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'Natural Products have served as an important source of drugs since ancient times

and about half of the useful drugs today are derived from natural sources.'
C. Tringali'

Sources of small moleculedrugs

OS OS/NM mS* OS*NM EN END

Figurel. Sources of small molecule drugs, 1981-2006: Codes are as follows: “N”, natural product;
“ND”, derived from a natural product and usually a semisynthetic modification; “S”, totally synthetic
drug often found by random screening/modification of an existing agent; “S*”, made by total
synthesis, but the pharmacophore is/was from a natural product. The subcategory is as follows: “NM?”,
natural product mimic. >

...the use of information from nature and from compounds that though formally
“synthetic” are derived from natural products, or mimic natural product
topographies, can be used in a variety of ways to lead to novel structures with

(hopefully) therapeutic potential.’
D. J. Newman®
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1. INTRODUCTION

Extracts from plants or other organisms have been used for thousands of years as
medicines and today a multitude of researchers continue to be inspired by the astonishing
structural variety of natural products to identify potential lead compounds for drug discovery.
In the simplest of terms, a natural product is a small molecule (generally with a molecular
weight below 3000 Da) that is produced by a biological source; often the term is considered
as synonymous for secondary metabolite and natural products research focuses on the
biosynthesis and the study of chemical properties and biological functions of secondary
metabolites. These are organic compounds not ubiquitous in all organisms, and represent an
expression of the individuality of the species; secondary metabolites do not exert primary
biological functions directly involved in the normal growth, development or reproduction of
an organism but they may serve as chemical defense, intra- or interspecies communication,
sexual attraction and to other purposes conferring an advantage to the organism producing
them. The main families of secondary metabolites include isoprenoids, polyketides, alkaloids,
non ribosomial peptides and polyphenols, these latter directly derived from shikimate
pathway, as phenylpropanoids and lignans, or from a mixed biosynthetic pathway (shikimate/

acetate and/or malonate pathways), as stilbenoids or flavonoids.

My thesis is devoted to the family of polyphenols with the specific goal of synthesize
new natural-derived polyphenols compounds and study their chemical and biological

properties.



1.1. POLYPHENOLS

The term ‘polyphenols’, was originally used as synonym for ‘vegetable tannins’ to
indicate the vegetable substances able to convert animal skin into leather, that is the ‘tanning
action’. Later, Haslam® proposed a definition of plant polyphenols including specific
structural characteristics common to all phenolics having a tanning property; however, this
definition has subsequently been broadened in the common use and low-molecular weight
phenolic compounds (not soluble in water and without tanning action) were also included.
More recently, the term ‘polyphenols’ has been further extended to include phenolic
metabolites biosynthetically derived through the shikimate and/or the acetate/malonate
pathways. Indeed, metabolic modification of some shikimate/acetate intermediates can lead to
‘polyphenols’ paradoxically lacking of the phenolic functions, such as some lignans
originated by dimerization of a phenylpropanoid unit (C6C3)* or without ‘free’ hydroxyl
groups (such as some polymethoxyflavones)® although their carbon framework is strictly
related, or identical to that of the phenolic analogue. In addition, many naturally occurring
derivatives such as polyphenolic glycosides, esters and ethers are normally included in
research studies on polyphenols. This large group of chemical products, mainly found in
higher plants, include more than 8000 compounds, many of whom display important
biological properties. These secondary metabolites of plants frequently have an important
ecological role for the plant, ex. as defense agents against ultraviolet radiation or aggression
by pathogens and predators. Many of them are also found in edible plants and have become
popular for their chemopreventive properties against degenerative pathologies.

The polyphenols are generally subdivided in main families, namely flavonoids,
stilbenoids, phenylpropanoids and lignans. Actually, lignans, the related neolignans and other
oligomeric compounds are strictly related to phenylpropanoids being biosynthetically derived
from them through oxidative coupling.

Over the past 15 years, researchers and food manufacturers have become increasingly
interested in polyphenols, the main reason probably being the growing evidence of
antioxidant properties of this class of natural products;® their great abundance in our diet
(edible fruits, herbs, vegetables are source of polyphenols) and their role in the prevention of

various diseases associated with oxidative stress, such as cancer, cardiovascular and
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neurodegenerative diseases. ' Furthermore, polyphenols, which frequently constitute the
active principles of many medicinal plants, modulate the activity of a wide range of enzymes
and cell receptors. The hypothesis that regular assumption of dietary polyphenols may help to
prevent cancer is supported by many epidemiological, in vitro and in vivo studies’ '*!!
corroborated by some clinical trials.'>"> Consequently, a considerable number of researches
has recently been developed on biological properties of a growing number of low molecular
weight dietary polyphenols, such as the stilbenoid resveratrol (1) found in grape and red wine,
the green tea catechins, and in particular epigallocatechin-3-gallate (EGCG, 2), the soya
isoflavone genistein (3), the yellow pigment curcumin (4) found in turmeric (curry), ellagic

acid (5), a component of pomegranate, the widespread caffeic acid (6) and its phenylethyl
ester CAPE (7), found in honeybee propolis.
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Resveratrol (£-3,5,4’-trihydroxystilbene, 1) is considered one of the most extensively
studied polyphenols with cancer chemopreventive activity; a recent review by J. Pezzuto'

lists 512 references solely on the carcinogenesis inhibitory properties of resveratrol. The
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popularity of this stilbenoid dates back to the observed inverse correlation between a high-fat
diet and low mortality risk of heart disease, attributed to red wine consumption in some
southern regions of France, the so-called ‘French paradox’.'” Another popular beverage,
green tea, has been the subject of a lot of epidemiological studies suggesting that its regular
consumption can be associated with reduced incidence of some cancer diseases.'® Recently,
ECGC (2), one of the main component of green tea, was reported to inhibit tumor invasion
and angiogenesis, processes that are essential for tumor growth and metastasis; in addition,
various potential mechanisms involved in antitumor activity of 2 have been described,
including inhibition of matrix metalloproteinase and proteasome.'’ Curcumin (4) has been
shown to possess a wide range of biological activities including anti-inflammatory,
antioxidant, antimicrobial and anticancer effects.'® Finally caffeic acid (6) and in particular its
naturally occurring ester CAPE (7) were reported for antioxidant, anti-inflammatory and
antibacterial activity.'’

Notwithstanding the importance attributed to dietary polyphenols in cancer prevention,
a problem arises about their poor bioavailability and fast metabolic conversion, frequently

observed for natural polyphenols:***!

this has prompted many research groups to synthesize
analogues of these molecules, with improved metabolic stability and bioavailability, and
possibly with more potent biological activity.*? These optimized analogues may be useful as
‘lead compounds’ for the discovery of new chemotherapeutics/adjuvant agents. In some cases
optimized analogues have shown improved activity even through a different, more effective,

mechanism of action with respect to the natural model.

1.2. STILBENOIDS AND RELATED COMPOUNDS

A chapter in a book and a review recently published by Spatafora and Tringali confirm
the importance of natural-derived polyphenols as potential anticancer agents.”>** Among the
compounds cited therein, many synthetic stilbenoids have been prepared as derivatives of the
above cited resveratrol (1), as well as of the combretastatin A-4 (8), a cytotoxic stilbenoid,
originally isolated by Pettit et al. from the root bark of Combretum caffrum,” known as a

26, 2 . 2
627 and a tumor vascular targeting agent.

potent inhibitor of tubulin polymerization
Notwithstanding the clear structural analogy, the majority of studies on resveratrol or
combretastatin A-4 analogues have been carried out separately, probably because 8 is highly

cytotoxic and has attracted the attention of researchers mainly as a potential anticancer
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therapeutic agent, whereas 1, found in edible plants like grapes or peanuts, is considered a
‘safe molecule’ and has been studied mainly for its cancer chemopreventive or other
beneficial properties. Among the synthetic analogues of combretastatin A-4, it is worth of
citation the (Z2)-3,4',5-trimethoxylstilbene-3'-O-phosphate (9), very recently reported as a
novel vascular disrupting agent with potent microtubule inhibitory activity, cytotoxic activity
towards seven tumor cell lines in the nM range, and antiangiogenic properties.”* Moreover,
molecular docking simulations have showed that some Z-polymethoxystilbenes are able to
bind effectively to the colchicine binding site of tubulin, similarly to the binding mode of 8. In
a recent study, the (2)-3,5,4'-trimethoxystilbene (10), able to bind to the colchicine site of
tubulin, showed the highest antiproliferative activity towards SW480 human colorectal cell
(ICsp = 0.3 uM); nevertheless, a strictly related compound, (Z£)-2-hydroxy-3,5,3",5'-
tetramethoxystilbene (11) proved to have the best calculated binding affinity to the colchicine
site of tubulin, although resulting less potent than 10, with ICso = 7 uM.***° This observation
suggests that some potentially good candidates as tubulin inhibitors probably do not reach the
tubulin pocket because other factors such as absorption, distribution and metabolism have a

critical role.

8 9
Me OH
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The search for antiangiogenic agents has recently became of great importance in
cancer chemotherapy, given that new vessel growth accompanies several pathologies and in
particular solid tumor growth.’'**(E)-polymethoxystilbenes have recently showed promising

properties as potential antitumor agents: the 2-hydroxy-3,5,4'-trimethoxystilbene 12 has
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proved to be a potent antiangiogenic agent, able to inhibit, in the range 1 — 100 uM after 96h
exposure, up to the 80% of neovascularisation in a porcine aortic endothelial cell in vitro
model;*>® 12 was also evaluated for its effects on swine granulosa cells where it decreased
progesterone levels and inhibited VEGF output.** An isomer of 12, the 2-hydroxy-4,3",5'"-
trimethoxystilbene (13), proved to be an effective apoptotic agent for breast cancer cells;> as
well as the aldehyde 2-formyl-3,5,4'-trimethoxystilbene (14) resulted more active than the
anticancer drug S-fluorouracil against the nasopharyngeal epidermoid tumor cell line KB
(ICso = 9.2 uM).*®

In a collaborative study carried out by the laboratories of Prof. C. Tringali (University
of Catania) and that of Dr. A. Di Pietro (CNRS, France), a series of polymethoxystilbenes
were synthesized and evaluated as inhibitors of ABCG2, an efflux pump protein involved in
multi-drug resistance (MDR); among them, the 3,5,3",4'-tetramethoxystilbene (15), previously

reported as antiproliferative and tubulin inhibitor®->" **

resulted the most potent inhibitor of
mitoxantrone efflux, with ICso=0.16 pM.* The above cited data suggest that (E)-
polymethoxystilbenes are a subgroup of resveratrol-related polyphenols with promising
antiproliferative properties. Some of these bioactive compounds have been the subject of
recent pharmacokinetic studies because of their presumed longer half-life and reduced
metabolic conversion with respect to their hydroxylated analogues. For instance, compound
15 showed better oral bioavailability, longer terminal elimination half-life, greater plasma
exposure and lower clearance than lead 1. Similar pharmacokinetic results have been obtained
also for 3,5,4'-trimethoxystilbene (16, Glso = 2.92 uM against androgen non-responsive
human prostate tumor cells DU-145),% and for the 3,5,3'4',5"-pentamethoxystilbene (17),"'

known for interesting antitumor properties.**

Its isomer, 2,4,3',4',5"-pentamethoxystilbene
(18) is reported in two recent papers indicating this compound as a potent pro-apoptotic factor
in colon cancer cells (Caco-2, HT-29 and SW1116), targeting microtubules** and inhibiting

.. . . .. .45
colitis-associates colorectal carcinogenesis in mice.
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These data, in addition to those previously reported on anti-tumor stilbene-based
resveratrol analogues™ indicate that polymethoxystilbenes are a subgroup of resveratrol
analogues worth of further study and chemical optimization. Although the combretastatin-
related Z-stilbenoids in many cases resulted more potent antiproliferative agents than the E-
substituted isomers, it has been showed that the formers are prone to isomerization during
storage and administration and in the course of metabolism in liver microsomes.*®

Many examples of chemical modification of bioactive polyphenols are reported as a
strategy for selectively direct an active compound towards target-specific receptors or other
factors expressed in tumor cells, sparing the not cancerous ones.* " ** Among them,
glycoconjugates incorporating a sugar moiety, should act as target specific saccharide
transporters, and might accumulate selectively in some tumor cells where primarily glucose

transporters (GLUTS) are over-expressed,” > due to the altered glucose metabolism (the so-
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called ‘Warburg effect’). >’ Moreover, they should also be hydrolyzed by specific P-
glucosidases and B-galactosidases, thereby allowing the release of the active aglycone. >

Some examples of such anti-tumor glycoconnjugates are below reported; the 4-B-D -
glucoside of curcumin (19), the well-known yellow pigment found in turmeric (Curcuma
longa),” proved to be the most potent in a series of glycoconjugates tested on a panel of
colon cancer cells: Caco-2, HT29 and T84 cells;54 after 96h, 19 showed an ICsy = 10.3 uM on
Caco-2 cells. In the same study, the P-D-galactoside of the synthetic anticancer drug
diethylstilbestrol (20) was also evaluated, although resulting significantly less potent than
compound 19 (ICsop = 75 uM on Caco-2 cells). A recent review about biologically active
glycosides reports some natural glyco-stilbenes found in many families of higher plants
(Vitaceae, Gnetaceae, Polygonaceae, Liliaceae, Moraceae, and Cyperaceae).55 Among these,
resveratroloside (21), found in grape and wine, showed cytotoxic activity against human oral
squamous cell carcinoma and salivary gland tumor cell lines, but none important cytotoxity
towards normal human gingival fibroblasts. Kimura et al. have studied the effects of piceid
(22) and 3,5,4’-trihydroxystilbene-2- O-B-D-glucoside (23) on tumor growth and lung
metastasis in mice bearing highly metastatic Lewis lung carcinoma tumor, revealing that 23
has inhibitory effect in the DNA synthesis (IGso= 81 pM).’® In addition, stilbene glucosides
22 and 23 have shown antiangiogenic activity, by inhibition of the capillary-like tube
networks formation of Human Umbilical Vein Endothelial Cell (HUVEC).
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1.3. DERIVATIVES OF PHENOLIC CINNAMIC ACIDS

Phenolic cinnamic acids are key intermediates in shikimate biosynthetic pathway as
precursors of a variety of natural products with an aromatic moiety, including stilbenoids and
flavonoids. The most common members of this group are the p-coumaric (24), caffeic (6)
ferulic (25) and sinapic (26) acids. These compounds are widespread in nature and have been
found in many fruits, vegetables and cereals in the form of free acids or esters. They are able
to produce beneficial effects on human body and consequently considered nutraceuticals.
Most of them find application in perfumery (as fragrance materials), cosmetic industries and
in pharmaceutics for their wide range of biological properties: among others, antioxidant,
anti-inflammatory, antimicrobial, antifungal, antidiabetic, anticholesterolemic, anti-
hyperglycemic and UV-protective activity.”’ Some examples are worth of citation here:
methyl caffeate (27), found in many plants and in turkey berries (from Solanum torvum) is
reported to posses antitumor activity against Sarcoma 180 as well as antimicrobial activity.’®
Chlorogenic acid (28), a naturally occurring ester of caffeic acid with (-)-quinic acid, is found
in coffee beans (Coffea spp.) and in artichokes (Cynara scolymus), it is reported to be
antioxidant, anti-inflammatory and cancer chemopreventive agent. > Recently, Jin et
al. showed a strong activity of compound 28 as inhibitor of matrix metalloproteinase-9

(MMP-9), involved also in tumor cell invasion and metastasis.®
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CAPE (7), already cited above, is a bioactive constituent of honey bee propolis,
probably one of the most studied caffeic acid derivatives for its interesting biological
properties including antiproliferative activity.®' A study on development and validation of a
spectrometric method for the determination of 7 in rat plasma and urine showed that it is
rapidly absorbed and excreted both as unmodified molecule and as glucuronide conjugate.
In addition, the chemotherapeutic effectiveness of esters may be reduced by their possible
hydrolysis by intracellular esterases; conversely, amide isosteric analogues are generally
associated with higher metabolic stability than esters.

In the last decade, a large number of phenolic amides have been studied as antioxidant
or anti-inflammatory agents, as 5-lipoxygenase,® tyrosinase ** or o-glucosidase inhibitors.®
Among the many promising cinnamic amides reported in the recent literature, I wish cite here
some examples. Compounds 29 and 30 showed a pronounced antioxidant activity in the
microsomal lipid peroxydation (ICsp = 0.29 and 0.59 uM), higher than vitamin E and
quercetin (2.8 e 0.95 uM respectively.®® The naturally occurring N-(p-coumaroyl)serotonin
(31)"” and the synthetic amide 32° have been reported as tyrosinase inhibitors (ICso = 74 uM
and 2.2 uM respectively), of potential use in the food and cosmetic industries and in medicine
in prevention and treatment of hyperpigmentation and in melanoma characterized by melanin
accumulation.®’

In a study on inhibitors of the viral surface proteins neuraminidases (NAs), involved in
the diffusion of influenza virus, the compound 33, a caffeic acid amide, proved to be a potent
NAs inhibitor with anti-influenza virus activity of 31.2 pM."

A library of synthetic cinnamic acyl 1,3,4-thiadiazole amides has been evaluated for
antiproliferative activity and tubulin polymerization inhibition on cancer cells.”' Compound
34 resulted a potent antiproliferative agent (ICsp = 0.28 pg/mL for MCF-7 and ICsy = 0.52
pg/mL for A549), comparable to tubulin inhibitor colchicine.



18

(o]
L) o
X N
Ho L HO X N OH
HO H
OH HO
29 30
OH (o] OH
(0] HO N
| H
AN N N OH
H H OH
HO
31 32
(o]
OH
OHL o NN
X N N H
H H)ki\ MeO
HO
OH
33 34

The strategy to block cell division is just one of successful area of research for the
development and progress of cancer drugs. Matrix Metalloproteinases (MMPs) are zinc-
dependent proteolytic enzymes (endopeptidases) which play a pivotal role in the degradation
of all extracellular matrix proteins and are also involved in pathological events such as tumor
growth, invasion and metastasis. In a recent work a number of cinnamoyl amides has been
synthesized and evaluated for selective MMPs inhibition; " among these, caffeoyl amides 35

— 37 showed 1Cs values around 3.6 and 2.3 nM on MMP-2 and MMP-9.
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1.3.1. mPGES-1 inhibitors as a new generation of anti-inflammatory agents

Inflammation is a biochemical response of body tissues to harmful physiological and
pathological stimuli, such as irritants, pathogens or damaged cells; NSADs are the most used
anti-inflammatory drugs and they reduce the inflammation by inhibiting the activity of
Cyclooxygenanses (COX) and consequently the biosynthesis of prostaglandins (chemical
mediators in inflammation). Inflammation can also play a pathogenic role in a variety of acute
or chronic (neuro)degenerative diseases such as cancer, rheumatoid arthritis, epilepsy,
amyotrophic lateral sclerosis, Alzheimer’s and Parkinson’s diseases. Moreover, the inducible
isoform COX-2 is the major contributor to the inflammation and disease progression than
constitutively expressed COX-1. For this reason, a new generation of anti-inflammatory drugs
such as rofecoxib and valdecoxib, selective COX-2 inhibitors, have been employed for
suppression of pain and inflammation; unfortunately they also caused adverse cardiovascular
effects and were withdrawn from the U.S. market.

