethyl acetate 60:40. White 

amorphous solid.  

1H NMR (500 MHz, (CD3)2CO): δ 7.31 (d, J = 2.2 Hz, 1H, H-6'), 7.2 (d, J = 2.2 

Hz, 1H, H-4''), 7.23 (d, J = 2.9 Hz, 1H, H-4'), 7.20 (d, J = 2.9 Hz, 1H, H-6''), 7.17 

(d, J = 2.3 Hz, 2H, H-6/ H-6'''), 7.01 (d, J = 8.2 Hz, 2H, H-4/H-4'''), 6.91 (d, J = 

8.2 Hz, 1H, H-3'''), 6.89 (d, J = 8.2 Hz, 1H, H-3), 6.04 (m, 4H, H-9/H-9'/H-9''/H-

9'''), 5.04 (m, 8H, , H-8/H-8'/H-8''/H-8'''), 3.43 (d, 4H, J = 7.2 Hz, , Ha-7/ Ha -7'/ 

Ha -7''/ Ha -7'''), 3.43 (d, 4H, J = 7.2 Hz, , Hb -7/ Hb -7'/ Hb -7''/ Hb -7''').13C NMR 

(125 MHz, (CD3)2CO): δ 155.1 (C, C-2/C-2'''), 151.1 (C, C-2'/C-2'')), 138.4 (CH, 

C-8/C-8'/C-8''/C-8'''), 131.5 (C, C-5/C-5'''), 131.3 (C, C-5'/C-5''),131.1 (CH, C-

6/C-6'), 130.8 (CH, C-4'/C-6'/ C-4''/C-6''), 130.6 (CH, C-6/C-6'''), 129.6 (C, C-

1'/C-3'/C-1''/C-3''), 128.7 (C, C-1'/C-1'''), 128.3 (CH, C-6/C-6'''), 117.6 (CH, C-3), 

116.6 (CH, C-3'''), 114.6 (CH2, C-9/C-9'/C-9''/C-9'''), 39.5 (CH2, C-7/-7'''), 

39.2(CH2, C-7'/-7''). HRESIMS 553.2369 [M+Na]+,calcd for C36H34NaO4 

553.2355. 

Synthesis of 5,5',5'',5'''-tetraallyl-[1,1':3',1'':3'',1'''-quaterphenyl]-2,2',2''',6''-

tetraol (54). 

According to the Ag2O-mediated dimerization reactions, the desired product 54 

(14.9 mg, 30%) was achieved after flash column chromatography eluting with 

cyclohexane: ethyl acetate 95:5→ cyclohexane: ethyl acetate 60:40. Brownish oil.  
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According to the LTV-mediated dimerization reactions, the desired product 54 

(2.9 mg, 10.0%) was achieved after flash column chromatography eluting with 

cyclohexane: ethyl acetate 95:5→ cyclohexane: ethyl acetate 60:40. Brownish oil. 

1H NMR (500 MHz, (CD3)2CO): δ 7.38 (s, 2H, H-2''/H-4''), 7.24 (s, 2H, H-6/H-

6'''), 7.14 (m, 2H, H-4'/H-6'), 7.05 (d, J = 8.3 Hz, 2H, H-4/H-4'''), 6.91 (d, J = 8.2 

Hz, 2H, H-3/H-3'''), 6.07 (m, 4H, H-9/H-9'/H-9''/H-9'''), 5.02 (m, 8H, , H-8/H-8'/H-

8''/H-8'''), 3.39 (d, J = 7.2 Hz, , H-7/H-7'/H-7''/H-7''').13C NMR (125 MHz, 

(CD3)2CO): δ 152.5 (C, C-2/C-2'), 150.6 (C, C-6''), 148.9 (C, C-2'), 138.3 (CH, C-

8/C-8'/C-8''/C-8'''), 131.6 (C-5, C-5'/C-5'''), 131.5 (C-5''),131.1 (CH, C-6/C-6'), 

130.8 (CH, C-2''/C-4''), 130.6 (CH, C-4'/C-6'), 129.6 (CH, C-4, C-4'''), 128.5 (C, 

C-1''/C-3''), 128.1 (C, C-1''/C-1'''), 128.0 (C, C-1'), 127.2 (C, C-3'), 116.5 (CH, C-

3/C-3'''), 116.1 (CH2, C-9/C-9'/C-9''/C-9'''), 39.1 (CH2, C-7/C-97'/C-7''/C-7''). 

HRESIMS 553.2370 [M+Na]+,calcd for C36H34NaO4 553.2355. 

 

5.5  Measurements of pancreatic lipase (PL) inhibition 

The inhibition of pancreatic lipase from porcine pancreas [EC 3.1.1.3; 

triacylglycerol acyl hydrolase] was performed using 4-nitrophenyl butyrate as a 

substrate.[36] In a 96-well microplate, 150 μL of phosphate buffer (50 mM, pH = 

7.2), the enzyme solution (5 mg/mL in phosphate buffer; 15 μL), and different 

aliquots (4, 6, 8, 10, and 15 μL) of tested compounds (stock solutions were 

prepared in MeOH ranging from 1.79 mM to 0.94 mM) or of orlistat (6.7 μM in 

buffer) were mixed. The reactions were incubated at 37 °C for 10 min. Then, the 

substrate (3.2 mM in H2O: DMF 70:30, 10 μL) 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. 
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% 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
𝑂𝐷control−𝑂𝐷sample

𝑂𝐷control

∗ 100                                                         (Eq.1) 

 

Here, ODcontrol represents the measured optical density for Eq the enzyme-

substrate mixture in the absence of an inhibitor, and ODsample represents the optical 

density of the reaction mixture in the presence of the inhibitor. The in vitro assay 

results are reported as IC50 values. 

 

5.6  Measurements of α - glucosidase(α-Glu) inhibition 

The α-glucosidase inhibition assay was performed employing the 

conditions previously reported. Briefly, in a 96-well microplate, the enzyme 

solution (0.25 U/ml in 50 mM phosphate buffer, pH 6.8; 100 µL) was mixed with 

different aliquots (2, 4, 6, 8 µL) of tested compounds (stock solutions in methanol 

ranging from 3.22 mM to 0.4 mM). Then, the substrate p-nitro-phenyl-α-glucoside 

(NPG 78 µM; 100 µL) was added and the microplate was incubated at 37 °C for 

30 min under shaking. The reaction was stopped by adding 1 M Na2CO3 solution 

(10 μL) and the absorbance of p-nitrophenol was measured at 405 nm with the 

Synergy H1 microplate reader (BioTek, Bad Friedrichshall, Germany). Acarbose 

was used as a reference standard. The assays were performed in triplicate with 

different concentrations for each compound. The amount of methanol used in the 

experiment did not affect the glucosidase inhibitory activity. The inhibition 

percentage was calculated by the following equation (Eq.1), and the inhibition 

results are reported as IC50 values. 

 

5.7  Measurements of α - amylase(α-Amy) inhibition 

The inhibition of the porcine pancreatic α-amylase (EC3.2.1.1, Type VI-

B, α-Amy) was performed using the previously reported. The reactions were 
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carried out in test tubes by mixing 50 μL of the enzyme solution (6 U/ml in 20 

mM phosphate buffer containing 6.7 mM NaCl) with tested compounds (2, 4, 6, 8 

of 3.87 – 0.50 mM solutions). The reactions were incubated at 37 °C for 10 min, 

then, a starch solution (0.5% in phosphate buffer; 50 μL), previously stirred at 90 

°C for 20 min, was added in the test tubes, and the mixtures were incubated again 

at 37 °C for 15 min. Lastly, 100 μL of a 96 mM 3,5-dinitrosalicylic acid solution 

(containing 30% sodium potassium tartrate in 2 N NaOH) were added, and the test 

tubes were heated at 80 °C for 10 min. Each mixture was diluted with water (final 

volume 540 μL), and the solutions were moved into a 96-well microplate, and the 

OD at 540 nm was acquired. Acarbose was used as a positive reference. The 

inhibition percentage was calculated by solving Eq. (1) and the inhibition results 

the as reported ad IC50 value. 