In a recent article it is suggested that future anti-inflammatory therapy should be
targeted through a specific proinflammatory prostanoid synthase or receptor rather than to
block the entire COX-2 signaling.” In this contest, prostaglandin E synthases (PGES) which
are involved in the conversion of PGH, in PGE,, are a new biological target in treatment of
chronic inflammatory diseases. More precisely, among the three PGES isoforms, the mPGES-
1 (microsomal Prostaglandin E Synthase, type-1) is responsible for the pro-inflammatory
stimuli-dependent production of PGE, and it is up-regulate under inflammatory events in
various tissues.” A selective inhibitor of mPGES-1 would be able to inhibit PGE, production
induced by inflammation, sparing constitutive PGE, and the other prostanoids production

(PGD,, PGI,, TXA,; see Figure 8).
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Figure 2. Representation of biosynthesis of prostaglandins and possible
unspecific (with yellow) and specific (with blue) inhibitors of the process.

as clinical candidate.”
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Among mPGES-1 inhibitors, a series of benzoxazole piperidinecarboxamides has been
described, in particular the hit 38 proved to be a promising inhibitor by in vitro assay, but it
lacked potency in cell-based assay. Structure—activity optimization of 38 lead to synthesize
compounds 39 and 40 which showed enhanced inhibitory activity by both in vitro (ICsy of 3
and 2 nM respectively) and in vivo (ICsy of 109 and 53 nM respectively) assays. The

optimization occurred also under the pharmacokinetic profile and compound 40 was selected
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Imidazoquinolines are another structural class of mPGES-1 inhibitors;’® compound 41
was the most potent (ICso = 9.1 nM) with a high selectivity (>1000 fold) over both COX-1
and COX-2. A virtual screening method employing a structural model of mPGES-1 on
200000 compounds deposited in the Korean Chemical Bank (http://www.chembank.org)
identified 9 hits inhibiting more than 80% of enzyme at 25 pM and, after optimization of the
lead 42, compound 43 was obtained resulting a promising mPGES-1 inhibitor with an ICs,

value of 1.7 uM.”
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1.4. LIGNANS AND NEOLIGNANS

1.4.1.Occurrence, bioactivity and biosynthesis of lignans and neolignans

A further group of promising compounds in the search for natural-derived antitumor
agents is that of lignans, distributed in many higher plants (in wooden parts, roots, leaves,
flowers, fruits and seeds) and including several examples of compounds with antitumor
activity. Lignans and other related compounds (neolignans, oxyneolignans and others) are
accumulated in vascular plants probably as chemical defense agents and this may explain the

wide variety in their reported biological activities, including cytotoxic, antimitotic,
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antiangiogenic,”® cardiovascular’” and antiviral (including HIV),*" but also antileishmanial®
and antifeedant activity. ® The most cited example of bioactive natural lignan is

podophyllotoxin (19), whose optimization has afforded the anticancer drug etoposide (20).

~

b O

OH

44 45

Lignans share with other phenolic compounds a common biosynthetic origin from
shikimic acid. Their carbon skeleton is normally constituted by two phenylpropanoid units
(C6C3, monolignols), whose 8-8' radical coupling originates the natural dimeric lignans.®
Their biosynthesis has been widely studied and is exemplified in Scheme 1 where the
formation of (+)-pinoresinol 48 from the monolignol coniferyl alcohol (46) is reported. In the
first step an oxidase gives rise to the coniferyl alcohol radical, whose mesomeric forms are
illustrated; subsequently, a coupling reaction affords a reactive quinone-methide intermediate

47 whose intramolecular cyclization gives the product 48.%
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In principle it is possible to mimic the biosynthesis of natural lignans in laboratory
where the relevant precursors are subjected to oxidative coupling reactions mediated by
enzymes or oxidative reagents (see paragraph 1.4.2. for details). Even if natural lignans are
found as pure enantiomers, that is lignan biosynthesis is under stereochemical control, in vitro
oxidative coupling (including enzyme-mediated reactions) normally affords racemic
mixtures.® This point has been adequately studied: in an authoritative study by Davin et al.,*
and more recently in a mini-review,® it is reported that the stereospecificity in 8-8’-radical
coupling in plants is due to so-called ‘Dirigent Proteins (DPs). The role of DPs is to host a
couple of coniferyl radicals in binding site, in order to determine the stereochemical asset of
the quinone-methide intermediate and consequently, the stereogenic centres of final product,

for example in (+)-pinoresinol biosynthesis the two radicals are oriented ‘si-face to si-face’

(Figure 3).
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from: Davin, L. B.; Wang, H.-B.; Crowell, A. L.; Bedgar, D. L.; Martin, D. M.; Sarkanen, S.; Lewis, N. G. Science 1997, 275, 362-366

Figure 3. Bimolecular phenoxy radical coupling from E-coniferyl alcohol; random”
coupling products and stereoselective coupling product (+)-pinoresinol.

58-89 ‘neolignans’ are distinguished in

According to the [UPAC recommendations,
referring to dimers with a carbon linkage between two C6C3 units different from 8-8’, as for
example in (+)-dehydrodiconiferyl alcohol 50, whose biosynthesis, outlined in Scheme 2,
proceeds via the quinone-methide intermediate 49, which is formed through an 8-5' oxidative
coupling; also in this case a specific Dirigent Protein carries the reaction out under

. 84
stereochemical control.
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Lignans, neolignans and related compounds are an attractive target for chemical
synthesis/modification in view of their biological properties as well as of their structural
variety. Some synthetic studies were inspired by natural neolignan 3',4-di-O-methylcedrusin
(51), the active principle of Dragon’s blood, a red viscous latex extracted from the cortex and
by slashing the bark of various Crofon spp. (Euphorbiaceae), used in South American popular

medicine for several purposes, including wound healing and for its antiproliferative activity.”
OMe
OMe
i o O OMe
OH

w

51

In 1999, Pieters and co-workers synthesized a series of 19 dihydrobenzofuran
neolignans through a biomimetic reaction involving oxidative dimerization of p-coumaric,

caffeic, or ferulic acid methyl esters, included compound 51. These compounds were
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submitted to the screening of the 60 human tumor cell lines panel developed on the National
Cancer Institute (NCI) for potential anticancer activity.’' From this study the racemic
neolignan 52 (methyl caffeate dimer) proved to be the most promising antitumor compound
with an average Glsp value of 0.3 pM. After chiral preparative-scale HPLC, the pure
enantiomers were submitted to NCI protocol for anticancer activity and the 2R,3R-enantiomer
of 52 was twice active than the racemic mixture as tubulin polymerization inhibitor, while the
2S5,3S-enantiomer had minimal activity. Among the wide number of cell lines of NCI library
compound 52 has turned out to be more active against some breast cancer cell lines (MDA -
MB-435, MDA-N, and BT-549) with Glsy values = 10 nM. Moreover, submicromolar ICs,
value (0.2 yM) was proved for growth inhibition in HL 60 human leukemia cells; here again
texting the two enantiomers separately was observed an increase of activity for 2R,3R
enantiomer (ICso= 0.08 yM). In vivo experiments on chorioallantoic membrane (CAM assay)
have pointed out a pronounced antiangiogenic activity for the 52 2R,3R enantiomer.”® More
recently, flow cytometric analysis in Jurkat T cell line has proved that compound 52 causes
G2/M phase arrest and subsequent apoptosis through specific activation of caspase 3 and of

some pro-apoptotic proteins.”

Also the methyl ferulate dimer 53, tested according to
NCI protocol showed cytostatic activity, as mitotic inhibitor, with an average Glso of 3.3
uM:;’! indeed, the synthetic dihydrobenzofuran neolignan 54 tested on Jurkat T lymphocytes
(p53'/") has revealed an induction of apoptosis with arrest in the G2/M phase of the cell cycle

and inhibition of cell growth with Glsy of 0.1 pM.93’ 94
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Further bioactive dihydrobenzofuran neolignans have been reported; among them,
bohemenan H (55) and bohemenan K (56) showed strong cytotoxic activity against HeLa,
Hep-2 and A-549 cell lines.”” Dihydrobenzofuran neolignans originated by coupling of
phenylpropanoid amides (neolignanamides) have been reported less frequently in the
literature: trans-grossamide (57), showing moderate cytotoxic activity in LNCaP cells;”®
tribulusamides A (58) and B (59), isolated from Tribulus terrestris fruits, are reported for
hepatoprotective activity.” Neolignanamides are then sub-group of the lignan family worth
of deeper investigation, in view of their relative rarity in nature and the consequent limited
number of biological studies concerning them. Generally amides show an higher metabolic
stability than the isosteric esters; thus, neolignanamides should result more effective as

potential chemotherapeutic agents than neolignans generated by coupling of phenylpropanoid

Hmm
mm S

56 Me

esters.

: N

57 58 R=H,

In the first part of this paragraph, 1 introduced the structural and biosynthetic
difference between lignans and neolignans (see Schemes 1 and 2 and Figure 3). (+)-
Pinoresinol (48), biosynthesized by 8-8' oxidative coupling reaction in presence of the proper
DP, as above reported, is a lignan with a furofuran skeleton. Generally, plants give rise to a
large diversity of dimeric products (lignans and/or neolignans) with various carbon skeleton

types. Other examples of lignans are: podofillotoxin (44) with the typical aryl
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tetrahydronaphtalene structure; the dienolignan cannabisin G (60) with a 23-
bis(arylmethylene)succinic acid type skeleton; the aryldihydronaphtalene thomasidioic acid
(61),the benzo[k /]xanthene mongolicumin A (62), and the dibenzylbutyrolactone

enterolactone (63) which will be discussed in the following.

1.4.1.1. Benzo[k,I]xanthene lignans

Benzol[k,/]xanthene lignans are very rarely reported both among natural products and
synthetic analogues. Nowadays only six naturally occurring benzaxanthenes are known, and
the most representatives are rufrescide (64) isolated from Cordia rufescens, mongolicumin A
(62) from Taraxacum mongolicum, its methyl ester 65 recently isolated from Orobanche
cernua Loefling” and yunnaneic acid H (66) from Salvia yunnanensis. Due to their rarity in
nature and the low yield of previous synthetic reactions to obtain analogues,”” until recent
times these compounds were almost unexplored with regard to their biological properties and
possible pharmacological applications. In 2009, C. Daquino in collaboration with C. Tringali
published a simple synthetic methodology to obtain benzo[k,/]xanthene lignans with high
yields.'® With this new method, based on a biomimethic approach, natural and unnatural

benzoxanthenes have been synthesized and their biological properties have been evaluated.
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Among them, the benzoxanthene obtained by oxidative coupling reaction of CAPE (67)

101 102

showed DNA binding properties as intercalating agent, antiangiogenic and

antiproliferative activity.'®

66 67

1.4.1.2. Mammalian lignans
In the early 80s, new dimeric compounds, enterolactone (63) and enterodiol (68) were

found in mammalian fluids; 104 , 105

these two lignans became the most representative
compounds of the rare ‘mammalian lignans’ subclass, also called enterolignans. Actually
these lignans are obtained by intestinal bacteria conversion of plant lignans'® including
mataresinol (69), secolariciresinol (70) and pinoresinol (48) which are normally present in
cereals (sesame and flax seeds), in beverages (coffee, tea) and in some fruits (berries). A
growing number of in vitro and in vivo studies reported compounds 63 and 68 for their effect
against health disorders such as cardiovascular diseases, brain function disorders, menopausal
symptoms, and osteoporosis.'”’ Moreover these two endogenous metabolites act against
prostatic hyperplasia, '®® breast, '” bowel, and other cancers. In recent years additional
enterolignans related to 63 and 68 were detected in biological samples, but most of them

remain unidentified. Thus, the structure and biological properties of these minor metabolites

are still unknown.
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69 R=Me, R, =CH

Many research groups reported the total synthesis of the most representative
mammalian lignans, while other articles described the synthesis of deuterium-labelled

- 110
enterolignans.

In this contest, enterolignans labelled with stable isotopes have been
employed for many purposes, such as quantitative analysis (by HPLC- or GC-MS) also in
biological samples; evaluation of biological activities or study of their biogenetic pathways.
In addition, labelled enterolignans may be useful to study their bioavailability, distribution,

metabolism and interaction with possible biological targets.

1.4.2. Biomimetic synthesis of lignans and neolignans

The synthesis of dimeric compounds from monomeric phenols may be carried out by
coupling of radical species through metal- or enzyme-mediated reactions. Both the methods
try to mimic the lignan biosynthesis, based on oxidative coupling reactions, and for this
reason these methods are frequently named 'biomimetic reactions'.

Oxidant agents as Ag,O, FeCl;, MnO,, Mn(OAc); and others, were reported to give
dimers following the mechanism reported in Scheme 1 for lignans or in Scheme 2 for
neolignans synthesis (mainly 8-5 coupling). In most cases the radical coupling reaction in
presence of a metal occurs without any control on regio- and stereo-specifity and leads to a
mixture of different dimer products.''’ A recent work on the biomimetic synthesis of natural
and unnatural lignans of caffeic esters reported that the manganese-mediated reactions
afforded in good yields the 8-8 dimers, namely lignans with benzoxanthene and aryl
dihydronaphtalene skeleton. Conversely, in the presence of Ag,O the main product was the 8-
5’ dihydrobenzofuran neolignan. A mechanism for the formation of these dimers has been
proposed (in Scheme 3 the proposed mechanism for the benzoxanthene formation is reported)
and experimental data and calculations corroborated the “orientation” effect towards §-8’

coupling in presence of Manganese ions.”



Scheme 3
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The other biomimetic methodology is based on the use of enzyme-mediated reactions
turning to be a sustainable process due to the use of environmentally friendly oxidases which
convert O, or H,O, into water. Laccases (polyphenol oxidases) belong to the family of blue
multicopper oxidases. These enzymes oxidize a broad range of substrates, preferably phenolic
compounds and natural and natural-derived neolignans can be obtained.''? The structure of
the enzymatic site and the mechanism of reaction today is well known and reported below in
Figure 3 and in Figure 4. Precisely, laccase catalyzes the one-electron oxidation of four
reducing-substrate molecules with the concomitant four-electron reduction of molecular

oxygen to water (Figure 4), resulting in a green cycle.'' '

1|‘1 Peptide Chain
.
 His TJ y CH,—CH
HI: .~
His e Cui Cc=0 His_~ His
HO—Qu™t__ / OH /CH~ CH;—§—Qu™
His b - cnt c=0 Met
His” | ™ NH
Type 2 His IL N CHy— CH/ Type |
¥
Type 3 H Peptide Chain

Figure 3. Model of the active-site structure of a laccase made of four copper
atoms. Type 1 (T1) copper confers the typical blue colour to the protein and is the
site where substrate oxidation takes place. Type 2 (T2) and Type 3 (T3)copper
form a trinuclear cluster, where reduction of molecular oxygen and release of
water takes place.'"”
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Figure 4. Schematic representation of a fungal laccase catalytic cycle. Two
molecules of water result from the reduction of molecular oxygen (at T2/T3) and
the concomitant oxidation (at the T1 copper site) of four substrate molecules to
the corresponding radicals.'"?

Peroxydases are eme-protein working through the formation of a phenoxy radical and
concomitant reduction of hydrogen peroxide (H,0,) to water, ''° as depicted in Figure 5. Also

these enzymes have been used for biomimetic synthesis of dihydrobenzofurans. '’

0 0

N—N H202 N—I—I|| N —HO I\I—||—|V N*

/s Fe""YY/ — » s Fe'y — > s Fe'Vy/
—N N——N N——N

L L L

Figure 5. Schematic representation of Horseradish Peroxidase (HRP)
catalytic cycle. Abbreviations: SH = substrate, S’ = radical substrate .
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The application of enzyme-mediated reactions is common to various fields, including

114,118 . 119
" environmental purpose for the wastewater treatment,

synthetic and analytical purposes,
and biotechnology purpose for must and wine stabilization.'*

1.5. NATURAL-DERIVED PROTEASOME INHIBITORS

The ubiquitin-proteasome system is involved in selective protein degradation and
regulates almost all cellular events such as cell cycle progression, signal transduction, cell
death, and others.'?! Therefore, proteasome inhibition is a promising therapeutic target, in

particular for cancer therapy.'?

The synthetic dipeptidyl boronate, bortezomib (70), a drug for
the treatment of multiple myeloma, many years ago become the first-in-class proteasome
inhibitor at nanomolar concentration; but it gave cytotoxic effects at the same
concentration. ' Actually many molecules are in clinical trials; and many have showed
higher cytotoxic activity than bortezomib. Because of systemic toxicity and side effects of
them, research is oriented to developed less invasive drugs and many natural products and
synthetic analogues have been studied as proteasome inhibitors. For instance, the marine
bacterial metabolite salinosporamide A (71), interacting with the 20S proteasome subunit,
proved to be a cytotoxic proteasome inhibitor'** and is currently under evaluation (in clinical
trials) against refractory lymphomas and myelomas, as well as various solid tumors.'* The
neolignan honokiol (72) has been reported as an apoptosis-inducer compound acting through

.. . . 126
an ubiquitin/proteasome mediated mechanism.

Many known proteasome inhibitors
include an amide function; among them, sirbactins (general structure 73) are natural
macrocyclic B-lactames with an o,p-unsaturated amide function and recently have been

.. e g g e . . 12
reported as a class of promising proteasome inhibitors with ICsy in namomolar range."?’



35

N
= 0

A

72 73

Some natural polyphenols, in particular those found in food and beverages,
haverecently received growing attention as potential proteasome inhibitors; among them, the
already cited epigallocatechin 3-gallate (2) resulted a potent covalent inhibitor of the 20S
proteasome (ICsp <1 UM in vitro; in tumor cells ICsp= 1 — 10 uM).lzg’ 129 Moreover, because
of the low metabolic stability of this polyphenol, some synthetic efforts have been made to
obtain more stable analogues. For instance, the EGCG peracetate resulted more potent than
the natural molecule as proteasome inhibitor, apoptosis inducer, and growth inhibitor in
MDA-MB-231 breast cancer cells, resulting highly active also in vivo."*" Resveratrol (1) was
suggested to act as moderate proteasome inhibitor'' as well as the natural 1,3-diarylpropanoid
broussonin B (74), '* isolated from Anemarrhena asphodeloides, which shows structural
analogies with resveratrol and with dihydrostilbenes. An attractive example of natural
proteasome inhibibitor including phenolic moieties and o,p-unsaturated amide function is
avenanthramide C (75), a bioactive polyphenol found mainly in oats which possess anti-
inflammatory properties through inhibition of NF-kB activation and suppress proteasome

activity.'>?
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1.6. OBJECTIVES
The main goal of this PhD project is the synthesis of natural-derived polyphenols with

potential antitumor activity. In the next section I will discuss about my research activity

focused on different topics; most of them have been developed in the frame of collaborative

studies.