 

5.8  Kinetic of pancreatic lipase inhibition 

The mode of inhibition of PL in the presence of selected neolignans was 

determined spectroscopically. The experiments were performed in 96-well plates 

employing the enzyme (120 U/mL in phosphate buffer; 10 µL), the selected 

molecules, and the increasing concentrations of p - nitrophenyl butyrate (from 0.3 

to 1.9 mM) in a final volume of 200 µL. The concentration of tested neolignans 

was chosen based on the IC50 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: 

𝑣0 =
𝑣max𝑆

𝐾m(1+
𝐼

𝐾i
)+𝑆

                                                                                             (Eq.2) 

𝑣0 =
𝑣max𝑆

𝐾m(1+
𝐼

𝐾i

)+𝑆(1+
𝐼

𝐾′i

)
                                                                                (Eq.3) 
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here ν0 is the initial velocity in the absence and presence of the inhibitor, S and I 

are the concentrations of substrate and inhibitor, respectively, νmax is the maximum 

velocity, Km is the Michaelis-Menten constant, Ki is the competitive inhibition 

constant, and K'i is the uncompetitive 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 Ki and K'i values, respectively. 

 

5.9  Kinetic of α - glucosidase inhibition 

The mode of inhibition of α – Glu in the presence of selected neolignans 

was determined spectroscopically. The experiments were performed in 96-well 

plates employing. Precisely, mixtures containing α-Glu (5 μL of a 31 μM solution), 

the inhibitors (concentration chosen based on IC50 value) and p-nitro-phenyl-α-

glucoside at different concentration (2.00, 1.50, 1.25, 0.83, 0.50, 0.33 and 0.15 

mM) were incubated at 37 °C and the optical density was read at 405 nm every 1 

min for 30 min with the Synergy H1. The initial velocity (ν) was determined as 

the slope of the OD changes at 405 nm during the linear course of the reaction. 

The data acquired were elaborated according to the Lineweaver-Burk equations 

(Eq.2-3).  

 

5.10  Kinetic of α - amylase inhibition 

The mode of inhibition of α—Amy in the presence of selected neolignans 

were determined according to a procedure previously described with some 

modifications. The assay was performed in 96-well microplates (final volume of 

200 μL). In a typical set of experiments were added 10 μL of enzyme solution (4.0 

U/mL in 0.1 mM phosphate buffer containing 0.02% NaN3; pH 6.8) and the 

inhibitor at different concentrations chosen based on IC50 values. The plate was 

incubated at 37 °C for 10 min, and the reaction was started by addition of different 
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aliquots of 10 mM 2-chloro-4-nitrophenyl-α-maltotrioside (1.25, 1.00, 0.75, 0.50, 

0.25 mM), the OD was measured at 405 nm every minute for 30 min, maintaining 

the plate at 37 °C. The initial velocity (ν) was determined as the slope of the OD 

changes at 405 nm during the linear course of the reaction. The inhibition constants 

were calculated from the Lineweaver-Burk equations Eq.2 and Eq.3. 

 

5.11 Fluorescence measurement 

Fluorescence experiments were performed as previously reported. A 

solution of α-Glu (0.03 mg/mL in 0.1 M phosphate buffer containing 0.1 M NaCl, 

pH 6.9; 2 mL) or α-Amy (0.4 mg/mL in 0.1 M phosphate buffer containing 0.1 M 

NaCl, pH 6.9; 2 mL) was titrated by consecutive additions (2 or 4 μL) respectively 

of the natural product 3 or its synthesized analogues 35, 44, 47 or 48 for α-

glucosidase while 3, 35, or 48 for α-amylase. The concentration of the starting 

solution of the tested compounds was chosen based on the IC50 values. Each 

titration was replicated at three different temperature 298.15, 303.15, and 310.15 

K. The fluorescence spectrum was acquired after 1 min from each addition setting 

the instrument (Varian Cary Eclipse Spectrophotometer) with the following 

parameters: λEXC = 295 nm; slit 10 nm; acquisition from 310 to 500 nm).  