The recent growing attention to glycoconjugates as target-specific antiproliferative agents
or effective pro-drugs lead the synthesis of new polymethoxystilbene derivatives
conjugated with glucosyl and galctosyl moieties. Some biological properties of the new
glycosides will be evaluated.

The synthesis of two bioactive dimethoxystilbenes and a pre-clinical pharmacokinetic
study by HPLC, in collaboration with Prof. H. Lin (University of Singapore), will be
reported.

A library of cinnamoyl amides will be evaluated as mPGES-1 inhibitors by a virtual
screening in collaboration with Prof. G. Bifulco (University of Salerno). The best
candidates will be synthesized and submitted to a cell-free bioassay in the laboratory of
Prof. O. Werz (University of Jena).

The promising biological properties and the structural variety of natural neolignans lead
the synthesis of a library of dihydrobenzofuran dimers with amidic functions. An
environmentally-friendly biomimetic methodology will be applied and the new
compounds will be evaluated for their antiproliferative activity.

In the frame of a collaboration with Prof. A. Casapullo (University of Salerno) an inverse
virtual screening employing the approach of Compound-centric chemical proteomics
(CCCP) will be employed to find new biological targets for the bioactive subclass of
benzo[k,/]xanthene lignans.

A preliminary study on new strategies for the synthesis of fully deuterated enterolactone,
performed during a stage at the University of Helsinki, will be described .

Some natural-derived polyphenols will be synthesized and evaluated as potential
proteasome inhibitors in collaboration with Prof. R. Purrello (University of Catania) and

Dr. A. M. Santoro (IBB-CNR of Catania).

The antiproliferative activity (with MTT assay) of polymethoxystilbene glycoconjugates and

neolignanamides will be carried out by Prof. D. Condorelli (University of Catania).
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2. RESULTS AND DISCUSSION

2.1. POLYMETHOXYSTILBENE GLYCOSIDES

Polymetoxystilbenes are a group of natural and natural-derived polyphenols which have
proved better biological stability and activity than related phenolic stilbenoids such as
resveratrol (1, see Introduction for specific examples). Although Z-polymethoxystilbenes
have frequently showed an higher activity with respect to their E-stereoisomers, their
intrinsic low stability, due to their easy conversion to the £ form, prompted us to explore
the possibility to enhance the anti-tumor properties of the more stable E-
polymethoxystilbenes by selected chemical modification.

Among the target-specific receptors studied for anticancer drugs, glucose transporters
(GLUTs), overexpressed in tumor cells, have recently been considered as a possible target
for saccharide conjugated with antitumor compounds. These may selectively direct (and
eventually release) the active aglycon towards tumor cells, sparing other noncancerous

ones (drug/pro-drug strategy).

2.1.1.Synthesis and characterization

On this basis I planned the synthesis of gluco- and galactoconjugates of three
polymethoxystilbenes as reported in the following.

The new stilbene glycosides were obtained with simple but effective reactions and the
employed synthetic approach is reported in Scheme 4.'**

The Wittig-type chemistry probably is one of the best approach for the synthesis of the
stilbene nucleus based on non-metal-catalyzed reactions. Indeed the Horner-Emmons-
Wadsworth olefination allows to obtain E-stilbenes with high selectivity over the Z-isomer.
With this procedure three previously reported polymethoxystilbenes, studied for their
biological properties, namely the 3,5,3'4'-tetramethoxystilbene (15), the 3,5,4'-
trimethoxystilbene (16) and the 3,5,3',5'-tetramethoxystilbene (82) were synthesized; in a
previous step, 3,5-dimethoxybenzyl bromide (76) and 4-methoxybenzyl chloride (77) were
converted into the proper benzyl phosponates (78 and 79 respectively) according to the
Arbuzov rearrangement (Scheme 4a). These intermediates, in the presence of the suitable

aldehydes gave the expected E-stilbenes with high yields.”
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Scheme 4: (a) P(OCH,CHj;);, 130 °C, 5 h; (b) CH;ONa, DMF, 0 °C, 30 min, rt, 1 h, 100 °C, 1 h, rt, 24 h; (¢) m-CPBA, CH,Cl,, rt, 35 min; (d) K,COs,
TBACI, MeOH:H,0/ CHCl;, tetra-O-acetyl-o-D-glucopyranosyl bromide, 24 h; (e) K,CO;, TBACI, MeOH:H,0/ CHCIls, tetra-O-acetyl-a-D-galactopyranosyl

bromide.
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The stilbenoids 15, 16 and 82 were then subjected to mild hydroxylation at C-2 by m-
CPBA (Scheme Ic) affording the corresponding 2-hydroxy-polymethoxystilbenes 12, 83 and
84. Their synthesis has previously been reported and in that article, atomic charge calculations
(with PM3 semi-empirical optimizations) suggested that the hydroxylation probably occurs
via regioselective aromatic electrophilic substitution of the activated ortho and para positions
(respect to methoxy groups).”> Compounds 12, 83 and 84 are reported to inhibit the
proliferation of SW480 colorectal tumor cells.™

The final step in this synthetic project was the conjugation of the 2-hydroxyderivatives
to the anomeric carbon of an activated sugar via a nucleophilic substitution (Sy). Glycosydic
bonds can be formed either through an Sn2 type mechanism, usually under basic conditions
with glycosyl halides, or through an Sy1 type mechanism under acidic conditions. The choice
of the reaction conditions depends on both the nature of glycosydic donor that the electron-
donor or withdrawing properties of glycosydic acceptor.

Actually, there are several specific problems associated with glycosylation of phenols
due to the electron-withdrawing properties of aromatic ring. From a general analysis results

that:

under acid conditions, phenols are weaker nucleophiles than alcohols; acceptable yields of O-
glycoside derivative can be obtained using phenols carrying electron-donating groups, but this
can also get a considerable amounts of C-glycoside product.

under basic conditions, phenols are more acidic than alcohols, they are easily deprotonated
and phenolate anions (especially those bearing electron-withdrawing substituents), as strong
nucleophiles, give good yields.

A recent review summarizes the main procedures for glycosylation of different
aromatic residues using the most common carbohydrates as donor of the glycosidic linkage.135
Glycosyl halides result the most frequently used carbohydrate donors for aromatic O-
glycosylation. Differently to the other types of donors, for example glycosyl acetates give low
yields and the anomerization both of the starting material and of the product; glycosyl halides
selectively give the O-glycosylation product with satisfactory yields (Scheme 5). Another
advantage is that bromides are obtained as the thermodynamically favored a-anomer and
since glycosylation generally results with the inversion of stereochemistry (Sxy2 mechanism),

the final product is a B-glycoside.
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Furthermore, this simple procedure has the character of a biomimetic synthesis
because also in biological systems natural glycosides are formed through the reaction of an
activated saccharide with the proper aglycone precursor.

The glycosylation protocol was of course optimized through several attempts (by
changing temperature, solvent and reagents), to find the more suitable reaction conditions to
obtain the desired FE-polymethoxystilbene-2-O-B-D-gluco- and galactosides employing the
tetra-O-acetyl-a-D-glucopyranosyl bromide and tetra-O-acetyl-o-D-galactopyranosyl bromide
respectively. In a first attempt, reaction was carried out in basic condition and in dry ethanol
at room temperature. In this conditions the reaction was slow and afforded a complex mixture
of products. Better results were obtained in a biphasic system made up of H,O:MeOH/CHCl;
(keeping basic condition) and in presence of a phase transfer catalyst (tetrabutyl ammonium
chloride, TBACI); the procedure was further optimized by temperature modulation (see
Experimental section for details). The final reaction conditions are reported in Scheme 4d-e;
as shown the applied strategy has the advantage gives in one step both the expected
conjugation and acetyl function hydrolysis (but not glycoside bond hydrolysis) with 30-46%
yield. No by-product was obtained from glycosilation and the recovered unreacted substrate
eventually could be recycled for further reaction. With this procedure three
polymethoxystilbene-2-O-B-D-glucosides (85 - 87) and the corresponding galactosides (88 —
90) were obtained after purification on Reverse Phase C-18. The new compounds were
subjected to full structural characterization through spectral analysis including 2D NMR
methods (COSY, HSQC, HMBC) which allowed unambiguous assignment of all 'H and "*C
NMR signals. Some details of this characterization are reported in the following; in Table 1
and Table 2 respectively the "H and '?’C NMR data assignments for the glucosides 85 — 87 and
88 — 90 are collected.



Table 1: 'H and °C NMR spectroscopic data of compounds 85 — 87
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85 86 87
position
Oc On (mult, J Hz) Oc Oy mult (J Hz) Oc Oy mult (J Hz)
1 134.1 133.9 141.1
2 139.1 139.1 139.2
3 154.5 154.7 154.7
4 100.5 6.53 (d, 2.5) 100.7 6.53(d,3.00 10111  6.55(d,2.7)
5 158.4 158.4 158.4
6 101.5 6.82 (d, 2.5) 101.5 6.82 (d, 3.0) 101.66 6.83 (d, 2.7)
7 123.1 7.67 (d, 16.5) 1234 7.68(d,16.5) 1258  7.77(d, 16.2)
8 130.1 7.04 (d, 16.5) 130.3 7.03 (d, 16.5) 130.5 7.02 (d, 16.2)
1 131.9 132.6 133.5
2/ 129.1 7.54 (d, 8.7) 110.8 7.27 (d, 1.5) 105.7 6.77 (d, 2.0)
3’ 115.1 6.92 (d, 8.7) 150.68 162.5
4’ 160.9 150.46 101.08 6.40 (t, 2.0)
5’ 115.1 6.92 (d, 8.7) 112.9 6.94 (d, 8.0) 162.5
6’ 129.1 7.54 (d, 8.7) 1215 7.13(dd, 1.5,8.0)  105.7 6.77 (d, 2.0)
1 106.4 4.72 (d, 8.0) 106.4 4.72 (d, 8.5) 106.2 4.74 (d, 8.0)
2" 75.9 3.56 (dd, 8.0, 9.0) 759  3.57(dd,8.5,7.0) 759  3.56(dd, 8.0, 8.5)
3" 77.9 3.48-3.42* (m) 7798  3.43%dd, 7.0,7.5) 77.92  3.46-3.42* (m)
4" 71.5 3.48-3.42* (m) 71.6 3'45*4(((1)()1’ 75, 68.7 3.46-3.42* (m)
5 781 '2O(dd6d’5)3'0’ 30 9501 3.18 (m) 78.02 3.18 (m)
' 3.76 (dd, 3.5, 3.77 (dd, 2.5,
27 (Gasonn % ssm@ese O 36w
12.0) 11.0)
3-OCH; 56.7 3.86 (s) 56.63 3.86 (s) 56.7 3.86 (s)
5-OCH; 56.1 3.84 (s) 56.07 3.84 (s) 56.1 3.84 (s)
3'-OCH; 56.49 3.91 (s) 55.9 3.83 (s)
4-OCH; 55.7 3.82 (s) 56.72 3.85 (s)
5'-OCH; 55.9 3.83 (s)

* Recorded in CD;0D (500 MHz for '"H NMR and 125 MHz for

superscript (*) are partially overlapped.

C NMR). Signals with identical



Table 2: 'H and °C NMR spectroscopic data of compounds 88 — 90°
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88 89 90
position
Oc On (mult, J Hz) Oc Oy mult (J Hz) Oc Oy mult (J Hz)
1 133.6 133.4 140.6
2 139.5 139.2 139.4
3 154.6 154.5 154.6
4 100.7 6.76 (d, 3.0) 100.6 6.77 (d, 3.0) 101.13  6.78(d, 2.5)
5 157.4 157.2 157.3
6 101.5 7.23 (d, 3.0) 100.9 7.26 (d, 3.0) 101.06 7.25 (d, 2.5)
7 123.2 8.60 (d, 16.5) 1238 8.64(d, 16.5) 1230  8.75(d, 16.4)
8 129.3 7.49 (d, 16.5) 129.4 7.52 (d, 16.5) 129.6 7.54 (d, 16.4)
1’ 131.4 131.7 133.0
2/ 128.7 7.86 (d, 8.5) 110.0 7.72 (d, 2.0) 105.1 7.27(d, 2.3)
3’ 114.7 6.99 (d, 8.5) 150.1 161.6
4' 159.9 149.6 101.13 6.71 (t, 2.3)
5’ 114.7 6.99 (d, 8.5) 112.3 6.94 (d, 8.5) 161.6
6’ 128.7 7.86 (d, 8.5) 120.8  7.40 (dd,2.0,8.5)  105.1 7.27(d, 2.3)
1 107.2 5.46 (d, 8.0) 107.2 5.49 (d, 7.5) 107.2 5.48 (d, 8.0)
2 736 4.93(dd,8.0,9.0) 733  4.92 (bdd, 7.5) 732 4.91(dd, 8.0, 8.3)
3" 754  432(dd,3.5,9.0) 752 4.32%dd,5.5,93) 751  4.32(dd,3.3,8.3)
4" 69.9 4.75 (bd, 3.5) 69.6 4.72 (bs) 69.5 4.70 (bd, 3.3)
5 77.0 4.08(bt, 6.5) 76.7  4.09 (bdd, 5.5,7.0)  76.7 4.08 (7]“01;1’ >3
o ey AmGssiy (o AR@To09 TG
4.36 (dd, 6.5, 10.5) o 5; ’ 435 (dd, 5.5,
10.5)
3-OCH, 564 3.83 (s) 56.2 3.84 (s) 56.2 3.84 (s)
5-OCH; 55.6 3.84 (s) 55.4 3.84 (s) 55.4 3.83 (s)
3'-OCH; 55.8 3.94 (s) 553 3.82(5)
4'-OCH; 553 3.70 (s) 55.7 3.79 (s)
5'-OCH; 55.3 3.82(5)

* Recorded in CsDsN (500 MHz for "H NMR and 125 MHz for *C NMR). Signals with identical
superscript (*) are partially overlapped
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However, ESI-MS and NMR spectra (‘'H, "°C, gCOSY, gHSQCAD, gHMBCAD) of
glycosides 85 — 90 are reported in Supporting Material section (Appendix A), while the UV
data and [a]s> values are reported in the Experimental section, where their synthesis is
described in detail.

As an example of spectral analysis, the '"H NMR spectrum of glucoside 86 is reported
in Figure 6. The typical spin systems of stilbenoid moiety are clearly seen at lower fields:
three signals at 7.27, 7.13 and 6.94 ppm imputable to an AMX system of ring B protons (H-2',
H-6" and H-5' respectively), two doublets at 6.82 and 6.53 ppm due to protons H-6 and H-4
respectively relative to ring A and the AB system due to the olefinic proton signals (7-H and
8-H protons) showing a trans-coupling constant (16.5 Hz). The four singlets in the 3.91 - 3.84
ppm region were assigned to the methoxy groups of the stilbenoid moiety.

Signals due to the glucosyl moiety are observed in the approximate range 3 — 5 ppm
typical of saccharidic proton signals; the anomeric proton signal was easily recognized at 4.72
ppm as a doublet with axial/axial coupling constant (J,,= 8.5 Hz) confirming that the reaction
occurred with the inversion of configuration at C-1 and the desired B-glucoside was obtained.
The other saccharide proton signals were unambiguously assigned thanks to COSY

correlations highlighted in Figure 7 with red arrows.
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Figure 6: 'H NMR spectrum (CD;0D, 500 MHz) of 86.

Figure 7: Selected COSY (red arrows) and HMBC (blue arrows) correlations for 86

The "C-NMR spectrum of 86 is reporte in Figure 8, and shows 24 signals as
expected; the signal at 106.4 ppm immediately confirms the glycosidic bond formation.
HSQC and HMBC experiments allowed the unambiguous assignment of all carbon
resonances. Among the deshielded quaternary sp® carbons (reasonably bound to oxygen
atoms), the signal at 139.1 ppm was easily attributed to C-2 on the basis of its HMBC
correlation with the H-4, H-6, H-7 signals of stilbene moiety and H-1" signal of glucose: this
was an indisputable evidence that an O-glycosidic bond has been formed. Moreover, the other
quaternary carbon signals were discriminated on the basis of their long range correlations.

Thus, the signal at 158.4 which correlated with aromatic proton signals at 6.82 and 6.53 ppm
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(H-6 and H-4) clearly was the C-5; the signal at 132.6 which correlated with olefinic proton
signal H-7 at 7.68 ppm and with aromatic proton signal H-5" at 6,94 ppm, obviously was
assigned as C-1°. The same observations were done for the carbon signals at 154.7, 150.68,
150.46 and 133.9 ppm (C-3, C-3', C-4' and C-1). In turn, the long range coupling (>J) between
the carbon C-3, C-5, C-3' and C-4' and methoxy groups protons signals (3.86, 3.84 3.91 and
3.85 ppm) allowed the unambiguous assignment for methyl ether groups supporting the
correlations observed in HSQC. In Figure 8 the key HMBC correlations are highlighted with

blue arrows.
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Figure 8: °C NMR spectrum (CD;0D, 125 MHz) of 86.

The same procedure led to the correct characterization of the remaining compounds as

reported in Tables 1 and 2.
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2.1.2. Antiproliferative activity

The glycoconjugates 85 — 90 were evaluated for antiproliferative activity towards two
human cancer cells, the colon Caco-2 and the neuroblastoma SH-SYSY cell lines with the
Mosmann bioassay (MTT), in the laboratory of Prof. D. Condorelli (University of Catania).
The 2-hydroxypolymethoxystilbenes 12, 83 and 84 — 19 were included in the panel, both for
comparison with the related conjugates and for a further evaluation of their previously
observed antiproliferative activity on SW480 colon carcinoma cells.l In Table 3 the results
are reported as the concentration inhibiting the 50% cell growth (Glsp); in this bioassay the

anticancer dug S-fluorouracil (5-FU) was used as positive control.

Table 3: Antiproliferative activity of compounds 12, 83 - 90*

Compounds Glsy (uM) = SD®
Caco-2° SH-SY5Y*
12 58+09 45+0.5
83 3.0+04 143+3.5
84 > 100 > 100
85 > 100 21.9+43
86 > 100 > 100
87 442 +5.8 > 100
88 > 100 484 +6.1
89 > 100 > 100
90 16.0+£2.8 22.5+4.1
5-FU 22+0.8 1.5+0.1

? Gls, were calculated after 72 h of continuous exposure relative to
untreated controls. ° Values are the mean (= SD) of four
experiments; ¢ Caco-2: human colon carcinoma; 4 SH-SYSY:
neuroblastoma

Six of the tested compounds exhibited growth inhibition against at least one cell line,
although the biological response shows significant variations for the different cell lines. In
particular, compounds 83, 87 and 90 proved more active towards Caco-2 (Glso = 3.0, 44.2 and
16.0 uM respectively), whereas 85 and 88 were more active towards SH-SYSY cells (Glsp =
21.9 and 48.4 uM respectively); compound 12 proved highly active both on Caco-2 and SH-
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SYSY cells. It is worth noting that compound 83 is potently active against Caco-2 cells with a
Glso value comparable to that of the anticancer drug 5-FU.

These results indicate that the 2-hydroxypolymethoxystilbenes 12 and 83 are able to
interact with the cells; the substantial inactivity of compound 84 is rather surprising if one
takes account of its close structural similarity with 83. Interestingly, a reduction of the
cantiproliferative activity was observed as an effect of conjugation of 12 and 41 both with
glucose (85 and 86 respectively) and galactose (88 and 89 respectively): their conjugates are
inactive towards Caco-2 cells, whereas a moderate activity is observed only for 86 and 88
towards SH-SYSY cells. This suggests that, at least in Caco-2 cells, these compounds may not
effectively uptake or may not adequately hydrolyze and do not interact with the biological
target as conjugates. The reverse is observed for the inactive aglicone 84: both its conjugates
(87 and 90) are active towards Caco-2 cells, and the galactoside 90 also on SH-SYSY cells.

In order to have further data to explain the biological results, we submitted the six
stilbenoid glycosides to hydrolytic reactions in the presence of [-glucosidase or [-
galactosidase, as an in vitro experimental model for a possible hydrolysis by intracellular

enzymes.

2.1.3. Enzymatic cleavage assay

In order to evaluate the possible cleavage activity of endo-glycosidases (J3-
glucosidases and B-galactosidases), I developed an HPLC method to study the release of
aglycone from compounds 85 — 90, in presence of B-glucosidase from almonds or of B-
galactosidase from Aspergillus oryzae.

The method was previously tested on the standards p-nitrophenyl B-D-glucopyranoside
(pNP B-Glc) and o-nitrophenyl B-D-galactopyranoside (oNP B-Gal) in order to evaluate also
the activity of the two enzymes on both gluco- and galacto-derivatives. Compounds 85 — 90
were dissolved in DMSO and diluted in phosphate buffer to a final concentration of around
5.0 x 10” M (the final concentration of DMSO did not exceed 1.0 %); the enzymatic reactions
were incubated at 37 °C and the course of hydrolysis was monitored by HPLC on RP-18 at
305 nm up to 96 h. As an example, in Figures 9 and 10 the HPLC profiles respectively for
compound 87 (in presence of P-glucosidase from almonds) and 90 (in presence of [-
galactosidase from Aspergillus oryzae) are reported; it is evident that the former undergoes

enzymatic hydrolysis and the second shows no hydrolysis.
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Figure 9: HPLC profiles of 87 at selected time intervals, A: 305 nm
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Figure 10: HPLC profiles of 90 at selected time intervals, A: 305 nm

In order to quantify the aglycone released by the cleavage assay, calibration curves
were carried out for aglycones 12, 83 and 84; the residual concentration of glycosides, was
indirectly determined, through the quantification of aglycon released in time. The residual
concentration of each substrate (S in graphics) at different times, up to 96 h was plotted and
the kinetic hydrolysis profiles for the six glycoconjugates in presence of B-glucosidase from
almonds and of B-galactosidase from Aspergillus oryzae are reported in Figure 11. With the
green marker I depicted the kinetics for compounds which undergo to hydrolytic reaction,

while with the blue marker I depicted the slow hydrolytic kinetic profiles.
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Figure 11: Kinetic hydrolysis profiles of 85—90 at 37 °C (pH = 7.2) in the presence of:
a) B-glucosidase from almond, b) B-galactosidase from A4. oryzae. S = Substrate.

More than 50% of the glucosides 85 — 87 were hydrolyzed until 96 h by B-glucosidase
from almonds, showing an half-life time (t;,) of 11, 20 and 70 h respectively; conversely no
significant hydrolysis was observed for galactosides 88 — 90. Whereas, all the glycosides were
not hydrolyzed by B-galactosidase up to 96 h except compound 85 which underwent a very
slow hydrolysis, with half-life of 77 h. In summary, only 85 and 86 were significantly
hydrolyzed by B-glucosidase, with a half-life much shorter than the 72 h duration of the
biological assays (87 showed half-life paragonable to duration of biological assay).

These results suggested that, although glucoside 85 are not adequately taken up in
tumor cells, the high hydrolytic rate by intracellular B-glucosidases, (and slower by
intracellular B-galactosidases) affording the active aglycone 12, might justify the observed
activity. The observed growth inhibition by 87, 88 and 90 (Table 3) indicate that these
conjugates are adequately taken up, at least by one of the two cell lines; their activity, that
seems not attributable to the hydrolytic release of the aglycone, should be due to their specific
structural features.

The lack of hydrolytic effect by B-glucosidase and especially by B-galactosidase for
most of the glycosides prompted us to investigate if these compounds might act as B-

glucosidase or B-galactosidase inhibitors.
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2.1.4. Glycosidases inhibition assay

A slight modification of the method of Tsujii er al. '*® was used to evaluate the
inhibition of B-glucosidase from almonds, B-galactosidase from A. oryzae by compounds 85
—90. Finally also the a-glucosidase from Saccharomyces cerevisiae was employed into the
assay given the growing interest towards a-glucosidase inhibitors as potential anti-diabetic
agents.

Firstly, the activity of the three enzymes was spectrophotometrically determined at
405 nm by monitoring the release of p-nitrophenol and o-nitrophenol from the substrates
(standards) pNP-B-Glc or pNP-0-Glc for glucosidases) and oNP-B-Gal (for galactosidase),
respectively at 25 °C. Preliminary kinetic studies of the three enzymes in the presence of
pertinent substrate have provided the incubation times after that there is no change in the
intensity of absorption spectrum of substrate (30 min for B-glucosidase and B-galactosidase
and 1.5 h for a-glucosidase). In this way, the absorbance variation observed in the
subsequent experiments with the six compounds 85 — 90 was only ascribed to the inhibitor
effect of glycosides.

In Figure 12 I reported the UV spectra of pNP a-Glc after 1.5 h of incubation with the
a-glucosidase (with the black line) and in presence of increasing amounts of 89 (from blue to
orange) which was one of the three glycosides with best inhibition activity against the a-
glucosidase from S. cerevisiae (ICso = 70 uM). Conversely, in Figure 13 I reported the UV
spectra of pNP a-Glc after 1.5 h of incubation with the same enzyme (with the black line) and
in presence of increasing amounts of 88 (from blue to orange) as an example of no significant
inhibitory activity. The percentage of inhibition was determined for each compound from the
residual activity by comparing the enzyme activity with and without compounds and the
concentration required for 50% inhibition of enzyme activity under the assay conditions was
defined as the I1Csg value. In Table 4 the 1Cs, values for the inhibition of the three enzymes are

summarised; acarbose was used as positive control.
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Figure 12: UV spectra of pNP a-Glc in presence of a-glucosidase and
increasing amounts of 89 after 1.5 h incubation.
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Figure 13: UV spectra of pNP a-Glc in presence of a-glucosidase and
increasing amounts of 90 after 1.5 h incubation.

Table 4: B-glucosidase, B-galactosidase and a-glucosidase inhibitory activity of 85— 90
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1Csy (uM) £+ SD*
Compounds B-glucosidase B-galattosidase a-glucosidase
from almonds from A. oryzae from S. cerevisiae
85 208 +47 n.d. 9117
86 192 £50 258 £42 78 £21
87 272 £ 16 297+ 68 133+ 19
88 350+ 6 298 + 68 201 +29
89 170 + 60 299 +53 70+ 3
90 n.i 296 + 12 33270
Acarbose 65+9

? Values are the mean (£ SD) of three experiments; n.i.: no inhibition; n.d: not determined
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Most of the compounds showed moderate inhibitory activity towards the three
enzymes with ICsg values in the approximate range 170 — 350 uM. These data are noteworthy,
if compared with previously reported ICso values of other glycosidase inhibitors."*” All the
determined ICsy values are substantially similar and no significant difference was observed
between glucosides and galactosides. Noteworthy, compounds 85, 86 and 89 (ICso = 91, 78,
70 uM respectively) showed a promising inhibitory activity towards a-glucosidase, in
particular if compared with the anti-diabetic drug acarbose (ICso = 65 pM),"** or with many
previously reported o-glucosidase inhibitors, whose ICso values are higher than 100 uM."*’ In
this regard we would also mention here that resveratrol (1) and other related stilbenoids have

140, 141

previously been reported for a-glucosidase inhibition, antidiabetic or antiobesity

142

activity. In addition, the stilbenoid glucoside desoxyrhaponticin (5-hydroxy-4'-

methoxystilbene-3-O-B-d-glucopyranoside) isolated from Rheum emodi '**

and closely related
to compounds 85 — 90, was reported as yeast a-glucosidase inhibitor.
Finally, it is also noteworthy that the most effective a-glucosidase inhibitors 86 and 89

showed a negligible antiproliferative activity.

OH OMe
HM O
H U
g
OH

desoxyrhaponticin
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2.2. DIMETHOXYSTILBENES

As reported in the Introduction, some bioactive polymethoxystilbenes have been
studied recently for their bioavailability because of their presumed longer half-life and
reduced metabolic conversion with respect to their hydroxylated analogues. In this context, I
synthesized two previously reported dimethoxystilbenes, namely compounds 95 and 96.
These dimethoxystilbenes were obtained according to the Arbuzov rearrangement followed
by the Horner-Emmons-Wadsworth reaction (See Scheme 6). Very briefly, after the
activation of benzyl bromide (91) into the pertinent phosponate (92), by reaction with the
appropriate aldehyde the two E-dimethoxystilbenes were obtained. The analysis of "H and *C
NMR spectra and the comparison of spectral data (reported in Experimental, section 5.3.2.)

with those previously reported confirmed the formation of expected compounds.

66%

%Ew . 96 64%

Scheme 6: (a) P(OCH,CHj,);, 130 °C, 5 h; (b) CH;0Na, DMF, 0 °C, 30 min, rt, 1h, 100 °C, 1h, rt,
24h.

The 3,4-dimethoxystilbene (95) has preiously been reported for the promising anti-
angiogenic activity in various pre-clinical models;'** the 2,3-dimethoxystilbene (96) has been
reported as inhibitor of NF-kB activation induced by human tumor necrosis factor alpha
(TNF-a).

These two compounds were delivered to the laboratory of Prof. Lin and submitted to
the pharmacokinetic study: the results have been recently published."* In this study a simple

HPLC method was developed and validated to determine 95 and 96 in rat plasma and showed
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that these stilbenoids have low and erratic plasma exposure, fast clearance and poor oral

bioavailability.

2.3. DERIVATIVES OF PHENOLIC CINNAMIC ACIDS

2.3.1. Synthesis of cinnamic amides as mPGES-1 inhibitors

In the Introduction I have reported that simple amide derivatives of natural cinnamic
acids may be worth of investigation as possible lead compounds for various chemotherapeutic
applications including mPGES-1 inhibitors; this latter is a new target for the development of a
new class of selective anti-inflammatory drugs.

In this context, I devoted part of my PhD research activity to the synthesis of natural-
derived polyphenolic amides. In the frame of a collaboration with the group of Prof. G.
Bifulco (University of Salerno) in search for a new generation of anti-inflammatory agents, a
library of 22 cinnamic acid amides (97 - 118) have been evaluated in a virtual screening

aimed to discovery new mPGES-1 inhibitors.
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The library has been designed on the basis of structural features found in previously
reported biologically active amides: namely a) the structural portion of acryl and cinnamic
amides; b) the presence of a phenolic moiety derived from natural phenolic acids (p-coumaric,
caffeic, ferulic, and synapic); c) the presence of a portion derived from amines with aromatic
pendants with different steric hindrance and lipophilicity.

The binding energy values of the complex enzyme-substrate (ES) for the 22 cinnamoyl

amides are reported in Table 5.

Table 5. Binding Energy values (using the software
Autodock 4.2) of 97 - 118 with m-PGES-1.

Compound Binding energy (kcal/mol)
97 -6.18
98 -6.12
99 -5.89
100 -6.32
101 -5.91
102 -5.99
103 -5.07
104 -6.19
105 -6.24
106 -6.07
107 -6.02
108 -6.30
109 -6.35
110 -6.05
111 -6.21
112 -5.87
113 -5.61
114 -6.43
115 -6.07
116 -5.92
117 -6.02

118 -6.18
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The docking showed very similar binding energy values for the 22 cinnamic acid
amides, in the range -5.61 and -6.43 kcal/mol suggesting that these compounds show
comparable affinity for the binding site of mPGES-1. A careful analysis of the ES complex
interactions revealed more information: the presence of the phenolic —OH in para position of
cinnamic moiety, when present, is involved in the hydrogen bonds formation (as donor and/or
acceptor); the aromatic ring partially sits in the pocket of catalytic site (stabilized by vand der
Waals and n-m interactions). Moreover, caffeic acid derivatives bearing a further OH group on
the aromatic ring are able to form (as donors) a hydrogen bond with the glutamate residue of
glutathione (mPGSE-1 is a GSH dependent enzyme).

In the Figure 14 the binding site model of mPGES-1 and the key interactions with
compound 100 are reported: the OH group in para position is involved as donor in a hydrogen
bond with the carboxyl group of the side chain of Asp49 and as acceptor with the NH group
of Ala45; the aromatic portion of caffeic acid established a 'cation-rt' interaction with Argl26.
The 4-methylbenzyl residue partially sits in the pocket of the catalytic site stabilized by n-n
interaction with aromatic ring of Tyr130 and by van der Waals interactions with Ile32, Ala31,

Tyr28, Thr131.

GLY
B: 35

[ THR
A: 131

GLN134 TR
8:28

TYR28 R
A:134

) Charged (negative) wa  Water == H-bond (side chain)
2 Charged (positive) 2 Hydration site —e Metal coordination
LEU Polar # Displaced hydration site — Salt Bridge
Hydrophobic *— n-n stacking Solvent exposure
Glycine —e n-cation
2 Metal —= H-bond {backbone)

Figura 14: Binding site model of mPGES-1 with compound 100. a) 3D model of interaction of 100
with mPGES-1; the enzyme and the amide are depicted by sticks (by atom type: red for O, white for
H, blue for N, yellow for carbon backbone of enzyme and green for carbon skeleton of 100). b) 2D
representation of mPGES-1 interactions with 100.
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On the basis of the above reported data, six of the 22 cinnamoyl amides were selected
for the synthesis, namely compounds 100, 102, 113 and 114; compounds without free fenolic
groups, 108 and 117, were chosen as negative controls.

The synthesis of the selected cinnamoyl amides was carried out according to the
general procedure summarised in Scheme 7: the reaction involves the amidation of caffeic
(6), ferulic (25) and sinapic acids (26) by reaction with the appropriate amine (4-
methylbenzylamine, 119; 3,4,5-trimethoxybenzylamine, 120 and tyramine, 121) in basic
conditions  (triethylamine, TEA) and in the presence of benzotriazol-1-
yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP) as carboxyl activating
agent. Previously efforts by employing other activating agents (DCC, EDC...) and in different

conditions did not work or gave lower yields.

N At

R
100 R, =CH, R2=R3=R5=H,R4=Me,n=1
6 R=CH R,=H 1M9R,=R,=H,R;=Me, n =1 105R,=R;=0H, R,=R;=R;=H,n =2
25R,=0Me, R, =H 120 R,=R;=R,=0OMe,n =1 112R;=0H,R,=H,R;=R,=R;=0OMe, n =1
26 R, =R,=0Me 121R,=R,=H,R;=CH,n =2 13 R, =R;=R;=R;=0Me,R,=H,n =1
116 R, =R, =R;=R;=R;=0Me, n =1
Scheme 7: DMF, TEA, 0 °C, 15 min, BOP solution (CH,Cl,) 0 °C, 30 min, rt, 24 h.

With this reaction the amides 100 and 113 were obtained in good yield after purification.
Whereas amides 105, 112 and 116, and also 100 were employed in a further step, in order to
obtain the pertinent methyl derivatives 108, 114, 117 and 102 respectively. As reported in
Scheme 8 the reaction occurred employing methyl iodide (Mel) as alkylating agent in dry

acetone and in basic condition.
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oo RN et Lo

Ry Rs
100 R, =CH, R, =R;=Rs=H, R,=Me, n =1 102 R, =CH ,R2=R3=R5=H, R,=Me, n =1
105R, =R, =0H, R,=R;=R;=H,n =2 108 R, =R, =OMe, R, =R; =R; =H, n =2
112 R, =OH, R,=H, R;=R, =Ry =OMe, n =1 114 R, =OH, R,=H, R;=R, =R;=OMe, n =1
116 R, =R,=R;=R;=R;=0Me, n =1 117 R, =R, =R; =R, =R;=0OMe, n =1

Scheme 8: dry K,CO;, dry acetone, Mel, 56 °C.

The new compounds were subjected to full spectral analysis for structural
characterization and their ESI MS and 'H and >C NMR spectra are reported in Supporting
Material section (Appendix B); where necessary 2D experiments were run in order to achieve
an unambiguous assignment of all the detected resonances. In Tables 6 and 7 I reported
respectively the 'H and °C NMR data for compounds 100, 102, 112 (run in CD;0D), and for
108, 113, 114, 116 and 117 (run in CDCls). The caffeoyl tyramine 105 is a naturally occurring
phenolic amide and the spectroscopic data obtained were in agreement with those previously
reported.'*®

Globally the 'H NMR spectrum of a cinnamoyl amide presents the majority of signals
at lower fields due to the cinnamic moiety protons but also to the amine aromatic portion;
often the analysis of COSY correlations and of multiplicity (J values) allow to discriminate
between the former and the latter. The most significant signal in "H NMR spectrum as well as
in °C spectrum is the signal related to CH, in a position respect to amide function which
usually is detected around 4.4 ppm as proton signal and around 45 ppm as carbon resonance.

In "*C spectrum also the resonance around 165 — 167 ppm for amide quaternary carbon
is indicative of the amide linkage formation. The NMR spectra of methyl derivatives are very
similar to those of the pertinent amide employed as starting material and usually the presence
of a new signal around 3.8 ppm in the 'H spectrum and at around 56 ppm in the >C spectrum
(typical for methoxyls) is diagnostic. Indeed the (de)shielded signals related to adjacent
protons and carbons respect to methoxy group could give information about the methyl

position.