The fluorescence at the maximum intensity was employed to obtain the Stern-

Volmer plots using the equation: 

𝐹0

𝐹
= 1 + 𝐾SV[𝑄] = 1 + 𝐾qτ0[𝑄]                                                           (Eq.4) 

 
F0 and F represent the fluorescence intensities of the enzyme before and after the 

addition of the inhibitor, respectively. [Q] represents the concentration of the 

compounds studied; τ0, the average lifetime of the fluorophore in the absence of 

quencher protein (approximately 10− 8 s for α-Glu and α-Amy), Ksv represents the 

Stern-Volmer quenching constant. Kq is the biomolecule quenching rate and (Ka) 
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is the binding constant and n is the number of binding sites. Ka and n were 

calculated with the following equation:  

 

𝑙𝑜𝑔
𝐹0 - 𝐹

𝐹
= 𝑙𝑜𝑔𝐾a + 𝑛𝑙𝑜𝑔[𝑄]                                                                   (Eq.5) 

 

5.12 Molecular docking analysis 

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 phosphonic acid 

(MUP) as an inhibitor and β-octylglucoside (BOG) as a surfactant. Protein was 

prepared with Protein wizard, MUP, and BOG, and H2O 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 molecular docking studies were conducted using Glide Ligand 

Docking software integrated with Schrödinger Suite and Autodock Vina software 

1.5.6. [205, 206] 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 × 40 × 50 Å3 for x, y, and z, respectively. The spacing 

between the grid coordinates was 0.708 Å. The grid centre was set to 7.500, 

26.042, and 47.696 Å. Receptor grid generation interfaced with Schrödinger Suite 

was used to generate the gridmaps for the Glide calculations. The grid box was 

centred in the protein’s binding site, with the grid centre set to 6.52, 22.27 and 

43.85 Å. The minimized geometries were converted into.pdbqt files by Autodock 

Tools (1.5.6). The.sdf files of anti-obesity drug orlistat, and the natural products 1 

and 2 were downloaded from PubChem (https://pubchem.ncbi.nlm.nih.gov/, I.D. 

cod respectively: 3034010, 72300, 72303). Meanwhile, the synthesized 
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nitrogenated analogues biphenyls 6–18c, 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 Schrödinger Suite 

(Version 11) of Schroedinger suite. 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 O.S.X. Yosemite (10.10.5) environment. The analysis of docking outcomes 

was carried out by Schrödinger Suite (Version 11), and figures of 3D models were 

generated by Pymol (2.3.5). 

Due to the absence of the related solved structure of α-Glu in the Protein 

Data Bank, it would have been necessary to proceed with the construction of a 

homology model [207]. After 2022, the AphaFold protein structure database 

(https://alphafold.ebi.ac.uk) provides 3D protein models with high-accuracy 

counting more than 200 million entries, between which also α-Glu, provides broad 

coverage of UniProt (the standard repository of protein sequences and annotations) 

freely available for the scientific community [208, 209]. Therefore, the α-Glu from 

S. cerevisiae (AF-P53341-F1-model_v4) was downloaded from the above-cited 

AlphaFold data bank, whereas the α-Amy (PDB ID: 4W93) from the Protein Data 

Bank (https://alphafold.ebi.ac.uk). Glide Ligand Docking was employed to 

acquire the computational experiments. The model was first prepared and 

minimized by Protein preparation wizard. The putative binding site was identified 

through SiteMap software, that allowed to generate a ranking of five possible 

druggable binding pockets based on the site score output and the best-one was then 

used for the molecular docking calculation. Specifically starting from site 1 the 

following coordinates were obtained by Grid generation experiment: 14.61 (x), 

2.13 (y), 1.91 (z), 10 x 10 x 10 as innerbox, and 36.76 x 36.76 x 36.76 as outerbox. 
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The .pdb file of human pancreatic -amylase (PDB ID: 4W93) was downloaded 

from Protein Data Bank. The α-amylase is cocrystallized with montbretin A as 

specific inhibitor. The grid box was centred in the binding site of protein, with grid 

centre set to -7.28 (x), 7.43 (y) and -18.44 (z), 10 x 10 x 10 as innerbox, and 30 x 