Table 6: 'H and >C NMR spectroscopic data of compounds 100, 102, 112°

61

100 102 112
position
Oc Oy (mult, J Hz) Oc Oy mult (J Hz) Oc O mult (J Hz)
1 127.2 128.0 128.2
2 113.7 7.01 (d, 2.0) 120.7 115.1 7.01 (d, 2.0)
3 145.3 146.5 148.9
4 147.4 149.4 7.03 (d, 2.0) 146.7
5 115.0 6.76 (d, 9.0) 113.1 6.92 (d, 8.0) 116.5 6.76 (d, 8.5)
6 126.9 6.91 (dd, 2.0, 9.0) 111.1 7.01 (dd, 2.0, 8.0) 122.2 6.91 (dd, 2.0, 8.5)
7 141.0 7.43 (d, 15.5) 140.7 7.45 (d, 16.0) 142.7 7.44 (d, 15.0)
8 120.7 6.40 (d, 15.5) 117.8 6.50 (d, 16.0) 118.2 6.42 (d, 15.0)
9 167.7 167.5 169.2
1 135.5 1354 136.2
2 127.2 7.19 (d, 8.0) 127.2 7.19 (d, 8.0) 106.0 6.64 (3)
3 128.7 7.14 (d, 8.0) 128.7 7.14 (d, 8.0) 154.6
4’ 136.5 136.5 138.2
5’ 128.7 7.14 (d, 8.0) 128.7 7.14 (d, 8.0) 154.6
6’ 127.2 7.19 (d, 8.0) 127.2 7.19 (d, 8.0) 106.0 6.64 (s)
7" 42.6 4.42 (s) 42.6 4.43 (s) 44.5 4.42 (s)
4'-Me 19.7 231 (s) 19.7 2.31(5)
4-OMe 54.9 3.88 (5)
3'/5'-OMe 56.6 3.82 (5)
4'-OMe 61.1 3.74 (s)

* Recorded in CD;0OD (500 MHz for '"H NMR and 125 MHz for *C NMR)
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Table 7: 'H and *C NMR spectroscopic data of compounds 108, 113, 114, 116, 117°

N 108 113 114 116 (117)°
position
O¢ Oy (mult, J Hz) oc Oy mult (J Hz) oc Oy mult (J Hz) Oc Oy mult (J Hz)
1 127.8 127.3 128.0 127.3 [137.1]
2 109.6 7.01 (d, 2.0) 109.6 7.01 (d, 1.5) 113.1 7.11 (d, 2.0) 104.8 [104.9] 6.73 [6.60] (s)
3 149.1 147.5 146.5 147.2 [153.3]
4 150.5 146.7 149.5 127.3[130.3]
5 111.0 7.14 (d, 8.0) 114.7 6.91 (d, 8.5) 111.1 6.83 (d, 8.5) 147.2 [153.3]
6 1219 7.06(dd,2.0,8.0) 1222  7.08(dd, 1.5,8.5)  117.1  7.00(dd,2.0,8.5) 104.8 [104.9] 6.73 [6.60] (s)
7 140.8 7.54 (d, 15.0) 141.5 7.69 (d, 16.0) 140.8 758(d, 15.5)  141.6[141.1]  7.55[7.56] (d, 15.5)
8 118.5 6.19 (d, 15.0) 117.9 6.28 (d, 16.0) 120.7 6.25(d, 155  1182[119.9]  6.30[6.40] (15.5)
9 166.0 165.9 167.5 165.9 [165.7]
1’ 130.8 134.0 134.7 134.0 [139.6]
2/ 130.8 6.86 (d, 8.5) 105.1 6.56 (s) 104.6 6.54 (s) 105.0 [105.0] 6.52[6.49] (s)
3’ 114.1 6.83 (d, 8.5) 153.3 153.2 153.5[153.4]
4’ 158.3 141.5 142.6 141.6[134.0]
5’ 114.1 6.83 (d, 8.5) 153.3 153.2 153.5[153.4]
6’ 130.8 6.86 (d, 8.5) 105.1 6.56 (s) 104.6 6.54 (s) 105.0 [105.0] 6.52 [6.49] (s)
7" 40.9 3.62 (m) 442 451 (d, 6.5) 43.0 4.49 (d, 5.5) 442 [43.96]  4.46[4.45](d, 5.5)
8’ 34.7 2.82 (t, 6.0)
3-OMe 552 3.79 (s) 55.9 3.86 (s) 56.1 [56.06] 3.87 [3.79] (s)
4-OMe 55.8 3.89 (s) 54.9 3.83 (s) [60.9] [3.79] (s)
5-OMe 56.1 [56.06] 3.87 [3.79] (s)
3'/5'-OMe 56.2 3.92 (s) 55.1 3.85 (s) 56.2 [56.08] 3.82 [3.82] (s)
4’-OMe 55.9 3.88 (s) 60.9 3.84 (s) 59.6 3.91 (s) 60.9 [60.7] 3.80 [3.83] (s)
NH 5.60 (bs) 5.84 (bt, 6.5) 5.84 (bt, 5.5) 6.13 [6.36] (bs)

* Recorded in CDCl; (500 MHz for 'TH NMR and 125 MHz for "C NMR). ° Spectroscopic data of 116 methylated are reported in square brackets.
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As an example, I report below the '"H and >C NMR spectra of compound 100

(Figures 15 and 16, respectively) with the pertinent assignments.

4'-Me
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Figure 15: "H NMR spectrum (CD;0D, 500 MHz) of 100
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Figure 16: °C NMR spectrum (CD;0D, 125 MHz) of 100
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2.3.2.In vitro mPGES-1 inhibition assay

The six cinnamic amides 100, 102, 108, 113, 114 and 117 were evaluated for the
mPGES-1 inhibition with a well-established cell-free assay, '’ in collaboration with the
research team of Prof. O. Werz (University of Jena). The assay was performed using the
microsomal fractions of interleukin-1p (IL-1p)-stimulated A549 cells (as source for mPGES-
1); PGE2 formed by enzymatic conversion of PGH2 (20 uM as exogenous substrate for
mPGES-1 ) was analyzed by RP-HPLC.

The results of the test are reported in Figure 17. These data show that the majority of
the amides under study resulted inactive or very scarcely active, whereas compound 100
showed a moderate inhibitory activity (30% of inhibition at 10 uM); these data supported
previsions based on interactions observed with docking study. In addition, these preliminary
results show that although amides 100, 102, 108, 113, 114 and 117 have close structural
analogies and their calculated energy binding values with mPGES-1 are very similar, only
100 show inhibitory activity, indicating caffeic acid as a promising scaffold in the design of

mPGES-1 inhibitors.
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Figure 17: Inhibition of mPGES-1 activity by the tested compounds.
Microsomal preparations of IL-1B-stimulated A549 cells were pre-incubated
with compounds at concentration of 1 (black histogrmas) and 10 uM (grey
histograms).
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2.3.3. Optimization study of mPGES-1 inhibitors

The virtual screening and the in vitro assay allowed the identification of caffeic acid as
a promising scaffold in the design of mPGES-1 inhibitors. Thus, an optimization study of the
lead amide 100 was carried out and docking study allowed to select new caffeic acid amides
as potential mPGES-1 inhibitors, namely compounds 122 — 125. The four caffeoyl amides
were submitted to a molecular docking study and the proper binding energy values calculated
in the same condition of the previous experiment, are reported in Table 8 together with
structures. Compounds 122 — 125 showed binding energy values in the range -8.10 and -
8.32 kcal/mol, approximately 2 units lower than the energy values obtained for the other
compounds (reported in Table 5); the lowest binding energy value was observed for 123
which is the only one with a longer alkyl arm (ethyl instead of methyl) between caffeoyl

amide scaffold and the other aromatic moiety.

Table 8: Chemical structures of 122 — 125 and binding energy values®

Compounds Chemical structures Binding energy (kcal/mol)
(0]
H NS
N
122 WH -8.20
H N\
| N
g

e
123 H N N/\/L\N 8.10
H
H
)
124 H XN\ N 8.18
H
H
H A N
125 the \ -8.32
H |

S
N~

* Binding energy are calculated with software Autodock 4.2.

In Figure 18 a binding site model of mPGES-1 with compound 122 is reported as an

example of the docking study. A glance to enzyme-substrate sites involved in the interaction
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revealed that the catechol moiety is involved in hydrogen bond formation both with the
catalytic site and with the closer GSH co-factor (with glutamate residue chain). The aromatic
moiety of caffeic acid was also involved in interactions with closer aminoacids side chain of
mPGES-1 active site, as well as the benzyl amide residue and the thiadiazolyl ring are
involved in w-w staking interactions with aromatic nucleus of Tyr130 and Tyr28 respectively.
In the Figure 18 all the above mentioned interactions are reported both in 3D and 2D model of

ES complex.

@ HO

'K)‘\w?\l |

GLN
A: 134

A

TYR 28

2 Charged (negative) Hydrophobic
ia 138 & Charged (positive) Glycine
LN )\ (‘ Polar e T-T stacking
--= H-bond (side chain)

Figure 18: Binding site model of mPGES-1 with compound 122. a) 3D model of interaction of 122
with mPGES-1; the enzyme and the amide are depicted by sticks (by atom type: red for O, white for
H, blue for N, yellow for S, grey for carbon backbone of enzyme and green for carbon skeleton of
122). 2D representation of mPGES-1 interactions with 122.

On the basis of this study, we proceed with the synthesis of the amides 122 — 125; they
were obtained according to the procedure reported in Scheme 9 and described in detail in

Experimental section.
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Scheme 9: DMF, TEA, 0 °C, 15 min, BOP solution (CH,Cl,) 0 °C, 30 min, rt, 24 h.

The previously unreported amides were characterized by ESI MS spectrometry and
NMR spectroscopy. The MS, 'H, °C and gCOSY spectra are reported in Supporting Material
section (Appendix B); the NMR data are listed in Table 9 and the assignments were aided by
the study of COSY and HMBC correlations. The amide 125 was obtained in micro scale; its
"H NMR spectrum showed broad signals, mostly split. The splitting could be the result of the
steric hindrance around disubstituted amide function. This evidences may be in agreement
with the presence of cis- and trans-amide mixture and in Table 9 the proton assignments for
both isomers are reported.

Caffeoyl amides 122 — 125 have been delivered to Prof. O. Wertz and their evaluation

as mPGES-1 inhibitors is currently in progress.



Table 9: 'H and >C NMR spectroscopic data of compounds 122 - 125

» 122 123° 124° 125°
position Oc Oy (mult, J Hz) Oc Oy mult (J Hz) Oc Oy mult (J Hz) Sy mult (J Hz)!
1 128.2 136.4 128.32
2 115.8 7.02 (d, 1.8) 115.1 7.02 (d, 1.5) 115.1 6.98 (d, 1.5) 7.09 [6.97] (d, 1.5)
3 142.2 145.7 146.7
4 148.1 148.8 148.8
5 117.2 6.76 (d, 8.1) 116.5 6.79 (d, 8.2) 116.5 6.73 (d, 8.5) 6.79 [6.74] (d, 8.5)
6 1216 692(dd, 18.8.1) 1223  693(dd, 1.5.82) 1222 688(dd, 1.5,85) O [6'982;(‘1‘1’ L.
7 141.7 8.25 (d, 16.0) 142.5 7.42(d, 15.5) 142.6 7.41(d, 15.5) 7.55[7.54] (d, 15.5)
119.4 7.01 (d, 16.0) 118.1 6.38(d, 15.5) 1183 6.41 (d, 15.5) 6.93 [6.86] (d, 15.5)
9 167.3 169.5 169.3
1 136.2 171.2 140-7
2/ 129.2 7.69 (d, 8.5) 128.34 8.34 (bt) 7.41 (bt)
2a’ 144.4
3 128.3 8.28 (d, 8.5) 1228 7.97(dd,2.0,8.0)  139.1 8.39 [8.42] (d, 8.5)
4/ 132.2 127.3 7.52 (bt) 129.9 7.44 (d, 5.5)
5’ 128.3 8.28 (d, 8.5) 126.2 7.43 (, 8.0) 128.1 8.26 (bt)
6’ 129.2 7.69 (d, 8.5) 123.1  7.97(dd,2.0,8.0)  129.9 7.44 (d, 5.5) 7.41 (bt)
6a’ 154.1
7’ 43.8 4.94 (d, 5.0) 44.2 4.55 (s) 4.79 (s)
8’ 34.7 3.42(t,6.7)
9’ 40.0 3.82(t, 6.7)

68
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1" 163.3 165.7
2" 130.8 9.34 (s)

3"/5"" 158.7 8.79 (d, 5.0) 8.84 (d, 4.5)
4" 120.8 7.30 (t, 5.0) 7.35 (bdd)
N-Me 3.19[3.09] (s)

NH 9.31 (bt)

* 500 MHz for 'H NMR and 125 MHz for *C NMR. " Recorded in CsDsN. ¢ Recorded in CD;0D. ¢ In the square brackets the & values of
minor isomer are reported .
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2.4. DIHYDROBENZOFURAN NEOLIGNANS

Lignans and neolignans are two classes of natural compounds synthesized by many
higher plants. As showed in the Introduction, their various structures are normally originated
by oxidative coupling of two phenylpropanoid radicals (C6C3); according to ITUPAC
nomenclature, 8-8 coupling gives lignans, while dimers obtained from linkage different to 8-
8’ (such as 5-8’; 5-57; O-8; O-5) are indicated as neolignans.

Since the discovery of many biological activities exhibited by some lignans and
neolignans, new natural-derived analogues were synthesized. Some neolignans derived from
caffeic or ferulic acids derivatives have shown interesting biological properties including
enhanced antioxidant activity''? (with respect to that of the monomer) or noticeable anti-
tumor activity.”® *'”* Some neolignans bearing amide functions (neolignanamides) have been
reported for antitumor and other properties (see also Introduction), but these dimeric amides
are less frequently cited in the literature and monomeric amides have rarely been employed
for biomimetic synthesis of new dimers. The study of dimeric amides could be of some
interest also because it is known that amides generally show an higher metabolic stability than
their isosteric esters; this may be of crucial importance if the compounds under study could
be degraded by intracellular esterase enzymes before reaching the biological target. Moreover,
amidic linkage could be involved in additional interaction (as donor and acceptor of H-bonds
in a specific enzyme task for example) to enhance the activity of the pharmacophore portion;
consequently amide could represent by itself a pivotal function towards a target.

Thus, part of my doctorate work was dedicated to obtain new neolignans based on 8-5’
coupling of cinnamic acid related amides; more specifically, I tried to get these compounds
with mild and environmentally friendly conditions.

In the construction of a library of phenolic cinnamoyl amides as substrates for
dimerization reactions, I selected derivatives of different cinnamic acids, namely caffeic (6),
p-coumaric (24) and ferulic (25), and amines of different lipophilicity and steric hindrance,
namely the amines 119 — 121, in order to obtain some structure/activity relationship data.,

This work consisted of several phases: the synthesis of cinnamoyl amides; the
oxidative coupling reaction of the former; the purification and characterization of the obtained

dimers; the evaluation of their biological properties.



71

2.4.1. Synthesis of cinnamic acid amides

The cinnamic acid amides 100, 101, 105 — 107, 112, 113, 126 and 127 were prepared
by amidation reaction of naturally occurring phenolic acids (caffeic, p-coumaric and ferulic)
with three amines as globally reported in Scheme 10a. Briefly, the reaction was carried out in
the presence of a weak nucleophile base (TEA) and of the carboxyl activating agent BOP.
Among the phenolic amides obtained, the cinnamoyl derivatives with tyramine (121), namely
compounds 105 — 107, are known and the spectroscopic data acquired were in agreement with
the previously reported.'*®!*® The other amides were submitted to full spectral analysis for the
structural characterization and their ESI MS, 'H and "*C NMR spectra are reported in
Supporting Material section (Appendix B). The NMR data for 100, 105, 112 and 113 has been
reported in the previous paragraph, in Tables 6 and 7, while the spectroscopic data of

remaining amides 101, 126 and 127 are listed in Table 10.

Table 10: 'H and >C NMR spectroscopic data of compounds 101, 126, 127

B 101 126 127
position
Oc Oy (mult, J Hz) Oc Oy mult (J Hz) Oc Oy mult (J Hz)
1 128.2 127.7 127.7
2 111.6 7.10* (d, 2.0) 130.6 7.41 (d, 8.5) 130.6 7.41 (d, 8.5)
3 149.2 116.7 6.79 (d, 8.5) 116.7 6.79 (d, 8.5)
4 149.8 160.5 160.6
5 1165  6.80(d, 85 1167  679(d,85) 1167  6.79(d,8.5)
6 1232 102 édsd)’ 20, 1306 741(d,85) 1306  7.41(d.8.5)
7 1423 749(d,16.0) 1421  749(d,157) 1423  7.55(d, 15.7)
8 118.7 6.48 (d, 16.0) 118.3 6.45 (d, 15.7) 118.2 6.46 (d, 15.7)
9 168.9 169.1 169.1
1’ 136.8 136.9 136.2
2 1286  7.11%(d,8.5) 1286  7.14(d,80)  106.0 6.64 (s)
3’ 130.1 7.18 (d, 8.5) 130.1 7.20 (d, 8.0) 154.6
4’ 137.9 138.0 138.3
5 130.1 7.18 (d, 8.5) 130.1 7.20 (d, 8.0) 154.6
6’ 1286  7.11%(d,8.5) 1286  7.14(d,80)  106.0 6.64 (s)
7" 44.0 4.42 (s) 44.1 4.43 (s) 44.5 4.42 (s)
4'-Me 21.1 226 (s) 21.1 231 (s)
3-OMe 56.3 3.82 (s) 55.9 3.86 (s)
3'/5'-OMe 56.6 3.82 (s)

4-OMe 61.1 3.74 (s)
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® Recorded in CD;OD (500 MHz for 'H NMR and 125 MHz for °C NMR). *Signals partially
overlapped
2.4.2. Biomimetic synthesis of dihydrobenzofuran neolignanamides

Compounds 100, 101, 105 — 107, 112, 113, 126 and 127 were submitted to a
preliminary screening of enzyme-mediated oxidative coupling reactions. In order to verify the
possible role of different factors in the formation of the coupling products, the cinnamic
amides previously synthesized were submitted to different experiments employing four
different enzymes, namely Agaricus bisphorus Laccase (AbL), Pleurotus ostreatus Laccase
(PoL), Trametes versicolor Laccase (TvL) and Horseradish peroxidase (HRP). Moreover, the
reactions were carried out in a biphasic system made up of two organic solvents (where the
substrate was solubilised) namely ethyl acetate (EtOAc) or methylene chloride (CH,Cl,) and
acetate buffer (pH = 4.7), containing the enzyme. Further experiments were carried out in
monophasic system of acetate buffer with 1% of dimethylsulphoxide (DMSO; see
Experimental section for details). The reactions were monitored by HPLC on RP C-18 at
regular time intervals. Based on the HPLC profiles of the reactions at different times, the best
conditions for coupling reaction were found both in terms of substrate conversion and in
terms of formation of a main product.

As an example, I reported five HPLC profiles obtained for substrates 100, 101, 126
and 127 with the four enzymes as representative of the 96 preliminary experiments carried
out. In Figure 19 the chromatographic profiles of 127 in the presence of AbL and of the three
different co-solvents is reported. No products were obtained by AbL-mediated reaction even

after 24 hours neither for compound 127 nor for the other substrates evaluated.
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Figure 19: HPLC profiles of 127 with AbL; A: 325 nm.

In PoL-mediated reactions a partial conversion of the monomer into less polar
products (at least 3) was observed when EtOAc or DMSO were used as co-solvent; no
products were obtained in CH,Cl, as evident from the HPLC profiles for compound 126
(Figure 20).
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Figure 20: HPLC profiles of 64 with PoL; A: 325 nm.

Preliminary screenings on 100 in the presence of TvL revealed a partially conversion
of the substrate in less polar products in DMSO and in EtOAc as reported in Figure 21. For all
the caffeoyl amides, only a major reaction product was observed in CH,Cl,, with complete
conversion of substrate (almost total) within 2 h. The same was observed for the other
monomers in EtOAc as reported in Figure 22 for the N-trans-feruloyl-4-methylbenzylamide

101.
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Figure 21: HPLC profiles of 100 with TvL; A: 325 nm.
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Figure 22: HPLC profiles of 101 with TvL; A: 325 nm.
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The screening with HRP did not show a significant conversion of the substrate, mostly

for coumaric amides 107 126, 127. Other amides such as in the case of 101, whose HPLC

profiles are reported in Figure 23, in EtOAc gave a main product less polar than substrate;

anyway, only a partial consumption of substrate was observed differently from the TvL-

mediated reactions.
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Figure 23: HPLC profiles of 101 with HRP; A: 325 nm.

On the basis of preliminary results the TvL-mediated oxidative reaction resulted
selective towards the formation of a major possible dimeric product. This enzyme was used
for the in macro synthesis of the new dimers by suitably varying the co-solvent according the
evidences upon reported (and on the basis of the solubility of the substrate; see Experimental

section for details) as described in Scheme 10b-d.
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Scheme 10: (a) DMF, TEA, 0 °C, 15 min, BOP solution (CH,Cl,) 0 °C, 30 min, rt, 24 h ; (b) TvL
solution (acetate buffer, 0.1 M, pH = 4.7), EtOAc-DMSO, 24 h; (c¢) TvL solution (acetate buffer, 0.1
M, pH =4.7), CH,Cl,, 2 h; (d) TvL solution (acetate buffer, 0.1 M, pH =4.7), EtOAc, 4 h.

Although this reaction is mediated by enzyme, it occurs with regio- and
diastereoselectivity, but not enantioselectivity and consequently gave racemic mixtures of the
trans diasteromers; in Scheme 10 only one enantiomer is showed.

Each main product, after purification, was submitted to full spectroscopic
characterization. The MS spectrometry with a peak at m/z value twice the molecular weight of
the substrate (less 2 u.m.a.) suggested the formation of a dimeric product. Moreover, the
analysis of 1D NMR spectra, aided by the careful interpretation of 2D NMR experiments
(COSY, HSQC, HMBC) allowed the identification of the dimeric product as a neolignan with

a dihydrobenzofuran skeleton (namely an 8-5" dimer) and an unambiguous assignment of all
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'H and *C NMR signals and the identification of the structure. corroborating the formation of
the.

A typical '"H NMR spectrum of a dihydrobenzofuran dimer, presents in the lower field
region the resonances for an unmodified cinnamic moiety protons as well as for the aromatic
protons of amide pendants; generally the presence of a pairs of resonances for the pendants is
indicative of the formation of a dimer. Moreover, the two mutually coupled doublets around
6.0 and 4.0 ppm are diagnostics for two methine protons differently shielded, namely for the
two proton of dihydrofuran ring; the J value of these signals gives information about the
geometry of the C-2 — C-3 linkage of dihydrofuran ring. In the same way in a typical °C
NMR spectrum of an 8-5' dimer the presence of two typical resonances for methine sp’
carbons around 85 and 55 ppm is diagnostic for the the formation of a dimer with a
dihydrobenzofuran skeleton.

As a representative example, I report below the 'H and >C NMR spectra of racemate

(+)-128 (Figures 24 and 25 respectively) with the pertinent assignments.
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Figure 24: '"H NMR spectrum (CsDsN, 500 MHz) of ()-128.
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Figure 25: °C NMR spectrum (CsDsN, 125 MHz) of (+)-128.

At lower fields region of 'H spectrum of (+)-128, the two singlets at 6.94 and 6.90
ppm are clearly assigned to the aromatic protons H-2"/6" and H-2""/6"" of two 3,4,5-
trimethoxybenzyl moieties, as well as the two mutually coupled doublets at 8.16 and 6.86
ppm with a J = 15.5 Hz were clearly detected for the AB system of trans olefinic protons
namely H-7" and H-8'. The two doublets at 7.56 and 7.22 ppm which mutually coupled (J =
8.5 Hz) were assigned to the four aromatic protons of para-disubstituted aromatic ring (AA’'-
BB’ system) of coumaric moiety indicated as H-2'-/6' and H-3'/5" respectively. At upper
fields, the presence of four singlets for methyl ether protons of two 3,4,5-trimethoxybenzyl
residue (3.97 ppm for 3"-/5"-OCHs, 3.93 for 4”-OCH; and 3.80 and 3.76 for 3'"-/5""-OCHj3
and 4"-OCHj; respectively) together with the above mentioned resonances suggested the
formation of a dimer of amide 127 through a coupling involving one of the two trans-double
bonds and leaving unchanged the other one. Moreover, the triplet at 4.90 ppm which in COSY

spectrum showed a correlation with the triplet at 8.97 ppm of amide proton (J = 6.0 Hz) was
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clearly identified as the a-CH, of amide function, after the interpretation of carbon resonance
and of the HMBC correlations this signal was unambiguously assigned as H-11'. With the
same approach the two double doublets at 4.98 and 4.81 ppm which mutually coupled with a
geminal constant (J = 15 Hz) were assigned to C-10 methylene carbon (40.4 ppm) as
enantiotopic Ha-10 and Hb-10 protons. Undoubtedly, the most important signals for the
structure determination of compound were the two mutually coupled signals at 6.75 and 4.81
ppm of two different deshielded methine protons, typically for a furan ring. These two key
signals for the H-2 and H-3 respectively suggested the formation of a dihydrobenzofuran
neolignan. Moreover the J value of 8.3 Hz for these proton signals, according to literature
data for similar compounds, suggested that compound (£)-128 was a racemic mixture of the
two frans enantiomers. Most of the carbon resonance of *C spectrum were assigned with the
support of HSQCAD spectrum, in addition the study of the HMBC experiment correlations
allowed to built approximated sub-structure and finally the expected structure (£)-128

reported in Scheme 10. In Figure 26 some key HMBC correlations are indicated.

Figure 26: selected HMBC correlations for (+)-128.

The typical sp> quaternary carbons of amide functions at 170. 5 and 165.9 ppm were
discriminated on the basis of HMBC correlation: the 170.5 ppm carbon signal correlates with
the methine proton H-2 (at 6.75 ppm) of dihydrofuran ring, and with the two double doublets
at 4.98 and 4.81 ppm, it was unambiguously assigned to C-8; similarly, the 165.9 ppm signal
was assigned to C-9' of a- unsatured amide for its correlations with 8.16 6.86 and 4.90 ppm
signals ( H-7', H-8" and H-11' respectively). In the same way, the resonances at 129.9 and
110.1 ppm were unambiguously assigned to C-6 and C-7 of dihydrobenzofuran nucleus;
analogously the 105.1 ppm (correlates with 6.90, 4.98 and 4.81 ppm) was assigned to the two
isochronous carbons C-2" and C-6" and for the same reasons the 105.4 ppm resonance was

assigned to C-2"" and C-6"" (see Figure 26 for details).
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An analogous methodology was employed for the unambiguous characterization of the
other compounds (+)-57, (+)-129 — (+)-135. The ESI MS and NMR spectra (‘H, °C, gCOSY,
gHSQCAD, gHMBCAD) of the nine dihydrobenzofuran neolignanamides (£)-57, (£)-128 —
(+)-135 are reported in Supporting Material section (Appendix C).

The spectral data of (£)-57, namely of the naturally occurring trans-grossamide were
in agreement with those previously published;146b the 'H and >C NMR data assignments for
the remaining racemic neolignanamides (+)-128 — (£)-131 and (£)-132 — (£)-135 are listed in

Tables 11 and 12 respectively.



Table 11: 'H and C NMR spectroscopic data of compounds (£)-128 - (£)-131°
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N (¥)-128" (£)-129¢ (£)-130° (#)-131¢
position Oc Oy (mult, J Hz) ¢ Oy (mult, J Hz) Oc Oy mult (J Hz) Oc Oy mult (J Hz)

2 88.4 6.75 (d, 8.3) 87.2 6.04 (d, 8.0) 88.9 6.69 (d, 8.0) 75.1 5.34(d, 5.5)
3 575 4.81# (d, 8.3) 56.3 4.14 (d, 8.0) 58.0 4.77 (d, 8.0) 77.4 4.87 (d,5.5)
3a 127.9 127.7 128.4 127.7
4 123.7 7.86 (s) 125.1 6.84# (bs) 124.6 7.86 (bs) 119.1
5 128.7 127.6 130.0 129.3
6 129.9 7.56* (d, 8.5) 127.5 7:46 édsd)’ 2.0, 129.9 7.56# (bd, 8.0) 114.4 6.97 (s)
7 110.1 7.04 (d, 8.5) 109.4 6.81 (d, 8.5) 110.5 7.01 (d, 8.0) 144.8
7a 161.3 160.6 161.7 145.3
8 170.5 169.2 170.9 166.3

4.37 (dd, 5.7,
10 438 4%911(3 404 ;Zﬁ 813 438 4.83 (d, 6.0) 42.6 4.221(5&3‘) 57

15.0)

11 335 2.91-2.73# (m)
1’ 128.6 131.2 131.5 143.4
2 116.2 7.56* (d, 8.5) 115.2 7.21 (4, 8.5) 116.6 7.53# (d, 8.5) 115.8 7.14 (d, 2.0)
3 128.7 7.22 (4, 8.5) 127.2 6.86 (d, 8.5) 128.3 7.22 (4, 8.5) 143.2
4 159.1 157.4 OH 8.48 (bs) 159.4 143.2
5 128.7 7.22 (4, 8.5) 127.2 6.86 (d, 8.5) 128.3 7.22 (4, 8.5) 117.1 6.95 (d, 8.5)
6 116.2 7.56* (d, 8.5) 115.2 7.21 (4, 8.5) 116.6 7.53* (d, 8.5) 1214 7.09 (dd, 2.0, 8.5)
7" 139.9 8.16 (d, 15.5) 139.9 7.45 (d, 16.0) 140.2 8.13 (d, 15.5) 138.8 7.47 (d, 16.0)
8 119.7 6.86 (d, 15.5) 118.0 6.48 (d, 16.0) 120.3 6.92 (d, 15.5) 120.3 6.60 (d, 16.0)
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9’ 165.9 166.4 166.5 164.9
11’ 43.8 4.90 (t, 6.0) 41.0 3.56 (bt, 6.5) 43.6 4'871(3‘1";")6'5’ 42.9 443 (d,5.5)
12/ 34.5 2.91-2.73# (m)
1" 134.7 129.58 136.09 134.9
2""/6" 105.1 6.90 (s) 129.54 7.10 (d, 8.5) 128.1 7.44% (d, 7.5) 104.5 6.46 (s)
315" 153.7 115.8 6.83 (d, 8.5) 129.6 7.17° (d, 7.5) 153.2
4" 137.5 155.8 OH 8.79 (bs) 137.4 137.1
1 134.7 129.9 136.8 134.9
2116 105.4 6.94 (s) 129.4 7.10 (d, 8.5) 128.2 7.47* (d, 7.5) 105.0 6.66 (s)
315 153.7 115.0 6.78 (d, 8.5) 129.7 7.20° (d, 7.5) 153.3
4" 137.7 155.6 8.15 (bs) 137.4 137.2
4"-Me 21.06 2.29 (s)
4'""-Me 21.05 2.26 (s)
3'"/5"-OMe 55.7 3.76 (s) 55.27 3.72 (s)
4""-OMe 60.25 3.93 (s) 59.3 3.67 ()
3"/5".0Me  55.7 3.80 (s) 55.30 3.79 (s)
4'""-OMe 60.28 3.97 (s) 59.4 3.69 (s)
9-NH 9.72 (t, 6.0) 7.89 (t, 5.7)
10'-NH 8.97 (bt, 6.0) 7.49 (bt, 6.5) 9.1 (t, 6.5) 7.59 (t, 5.5)

500 MHz for '"H NMR and 125 MHz for >C NMR. ® Recorded in CsDsN. ¢ Recordend in CD;COCDs. © * # Signals with the same superscript are
partially overlapped.



Table 12: 'H and >C NMR spectroscopic data of compounds (£)-132 - (£)-135°

N (¥)-132° (£)-133¢ (£)-134° (¥)-135°
position Oc Oy (mult, J Hz) ¢ Oy (mult, J Hz) Oc Oy mult (J Hz) Oc Oy mult (J Hz)
2 779 5.00 (d, 6.9) 76.9 5.18 (d, 6.5) 88.0 6.10 (d, 8.3) 88.0 534 (d, 8.3)
3 79.6 4.40 (d, 6.9) 78.7 478 (d, 6.5) 56.8 435 (d,8.3) 57.0 434 (d,8.3)
3a 123.6 1277 128.7 128.4
4 120.5 6.734 (s) 119.9 6.954 (s) 1128 7.13 (s) 111.9 7.16 (s)
5 130.6 130.1 139.6 139.4
6 115.7 6.83* (s) 115.9 6.97# (s) 1153 7.06 (s) 1163 7.11 (s)
7 145.0 146.1 144.5 144.5
7a 1452 146.8 149.4 149.5
8 168.8 166.7 169.4 169.5
437 (dd, 6.0, 4.59 (dd, 7.0,
10 423 i:fg Eﬁg 42.7 4'211(%3’) 60, 42.98 4.311(%3,) 60, 4.7 4.46 (1, 5.0)
15.0) 15.0)
1 35.5 - E$§
1 1412 144.5 131.4 131.6
2 115.6 7.16 (d, 2.0) 1162 6.97# (d, 2.0) 109.6 7.04 (d, 2.0) 109.5 7.02 (d, 2.0)
3 146.6 144.4 1475 147.4
4 1473 144.4 146.7 146.6 OH 7.69 (bs)
5" 1173 7'1°§d4d)’ 20 212 6.83 (d, 8.0) 114.8 6.84 (d, 8.0) 1148 6.84 (d, 8.0)
6 130.9 6.97 (d, 8.4) 1152 676(dd,2.0,80) 1189  689(dd,2.0,80) 1187  7.88(dd, 2.0,8.0)
7 1411 743(d,157) 1398 7.48 (d, 15.5) 129.0 7.47 (d, 16.0) 129.0 7.49 (d, 15.5)
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L

216"
35
e
4"-Me
4'"-Me
7-OMe
3-OMe
3"/5"-OMe
4"-OMe
3/5'"-OMe
4'"-OMe
9-NH
10"-NH

120.4
169.0
42.6

35.8

134.7
130.7
116.3
156.9
131.3
130.7
116.3
156.8

6.44 (d, 15.7) 122.1
165.9
3.46 (t, 7.4) 43.1
275 (t, 7.4)
136.3
7.05 (d, 8.4) 127.8
6.724 (d, 8.4) 129.45
136.9
136.7
6.84% (d, 8.5) 128.3
6.66 (d, 8.5) 129.53
137.4
20.82
20.83

6.66 (d, 15.5)

4.45(d,5.5)

7.04 (d, 8.0)
6.87 (d, 8.0)

7.22 (d, 8.0)

7.12 (d, 8.0)

2.62 (s)
2.61 (s)

8.07 (t, 6.0)
7.88 (t, 5.5)

119.1
164.9
42.93

135.26
104.8
153.23
137.01
135.05
105.0
153.33
137.26

55.34
55.34
55.34
59.51
55.34
59.40

6.38 (d, 16.0)

4.46 (d, 4.5)

6.67 (s)

6.70 (s)

3.90 (s)
3.829 (s)
3.833 (s)
3.72(s)
3.76 (s)
3.68 (s)

8.05 (bt)

119.3
165.1
423

136.6
127.4
128.8
136.15
136.3
127.3
128.7
136.06
19.9
19.9
553
55.2

6.57 (d, 15.5)

447, 5.5)

7.22 (d, 8.0)
7.13 (d, 8.0)

7.24 (d, 8.0)
7.15 (d, 8.0)

2.30 (s)
2.28 (s)
3.90 (s)
3.81 (s)

7.95 (bt, 5.0)
7.53 (bt, 5.5)

500 MHz for '"H NMR and 125 MHz for *C NMR. ® Recorded in C;0D. ¢ Recordend in CD;COCD;. * # Signals with the same superscript are

partially overlapped

84
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2.4.3. Antiproliferative activity of dihydrobenzofuran neolignanamides

In collaboration with the research team of Prof. D. Condorelli (University of Catania)
the nine neolignanamides (+)-57, (£)-128 — (+)-135 were evaluated for their antiproliferative
activity (MTT assay)'*’ against three human cancer cell lines, namely Caco-2 (human colon
carcinoma), MCF-7 (human mammary adenocarcinoma) and PC-3 (human prostate cancer)
cells. The results are summarized in Table 13; for each neolignanamide (tested as racemic
mixture) the concentration inhibiting the 50% cell growth (Glsg) is reported; 5-Fluorouracil

(5-FU) was included in the bioassay and used as positive control.

Table 13: Antiproliferative activity of racemates (£)-57, (£)-128 — (+)-135

Gls, (uM) = SD*
Compounds

Caco-2" MCF-7¢ PC-3¢
(*)-57 > 100 24.0+2.3 21.0+1.9
(+)-128 423+4.1 446+49 52.0+4.1
(*)-129 28.9+1.6 33.2+38 26.0+2.1
(*)-130 3.5+03 6.9+0.1 3.7+£0.2

(*)-131 >100 >100 >100
(£)-132 >100 39.7+4.2 66.2+7.1
(*)-133 164 £14 42.0+3.6 13.0+1.1
(¥)-134 59.1+3.9 23.0+2.6 38.0+2.5
(¥)-135 0.70£0.01 2.0+0.1 1.9+0.1
5-FU 55+04 44+0.1 49+1.1

*Gls, calculated after 72 h of continuous exposure relative to untreated
controls. Values are the mean (+ SD) of four experiments; * Caco-2: human
colon carcinoma; © MCF-7: human mammary carcinoma; ¢ PC-3: human
prostate cancer.

Notwithstanding the close structural analogy of these compounds, the Glsy values
show significant variation and suggested some structure-biological activity relationship.
Neolignans bearing 3,4,5-trimethoxyl groups (128, 131, 134) or the tyramine pendant (57,
129, 132) were inactive or scarcely active, with 57 showing the lower Glsy value (21 uM)
towards PC-3 cells. The observed moderate antiproliferative activity of trans-grossamide 57
1s in agreement with the moderate cytotoxic activity previously reported on LNCaP cells (ICsg

= 33 uM).”® A different profile is observed for compounds bearing the 4-methylbenzyl
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residues (130, 133, 135) showing from moderate to high antiproliferative activity and Gls
values in the range 42 — 0.7 uM. In particular, in this subgroup the activity grows in the order
feruloyl > p-coumaroyl > caffeoyl: namely the neolignanamide 135 (obtained by coupling of
a feruloyl amide) is the most potent antiproliferative agent, with Glso values (0.7, 2.0 and 1.9
puM towards Caco-2, MCF-7 and PC-3 cells, respectively) significantly lower than those of
the reference drug 5-FU; compound 130 (derived from a p-coumaroyl amide) resulted
slightly less potent, although showing Glso values (3.5, 6.9 and 3.7 uM towards Caco-2,
MCEF-7 and PC-3 cells, respectively) comparable or lower than that of 5-FU; finally the
caffeoyl neolignanamide 133 resulted only moderately active towards all the three cell lines
(16,4, 42,0 and 13,0 uM towards Caco-2, MCF-7 and PC-3 cells, respectively). By the way,
the caffeoyl dimer 131 showed no activity towards all cell lines.