30 x 30 as outerbox. The .sdf file of hypoglycemic drug acarbose was downloaded 

from Pubchem (https://pubchem.ncbi.nlm.nih.gov ID code: 41774  ), while the 

natural lead 3 and the synthesized  analogues 30, 34 – 37, 39, 41, 44 and 47 – 48 

were drawn by ChemDraw and saved in .sdf file. Then the library was prepared 

by LigPrep software, generating all the possible tautomers and protonation states 

(pH = 7.4 ± 1.0) for each compound. The obtained structures were minimized by 

OPLS3. The molecular docking studies were performed using Glide interfaced 

with Schrödinger Suite. In docking calculation, the protein was treated as rigid and 

ligands as flexible. Glide were compiled and run in OSX Yosemite (10.10.5) 

environment. The analysis of docking outcomes was carried out by Schrödinger 

Suite (Version 11), and figures of 3D models were generated by Pymol (2.3.5). 

The same procedures were employed to analyze the dimers 52 – 54. The 

synthesized compounds were drawn by ChemDraw and saved in .sdf file. 

 

5.13 Circular dichroism analysis 

CD spectra were recorded using a Jasco J715 spectropolarimeter equipped 

with a single-position Peltier temperature control set at 37 °C. A quartz cuvette 

with a 1 cm path length was employed for all ECD experiments. The CD 

measurements were performed in the range 200–260 nm in the presence or absence 

of the tested compounds (3, 35, 44, 47 and 48).  The experimental parameters were 

as follows: scanning rate 50 nm/min, data pitch 0.2 nm, digital integration time 

(D.I.T) 4s, band width 2.0 nm. Each ECD spectrum was an average of at least five 

scans. For each experiment the α-glucosidase (0.5 µM in 10 mM phosphate buffer, 

pH 7.2) was titrated with increasing aliquots of natural lead or synthesized 

https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/compound/41774
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obovatol analogues, thus the concentration of tested compounds was increased 

from a ratio of 0:1 to 6:1 respectively. The CD spectra were collected after each 

addition and corrected by subtracting the blank signal (100 mM phosphate buffer). 

Additionally, CD spectra of selected compounds, at the highest concentration 

tested, were acquired under the same conditions. To assess the changes of 

secondary structures of α-glucosidase, the secondary Structure Estimation 

software included in the JASCO Spectra Manager software were employed. 

 

5.14 Assessment of the presence of atropisomerism for compounds 

1, 2 16b, 17 and 18b 

The 3D models of all the compounds were geometrically minimised 

OPLS3 force fields considering the protonation state at pH of 7.0 ± 1 and 

processed using LigPrep interfaced with Schrödinger Suite (Version 11). LigPrep 

can also generate and sample alternative chiralities, including tautomers, ring 

conformations, and alternative chiralities. Regarding the inhibitors, the software 

furnished only a single structure for each molecule selected. 

In addition to in silico studies, HPLC on a chiral column was performed to 

verify the possible presence of atropisomers. The results indicated that neither the 

natural products 1 and 2 nor the new analogues 16b, 17, and 18b were present as 

atropisomers at room temperature; thus, they had not restricted rotation along C1-

C1' linkage as usually occurred in many di-ortho-substituted compounds. 

Furthermore, natural products 1 and 2 and selected nitrogenated neolignans 16b, 

17 and 18b were analyzed by HPLC-UV using Chiralcel OD column (4.6 mm x 

250 mm, 5 μm, Daicel, Japan). According to HPLC run at 10 °C, the energy barrier 

between two possible atropisomers may be low, and the interconversion of 

atropisomers occurred both at room temperature and at 10 °C. Based on those 

results, it can be stated that 1, 2, 16b, 17, and 18b had no atropisomerism 

behaviour in the condition applied for our experiments (Figure S133 – 134). 
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