Of course in cell bioassays a number of different factors may affect the results, among
others cell membrane permeation, diffusion and metabolic stability. Lipophilicity of
compounds under biological study usually is a critical parameter in particular with regard to
cell uptake. Thus, to highlight a possible connection between lipophilicity and
antiproliferative assay, we employed an HPLC method which correlates the capacity factor
(K) of a given compound with its lipophilicity (namely, with its log P)."** ! This method is
particularly useful when the direct measurement of log P may be difficult for some or all
compounds under study. The HPLC profiles of neolignanamides (£)-57, (£)-128 — (£)-135
are reported in Figure 27; the HPLC profile of ascorbic acid (AA), used as high polar
reference standard, is also reported. On the basis of this experimental work, the K values for
the above cited compounds were determined and are reported in Table 14. For the sake of

completeness, we added in Table 14 the calculated log P values.
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Figure 27: Stacked plot of RP18-HPLC-UV for racemates (+)-57, (£)-128- (£)-135.
With blue line the HPLC profile of ascorbic acid (AA, as standard) is
reported.

Table 14: calculated log P and experimental K values for
compounds (£)-57, (£)-128- (£)-135

Compounds log P* K’
(*)-57 2.25+0.58 2.32
(£)-128 1.40 + 0.64 6.35
(£)-129 3.15 4 0.49 5.20
(£)-130 5.11+0.55 8.36
(#)-131 -0.55+0.71 5.69
(£)-132 1.20 +0.58 0.56
(£)-133 3.16 £0.63 7.89
(£)-134 0.50 +0.71 6.32
(£)-135 4.21+0.63 8.45

* calculated log P values were obtained with ACD/labs log P
program version 11;° capacity factors were calculated by the
expression K = (tr — ty)/ to.

As it is evident from both Figure 27 and Table 14, the neolignanamides 130, 133 and
135 with the highest K values (highlighted in red) also show the highest calculated log P
values, that is, are the most lipophilic in this series, presumably due to the lipophilic character
of the 4-methyl benzyl pendants. It is also worth noting that the most potent antiprolifertive
compound 135 (feruloyl dimer) results the most lipophilic, followed by the highly active

compound 130 (p-coumaroyl dimer) showing very similar K values; 133 (caffeoyl dimer), the
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third compound in order of lipophilicity, is also the third in order of antiproliferative activity.
These data strongly suggest a possible relationship between lipophilic character (which is in
turn correlated with membrane cell permeation) and antiproliferative activity. Of course,

further structural details may have a role in the interaction with the biological target.

2.4.4. Chiral resolution and determination of absolute configuration

The two racemic mixtures (+)-130 and (£)-135, with the most promising
antiproliferative activity values, were subjected to chiral resolution. A preliminary screening
to optimize the resolution conditions (see Figure 28) was carried out: three different chiral
columns, namely Chiralpak-IA, Lux-1 Cellulose and Lux-2 Cellulose were used, coupled with
a number of eluting systems (n-hexane/IPA-EtOH and CH3;CN/IPA-EtOH with different

ratios). Details are reported in the Experimental Section.
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Figure 28: HPLC profiles of racemate (+)-130 in different conditions: a) Chiralpack IA,
n-hexane: IPA 75:25; b) Lux Cellulose-2, CH;CN:EtOH 80:20; ¢) Lux Cellulose-2, n-
hexane: EtOH 45:55; d) Lux Cellulose-2, n-hexane: EtOH 35:65.

Finally, the chiral resolution of racemate (+)-130 has been carried on Lux-2
Cellulose employing n-hexane:EtOH 35:65 as eluent. The HPLC profiles of the racemic

mixture and of the two enantiomers run in the above reported conditions are reported in
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Figure 29; in these conditions the enantiomers 130-A and 130-B showed retention times of

8.09 and 11.42 minutes respectively.
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Figure 29: Chiral HPLC profiles of a) (+)-130; b) enantiomer 130-A; ¢) enantiomer 130-B.

Also the chiral resolution of racemate (+)-135 has been carried on Lux-2 Cellulose
employing n-hexane:EtOH 30:70 as the eluent. In this conditions, the enantiomers 135-A and
135-B eluted with retention times of 11.59 and 13.63 minutes respectively. The HPLC

profiles of the racemic mixture and of the pure enantiomers are reported in Figure 30.
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Figure 30: Chiral HPLC profiles of a) (+)-135; b) enantiomer 135-A; ¢) enantiomer 135-B.
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The pure enantiomers were characterized by Circular Dichroism spectroscopy (CD)
and by optical rotation polarimetric measurements. The CD spectrum of 130-A (reported in
Figure 31a with blue line) showed a positive Cotton effect in the range 250 — 325 nm in
agreement with the experimental [a] p™° = + 108.3; conversely, the CD spectrum of
enantiomer 130-B (reported in Figure 31a with red line) gave a negative Cotton effect in the
range 250 — 325 nm, in agreement with the value of [o] p°°= - 105.0. The same was observed
for the other pair of enantiomers, namely the CD spectrum of 135-A (reported in Figure 31b
with blue line) showed a positive Cotton effect in the range 250 — 325 nm for in agreement
with the experimental [a] p2’ =+ 117.8; while the enantiomer 135-B (reported in Figure 31b
with red line) gave a negative Cotton effect in the range 250 — 325 nm, in agreement with the

value of [a] p2= - 114.6.

a) ° b)

CD (molfL
D (molfL)

Figure 31: a) CD spectra of 130-A and 130-B; b) CD spectra of 135-A and 135-B.

One of the most useful methods for the determination of absolute configuration is the
comparison of CD spectra and [a] values with that of closely related compounds of known

152 Thus, the comparison of the chiro-optical data acquired for 130-A,

absolute configuration.
130-B, 135-A and 135-B with literature values of closely related compounds such as 3’,4-di-
O-methylcedrusin 51 '** methylcaffeate lignan 52.°' (-)-ephedradine A, "* and Hordatine
A,"”*was used to determine the absolute stereochemistry of the new reported enantiomers. By
the way, in Figure 32 the CD spectra of methylcaffeate lignan enantiomers are reported,
showing a positive Cotton effect for the enantiomer (25,35)-52 and a negative Cotton effect

for 2R,3R)-52.
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Figure 32: CD spectra of (25,35)-52 (2R,3R)-52.”'

These and other literature data allowed to establish the absolute configuration of the

enantiomer 130-A and 135-A as 25,35 and that of enantiomers 130-B and 135-B as the
2R,3R.
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2.4.5. Antiproliferative activity of pure enantiomers

The two pairs of enantiomers (25,35)-130, (2R,3R)-130 and (2S5.35)-135, (2R,3R)-135
were assayed for their antiproliferative activity; 5-FU was used as positive reference also in
this experiment. The results are reported in Table 15 as Glsy values; for an immediate
comparison also the Glsy values of the racemates (£)-130 and (#)-135 are reported. The
interpretation of these data is not straightforward: in the case of (£)-130, the most active
enantiomer towards all three cell lines is 2R,3R, resulting also more active than the racemate
with Glsy values of 2.1 (Caco-2 cells), 1.7 (MCF-7 cells) and 2.4 uM (PC-3 cells), whereas
the less potent enantiomer 25,3 resulted a slightly more active than the racemic mixture. It
is worth of nothing that in previous works on cytotoxic and antiangiogenic activities of
neolignan (£)-52, the (2R,3R) enantiomer proved to be the most active of the couple.78’ o
Conversely, in the case of (£)-135 both enantiomers resulted less active than the racemate on
all cell lines, and the 25,35 enantiomer proved to be more potent than 2R 3R enantiomer. This
results contrast with the previous and suggest that for neolignanamide 130 the activity was
related with the stereochemistry of dihydrofuran ring and the higher activity of the enantiomer
with 2R,3R configuration could be related with a better affinity with a specific target. The

other experiment is rather surprising and we are planning to repeat the test; if confirmed, this
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result suggest a possible synergic effect of the two enantiomers, for instance through

interaction with different targets.

Table 15: Antiproliferative activity of (25,35)-130, (2R,3R)-130, (25,3S5)-135,
(2R,3R)-135 and racemates (£)-130 and (£)-135

Gls) (uM) £ SD*

Compounds
Caco-2" MCF-7 PC-3*
(*)-130° 3.5+03 6.9+0.1 3.7+0.2
(25,35)-130 33 £0.3 53+0.1 2.5+0.2
(2R,3R)-130 2.1+0.2 1.7+0.1 24+£0.1
(+)-135° 0.70 £0.01 2.0+0.1 1.9+0.1
(25,35)-135 4.8+0.5 2.6+0.1 29402
(2R,3R)-135 18.0+1.9 4.4+0.2 6.5+04
5-FU 6.0£0.5 3.7£0.3 54+1.8

Gl calculated after 72 h of continuous exposure relative to untreated controls.
Values are the mean (£ SD) of three experiments; °Caco-2: human colon
carcinoma; ‘MCF-7: human mammary carcinoma; ‘PC-3: human prostate cancer. ©
Values added for comparison.
2.5. BENZOI|LIIXANTHENE LIGNANS: A CHEMICAL PROTEOMIC

STUDY

Benzo[k,/]xanthene lignans are a rare subclass of natural and unnatural lignans; as
showed in the Introduction, recently the research group of Prof. C. Tringali (University of
Catania) has been published a simple synthetic methodology to obtain benzoxanthene lignans
by a biomimetic approach.'® Although some biological activities of these dimers have been
studied,'”"'?® globally the properties of these unusual lignans remain largely unexplored.

In the frame of a collaboration with Prof. A. Casapullo (University of Salerno), the

156,157 .
“lor “fishing for partners” has

Compound-Centric Chemical Proteomic approach (CCCP)
been employed for the identification of new target proteins for benzoxanthene lignans.

CCCP is a multidisciplinary method which utilizes small molecule probes to
selectively capture target proteins from complex biological matrices, basing on the classical
drug affinity chromatography in combination with high-resolution mass spectrometry (HR-
MS) and bioinformatic tools for the identification of binding proteins. A typical CCCP
experiment flowchart is reported in Figure 33; as shown many fields are involved (synthetic

organic chemistry, cell biology, mass spectrometry and biochemistry); it starts with the

immobilizing of bioactive compound on a matrix and to follow it is incubated with the cell
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extract lysate. The affinity chromatography will remove the non-specifically bound proteins

and finally the captured targeted proteins are recovered and separated by gel-electrophoresis.

After protein(s) digestion the HR-RS peptides analysis allows the identification of the

targeted protein(s).
0
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Figure 33: General experiment flowchart of Chemical proteomic approach Compound Centric

Chemical Proteomic CCCP.



95

2.5.1. Synthesis of benzo[k,/]xanthene lignan 137

In order to apply the CCCP strategy, the design and synthesis of a new benzoxanthene
core lignan suitable for orthogonal functionalization and immobilization on sepharose beads
matrix via epoxidic linker has been realized. A benzoxanthene core bearing hydroxyl alkyl
chains of suitable length was selected for this goal. The synthesis of compound 137 was

carried out employing the Mn-mediated biomimetic methodology, summarized in Scheme 11.

o) o
H a '
A oH < H 3 1N\ S O/\/\é‘r/(}l
95%
H H 6
6 136

137

Scheme 11: (a) 1,4-butanediol, H,SO,, 50 °C, 24 h; (b) Mn(OAc); CH,Cl,, 40 °C, 3 h.

As first step the synthesis of a suitable caffeic ester was carried out; 1,4-butanediol
was reacted with caffeic acid (6) through the Fisher esterification and the intermediate 136
was obtained with 95% yield. The new compound was fully characterized and the ESI MS
and NMR spectra are reported in Supporting Material Section (Appendix B). The NMR data,
listed in Table16, were in agreement with the formation of expected ester 136.

The signals expected for caffeic moiety were clearly recognized in the upper fileds
region of 'H (7.6 -6.0 ppm) and *C (170 — 110 ppm) NMR spectra, whereas, the resonances
for butanediol chain in "H NMR spectrum were assigned to the two triplets at 4.17 and 3.60
ppm (CH,-1" and CH;,-4' respectively) and the multiplets at 1.76 and 1.62 ppm (CH;-2' and



96

CH,-3' respectively as confirmed by COSY correlations). Analogously the resonances at 64.7,
62.1 and 26.2 ppm (C-1’, C-4’ and C-2"/C-3') in "*C spectrum were assigned to ester chain.

The dimerization of 136 was carried out by oxidative coupling, employing Mn(OAc);
as oxidative agent. In these conditions, the benzoxanthene 137 was recovered with 46% yield
(after PLC purification).

The new benzoxanthene was fully characterized by MS spectrometry 1D and 2D NMR
spectroscopy; in Figures 34 and 35 the 'H and '>C NMR spectra of 137 are reported, (for the
other spectra see Appendix C in Supporting Material section). The ESI MS spectrum
suggested the formation of a dimer with the presence of a main peak at 497.3 m/z for the
pseudo molecular ion [M-H], corresponding to expected 498, equal to twice the molecular

weight of the substrate 136 (less than 6 uma).
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Figure 34: "H NMR spectrum (CD;COCDs, 500 MHz) of 137.

The 'H NMR spectrum of 137 showed the typical signals for the benzoxanthene core,
namely three singlets at 8.18, 7.27 and 6.72 ppm for H-3, H-8 and H-11 respectively and two
doublets at 7.53 and 7.33 mutually coupled (J = 8.5 Hz; see COSY spectrum) for H-4 and H-5
respectively. These resonances are unambiguously assigned studying HMBC correlations. In
the upper fields region (4.6 — 1.6 ppm) of "H NMR spectrum the resonances for alkyl chains
were detected: two differently shielded triplets for the a- methylene protons (respect to ester

functions) at 4.46 and 4.34; two partially overlapped triplets, integrating for four protons,
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namely for the two methylenes 4"-/4""-CH, 3.65 and 3.63 ppm and two multiplets at 1.86 and
1.68 ppm integrating for eight protons the remaining methylenes 2"-/2""-CH, and 3"-/3"'-
CH,; respectively as suggested by COSY correlations.

b
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Figure 35: °C NMR spectrum (CDsCOCD;, 125 MHz) of 137.

The upper fields region of carbon spectrum (65 — 24 ppm) showed seven resonances
for the eight sp’ methylene carbons which were assigned through the study of HSQC
correlations, but it was not possible to discriminate between the two chains signals. However,
the HMBC spectrum revealed a series of crucial correlations for the unambiguously
assignments of the two side chains signals as well as for quaternary carbon and for the two
methylene carbon C-3"/3"" assignments whose signals were overlapped with solvent methyl
residual signal at 29.8 ppm. The signal for carboxylic ester C-2" at 165.3 ppm, which was
assigned thanks to the key HMBC correlation with 3-H proton signal at 8.18 ppm, showed
also a correlation with the triplet at 4.34 ppm allowing in turn, the assignment for that triplet
as H-4". Analogously, the HMBC correlation between the signals 169.4 and 4.46 ppm
allowed to assign this latter as H-4"". In the same way all the resonances observed for the two
butanediol chains were properly assigned as well as the other resonances. The spectroscopic

data are collected in Table 16 together with those of the monomer 136.



Table 16: 'H and "*C NMR spectroscopic data of compounds 136 and 137

position 136 b7
Oc On (mult, J Hz) Oc Oy mult (J Hz)

1 127.6 127.3

2 115.1 7.15 (d, 2.0) 126.0

3 146.3 129.2 8.18 (s)
3a 127.4

4 148.7 126.0 7.53 (d, 8.5)
5 116.3 6.86 (d, 8.3) 112.5 7.33 (d, 8.5)

6 122.5 7.03 (dd, 2.0, 8.3) 142.3

7 145.6 7.54 (d, 15.9)

7a 148.8

8 115.7 6.28 (d, 15.9) 104.4 7.27 (s)

9 167.5 147.6

10 142.1

11 121.9 6.72 (s)
11a 123.9
11b 131,1
11c 130.05

1 64.7 4.17 (t,6.7) 170.6

2' 26.2 1.76 (m) 165.3

3 26.2 1.62 (m)

4' 62.1 3.60 (t, 6.4)

1 65.1 4.46 (t, 6.5)
2" 25.9 1.86 (m)
3" 29.8# 1.68 (m)
4" 61.8 3.65* (1, 6.3)
| 65.7 443 (t,6.7)
2 25.5 1.86 (m)
3 29.8# 1.68 (m)
4'"" 61.7 3.63* (t, 6.3)
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* Recorded in CD;COCD; (500 MHz for '"H NMR and 125 MHz for °C NMR).
#Signals partially overlapped with the residual solvent signal. *Signals partially
overlapped
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2.5.2. Chemical proteomics: discovery of new targets

The benzoxanthene 137 was submitted to CCCP chemical proteomic approach in the
laboratory of Prof. A. Casapullo. Compound 137 was immobilized on sepharose beads with
epoxidic functionalities. The immobilization was quantified by HPLC and the benzoxanthene-
bearing beads was incubated with HeLa cells (Human hepitheloid cervix carcinoma) lysate
for 16 h at 4 °C. The mixture was then submitted to separation by chromatography affinity
removing the non-specifically bound proteins with several washing steps and finally the
captured targeted proteins were recovered and separated by gel-electrophoresis on SDS-
PAGE. In Figure 36 the electrophoretic profile is reported and by comparison with the control
it was evident that the benzoxanthene 137 showed selectivity towards a protein. The gel band
was subjected to an in situ digestion protocol and the peptides were analyzed through LC-
MS/MS followed by a Mascot database search that identified the target protein as the
proteasome sub-unit 5. Two independent experiments were carried out giving the same

bioinformatic result with a score higher than 100.
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Figure 36: SDS-PAGE of 137.

2.5.3. Benzoxanthene lignans as potential proteasome inhibitors

The data obtained with the CCCP approach for benzoxanthene 137 prompted to extend

this work by testing the potential proteasome inhibitory activity of some previously reported

101-103

benzoxanthenes, selected on the basis of their previously reported properties and in
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particular those with higher lipophilicity, which proved to be effectively taken up into the
cells. Thus, three previously reported benzoxanthenes 67, 138 and 139, bearing respectively
phenethyl, ethyl and butyl side chains were re-synthesized according to the above cited

procedure (Scheme 12) and described with details in the Experimental section (5.5.2.)

(o)
i 9004
D/@/%)(«R HO AR
2 —_—
0 (o)
i ¢
OH OH
OH
138aR= % 138 R= % >
139a R= %"\ 139 R= % "\

67aR= ”;\/\© 67 R= ;\/\©

Scheme 12: Mn(OAc);, CH,Cly, rt, 24 h.

Through a collaboration with the laboratory of Prof. A. Casapullo, the four
benzoxanthenes were evaluated as proteasome inhibitors on HeLa cells (cell lysate was used
for the in vitro assay) towards the chymotrypsin-like, trypsin and caspase activities of
Proteasome 20S. The inhibition was carried out employing a spectrofluorimetric method and
in Table 16 the concentration inhibiting the 50 % (ICso) of chymotrypsin-like, trypsin and

caspase activities is ported for the in vitro bioassays.

Table 17: Proteasome inhibition assay on HeLa cell lysate of 67, 137 — 139*

Compounds In vitro 1Csy (uM)

caspase activity trypsin activity  chymotrypsin-like activity

67 7.9 48.8 37.6
137 35.8 76.2 16.8
138 14.9 3.9 324
139 18.2 52.6 20.3

* caspase, trypsin and chymotrypsin-like residual activities were measured with a
spectrofluorimeter (excitation, 380 nm; emission, 460 nm).
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According to the preliminary data summarised in Table 17, compound 67 showed a
promising inhibition against caspase activity (7.9 uM), whereas the benzoxanthenes 138 and
139 resulted with a moderate inhibition activity. On the other hand the benzoxanthene 138
resulted a selective inhibitor of trypsin activity of proteasome showing a ICs, value of 3.9
uM; all the other three compounds were scarcely active, with 1Cso values in the range 76.2 —
48.8 uM. All the tested benzoxanthenes showed a comparable inhibitory activity towards the
chymotrypsin-like activity. Compound 137 with the more hydrophilic side chains proved to
be the less promising proteasome inhibitor, followed by the benzoxanthene 139.

The preliminary data about the in vivo bioassay of the lignans 137— 139 are reported as
% inhibiting the trypsin, caspase and chymotrypsin-like activity in Figure 37a, b and ¢
respectively; on the basis of the in vitro assay results, benzoxanthene lignans 67, 137 — 139

were the tested at concentration of 25 pM.

a) b)
120 trypsin activity 120 1 caspase activity
100 100
B g0 - o 80
: g
=2 60 B 60
| 5
B g
R 40 § 40
20 20
0 0
67 138 139 137 67 138 139 137
) 120 - chymotrypsin-like activity
100
g
B CTR % 2 20
=
B 25 UM % T g -
=
R 40 -
20
0
67 138 139 137

Figure 37: Activity of 67, 137 -139 on: a) trypsin site, b) caspase site, ¢) chymotrypsin-like site
of proteasome .

As shown in Figure 37a, only the benzoxanthene 139 showed a moderate inhibitory
activity toward the trypsin activity of proteasome. The Figure 37b activity shows the highest

inhibitory activity of compound 67 towards caspase site with an inhibition of about the 50%
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at 25 puM; confirming the data observed in the in vitro assay. Compound 139 showed a
moderate inhibition also for the caspase activity. The hystograms reported in Figure 37¢ show
an inhibition of about the 50% of chymotrypsin-like activity for benzoxanthene 67 and no
activity for the other three compounds.

These preliminary data (obtained by in vitro and in vivo assays) suggest that

benzoxanthenes 67 and 139 are worthy of further studies.

2.6. SYNTHESIS OF DEUTERATED ENTEROLACTONE, A MAMMALIAN
LIGNAN

In the Introduction (1.4.1.2 paragraph), I dealed with enterolignans, a group of

modified lignans found in mammalian fluids,'** 19

the most representative members of which
are enterolactone (63) and enterodiol (68). These enterolignans and their synthetic analogues
have been the subject of an increasing number of in vitro and in vivo studies for their action
against many health disorders and for their antiproliferative activity on many cancer cells.'”’
In this contest, enterolignans labelled with stable isotopes are often employed in
qualitative and quantitative analysis of biological samples, in biological assays or to study the
biogenetic pathway of mammalian lignans. The preparation of deuterated enterolignans is
consequently an interesting synthetic target. One reported method regards the deuteration of
lignanolactones and it is based on H/D exchange by electrophilic aromatic substitution

reaction; to this purpose the reagent D;PO4x BF3/D,0 is formed in situ (Scheme 13).158

O  1.DsPO, * BFy/ D,0
'l\< 2. H,0
)

R1=R4=OH,R2=R3=R5=H
Ry=R,=Rs=OH, R, =R, =H
R1:R2:OM9, RSZH,R4:R5:OH
R1=OH, R2=R3=H, R4= R5=OMe
R1=R2=R4=R5=OMG,R3=H
R1:OH,R2:R5:H,R3:R4:OMG
R1 =OH, R2=R4=R5=H, R3=OMe
R1=OH,R2=R3=R4=R5=H

R1=R4=OH,R2=R3=R5=D
R1=R4=R5=OH,R2=R3=D
R1:R2=OM9, R3:D, R4:R5: OH
R1 =OH, R2=R3 =D, R4= R5=OMe
R1=R2=R4=R5=OM6,R3=D
R1:OH,R2:R5:D,R3:R4:OM6
R1 =OH, R2=R4=R5=D, R3=OMe
R1=OH,R2=R3=R4=R5=D
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Scheme 13: adapted from a work of E. Leppili ef al.'™®

More recently, in a new method for the synthesis of polydeuterated lignans, DCI has
been used as deuteration reagent in D,O and in presence of the ionic liquid I1-butyl-3-
methylimidazolium chloride ([bmim]Cl) as cosolvent (Scheme 14). " In this condition the

proton exchange only occurs at the activated (ortho-para) positions of the aromatic ring.

R4

OPY;
R; Y DCI/D,0, bmimCl
OR; —_— >
Q MW
OR,
Ry
R;
35 R1:R2:R3:H R1:R3:H,R2:D
37 R, =H, R, = OH, R; = Me Ry =D, R, =0OH, R3 = Me

Scheme 14: adapted from a work of M. Pohjoispii et al. [

The above cited methods are useful to exchange the aromatic protons with deuterium,
but the protons of the aliphatic moiety are not involved in the reaction. Thus, obtaining an
enterolactone derivative with an higher level in deuteration is still a research goal, and for this
reason, during a stage in the laboratory of Prof. K. Wéhili at the University of Helsinki, I
carried out some experiments with this aim.

In a first step of the work I planned a possible route to reach this goal through the
synthesis of the intermediate 146 (see Scheme 15), as versatile synthon to be employed in
further deuteration reactions. The, simple, commercially available and low-cost reagents 3-
hydroxy benzaldehyde (140) and succinic acid dimethyl ester (142) were employed in a
Stobbe condensation reaction, followed by alkylation with mono-deuterated benzyl bromide

(145) to afford the desired product 146.
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Scheme 15: (a) K,CO;, KI, BnCl, EtOH, 78 °C, 4 h; (b) 1. EtONa, EtOH, 78 °C 4 h, 2. H,SO,,
MeOH, 65 °C, 12 h; (¢)LiAlD,, dry Et,O, rt, 20 min; (d) PBr3, dry benzene, rt, 2 h; (e) LDA, THF, -78
°C, 24 h.

Firstly the protection of 3-hydroxy benzaldehyde phenolic group was carried out by
benzylation reaction; actually Stobbe condensation has been previously employed on
phenolic compounds without protection, but the reaction occurred with low yield or failed.'®
A portion of the intermediate 141 was employed in the subsequent step for the condensation
with 142 in presence of a strong base, and after work-up the recovered crude mixture was
refluxed in methanol and in acid condition in order to re-esterify the carboxylic function(s).
Purification afforded the intermediate 143 with 72% and the main peak at 340 m/z in the MS
spectrum (reported in Supporting Material, Appenix D) as well as the analysis of resonance in
'H and *C NMR spectra (Figures 38 and 39) suggested the stereo-selective formation of 2-

trans-benzylidenesuccinate 143.
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Figure 38: "H NMR spectrum (CDCl;, 300 MHz) of 143.
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Figure 39: °C NMR sperctrum (CDCls;, 75 MHz) of 143.
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A number of resonances in the 'H NMR spectrum were diagnostics for the
p g

identification of 143: namely, the presence of a singlet, integrating for two protons, at 3.54

ppm for methylene protons at C-3 position of succinic moiety; two singlets at 3.84 and 3.74

ppm each integrating for three protons, attributable to the two methoxyl groups, and the

shielded singlet at 7.88 ppm for the olefinic proton H-7', typical for E-isomers.'®' Also the 17

resonances detected in the >C NMR spectrum were in agreement with the formation of 143.

The presence of two signals at 171.8 and168.0 ppm for two different shielded carboxylic ester

groups, for C-4 and C-1 respectively, the signal at 142.3 ppm for a sp® methine carbon (C-7"),

the signal at 126.3 ppm for the quaternary sp” carbon C-2 and the resonance for methylene

carbon C-3 at 33.8 ppm were the most significant data. In Table 18 all the resonance assigned

for 143 are listed.
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A part of intermediate 141 was converted in the proper [D;]-benzyl bromide 145.
Precisely the reduction of 141 in the presence of lithium alluminium deuteride (LiAlD4)
afforded almost in quantitative yield the mono-deuterated benzyl alcohol 144 as confirmed by
MS spectrum with a main peak at 215 m/z. In addition, the '"H NMR spectrum of intermediate
144 showed a singlet at 4.62 ppm for the proton H-7', which integrate only for one proton
instead of two as expected after deuteration. The mono-deuteration was corroborated by the
presence of a triplet at 64.6 ppm in the proton-decoupled *C NMR spectrum attributable to
C-7 methylene carbon. All the assigned resonances are reported in Experimental section
(5.5.3.3.); while the MS and NMR spectra are reported as Supporting Material in Appendix
D.

A classical bromination reaction, carried out with PBr; gave the desired [D]-
benzylbromide 145 starting from 144. The EI-MS spectrum showed the expected isotopic
peaks at 277 and 279 m/z for 2C "1 HPBr'®0 and °C,'H,°HY'Br'0 respectively. The
'H and "*C NMR spectra (Appendix D) of 145 were similar to that of compound 144 except
for the shielding of the o values related to H-7 (4.45 ppm) C-7 and C-1 (33.4 and 139.3 ppm)
at higher fields. The spectral data are reported in Experimental section (5.5.3.4.).

In the final step, the intermediates 143 and 145 were involved in an alkylation reaction
by treating with LDA (in situ generated) at - 78 °C under Ar atmosphere and in dry
conditions. This reaction afforded compound 146 with 35% yield after purification and it was
submitted to spectral analysis. In the EI-MS spectrum, the peak at 537 m/z, as expected,
suggested the 2,3-dibenzyl succinic acid derivative formation with retention of deuterium
atom. In the same spectrum a series of fragments related to 146 were also detected, namely
the peak at 506 m/z due to the loss of a methoxy group [M-OMe]", as well as the peaks at 446
and 354 m/z caused by loss of a benzyl group and of a phenyl benzyloxy group respectively.
The 'H and °C NMR spectra of 146 (Figures 40 and 41) show an increased number of
signals in the aromatic region, respectively between 7.5 — 6.4 ppm and 160 — 110 ppm (see
Table 18 for the assignments), respect to that detected for compound 143, confirming the
occurred alkylation with protected mono-deuterated benzyl bromide (145). In addition, the
presence in the 'H spectrum of three signals for the methine protons H-7" and H-3 suggested
that 146 has been obtained as a mixture of diasteroisomers (in Scheme 15 only one of the
possible diasteromeres is drawn). Precisely, the signal at 4.01 ppm, integrating for 1 H may be
assigned to Ha-7"/Hb-7"; and the two differently shielded doublets at 3.33 and 2.92 ppm (J
= 5.7 Hz and J = 10.0 Hz respectively), integrating each for 0.5, may be assigned to Ha-3 and
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Hb-3. Further diagnostic resonances for the formation of 146 were two pair of mutually
coupled signals in 'H NMR spectrum (4.96 and 4.91ppm, J = 11.8 Hz; 4.83 and 4.75 ppm, J =
11.7 Hz), assignable to two AB systems for methylene protons of the benzyl protecting
groups. Other diagnostic resonances in the *C spectrum were the signals at 70.1, 69.8 ppm
(C-7"" and C-7" respectively), the deshielded signal at 45.5 ppm for the methyne carbon in a-
position to ester function (C-3) and the triplet at 36.1 ppm (CHD signal for the C-7").
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Figure 40: 'H NMR spectrum (CDCl3, 300 MHz) of 146.
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Figure 41: °C NMR spectrum (CDCl;, 75 MHz) of 146.



Table 18: 'H and ">C NMR spectroscopic data of compounds 143 and 146"

. 136 137
position
Oc Ou (mult, J Hz) Oc Oy mult (J Hz)
1 168.0 167.3
2 126.4 130.9
3 33.8 3.54 (s) 455 23"9335 ((d‘f’ 156.00))
4 171.8 173.4
1 136.5 136.9
2 115.4 6.98* (d, 1.8) 115.6 6.49 (m)
3 159.1 159.0
4’ 116.1 6.95 (bd, 8.0) 114.4 6.49 (m)
5’ 130.0 7.42# (m) 129.7 7.16 (1, 8.1)
6’ 121.9 6.99* (dd, 1.8,7.7) 122.9 6.83 (dd, 2.1, 8.1)
7' 142.3 7.88 (s) 143.0 7.70 (s)
1" 136.9 140.9
2" 127.7 7.42# (m) 115.2 6.49 (m)
3" 128.9 7.37# (m) 158.8
4" 128.3 7.31 (dd, 2.0, 7.6) 113.5 6.49 (m)
5" 128.9 7.37# (m) 129.4 7.03 (t, 7.08)
6" 127.7 7.42# (m) 121.2 6.73 (dd, 2.0, 7.8)
7" 70.3 5.09 (s) 36.1 4.03 (m)
1 137.4
2'"/6"" 127.7 7.35 (m)
315 128.8 7.35 (m)
4'" 128.3 7.35 (m)
Ot
1" 137.1
2"V76" 127.1 7.35 (m)
35y 128.8 7.35 (m)
4" 128.2 7.35 (m)
™ T
1-OMe 52.6 3.84 (s) 52.6 3,84 (s)
4-OMe 52.4 3.74 (s) 52.4 3,76 (s)

* Recorded in CDCl; (300 MHz for 'H NMR and 75 MHz for °C NMR). #

*Signals are partially overlapped.
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Compound 146 is a versatile synthon which can be employed in the synthesis of [D7]-
enterodiol (147) and [Ds]-enterolactone (148) by highly yield steps involving deuteration

followed by reduction reactions and eventually lactonization (Scheme 16).

1.LIAID,
. Ag,O0y/ celite

Scheme 16

Indeed, this successful synthesis, applied to [D;]-succinate as reported in Scheme 17
will give fully deuterad [D;]-enterolactone 149 or other related deuterated lignans starting

from the proper substituted benzaldehyde.

retrosynthesis of 1. Sobbg
[D,,]-enterolactone condensation

1. reduction 2. deuteration
2. lactonization J Q)
@
D
alkylation - D
149

Scheme 17
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2.7. NATURAL-DERIVED PROTEASOME INHIBITORS

In recent years proteasome become a pivotal target for the developing of new
anticancer drugs. It was demonstrated that generally cancer cells have higher levels of
proteasome activity than noncancerous ones, maybe because of their increased metabolism
and higher levels of oxidative stress and growth factors. It’s clear that molecules which can
interact with proteasome modifying its activity are potential anticancer agents. A number of
molecules have been synthesized with this aim and to date many are in clinical trials and
some of them have showed systemic toxicity and side effects. For this reason, research is
oriented to developed less invasive drugs with selective action on tumor cells.

According to literature data, as reported in the Introduction, natural products and their
analogues or derivatives have been widely texted with interesting results. Two examples are
132

the diaryl propanoid broussonin B (74)

and the phenolic cinnamic amide avenanthramide C

In this background, two dihydropolymethoxystilbenes (as diarylpropanoids analogues)
and a small library of cinnamoyl amides (as avenanthramides C analogues) have been

synthesized and evaluated as potential proteasome inhibitors.

2.7.1. Synthesis of dihydropolymethoxystilbenes as proteasome inhibitors

Compounds 150 and 151 have been obtained in quantitative yield by catalytic
hydrogenation of the pertinent tetramethoxystilbenes 15 and 82 respectively (Scheme 18).
These latter were synthesized according to the Horner-Emmons-Wadsworth olefination as

previously described (Scheme 4).

OMe
O
N R,

s

OMe

15 R, =0Me, R, =H
82 R, =H, R, OMe

Scheme 18: EtOH, H,, Pd/C 10% w/w, rt, 24h.
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The "HNMR spectra of compounds 150 and 151 had suggested the occurred reduction
of exocyclic double bond. The appearance of a singlet at around 2.8 - 2.7 ppm for methylene
protons at C-7 and C-8 and none evidence for olefinic signals in the 'H-NMR spectrum
proved the quantitative hydrogenation of E-polymethoxystilbenes 15 and 82. The signals
assignment (reported in Experimental section 5.3.3.) fitted with data reported in literature.'**
163

In a collaborative work with Prof. R. Purrello (University of Catania) and with Dr. A.
M. Santoro (IBB CNR Catania) the two dihydrostilbenoids 150 and 151 were evaluated as
potential proteasome inhibitors employing a preliminary spectrofluorimetric assay. Precisely,
the inhibitory activity of the two molecules was tested on the chymotripsyn-like activity and
both the two compounds showed an ICsy value of 3uM. This preliminary result is very
interesting if compared with that of the natural lead broussonin B reported as proteasome

inhibitor (ICso = 178 pM).'*

2.7.2. Synthesis of cinnamic acid amides as proteasome inhibitors

The literature data about the proteasome inhibitory activity of the naturally occurring
avenanthramide C (75) and of other natural compounds with a-f unsatured amide functions
lead the evaluation of some cinnamic amides as proteasome inhibitors. In order to evaluate a
possible structure activity relationship amides with different functional groups on cinnamic
moiety and various substituents on amine aromatic residue have been designed and
synthesized.

These compounds were obtained by amidation reaction of the most common cinnamic
acids (6, 24, 25 and 26) with different amines, by previous activation of carboxylic acid as

described in Scheme 19 for compound 118.

o
o oM
H,N € 3 OMe
_n 9N 7
OH + [ '
OMe  gg% Me H {ome
(o]
Me OMe 5

152 120 118

Scheme 19: DMF, TEA, 0 °C, 15 min; BOP solution (CH,Cl,) 0 °C, 30 min, rt, 24 h.
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Amide 103 was obtained by treating caffeoyl amide 100 (whose synthesis is reported
in Scheme 7) with Mel as previously reported in Scheme 8; in this case the permethylated
product 103 was obtained together with the partial methyl derivative 102. After purification,
the new compounds 103 and 118 were subjected to full spectroscopic characterization; the
ESIMS, 'H and ">C NMR spectra are reported as Supporting Material (Appendix B), while in

Table 18 their spectroscopic data are listed.

Table 18: 'H and *C NMR spectroscopic data of 103 and 118®

103" 118°
position
O¢c Oy (mult, J Hz) Oc O (mult, J Hz)
1 135.4 131.9
2 110.0 7.16-7.12 (m) 127.6 7.38 (d, 7.9)
3 149.3 129.4 7.15(d, 7.9)
4 150.8 134.1
5 111.3 6.96 (d, 8.5) 129.4 7.15(d, 7.9)
6 111.3 7.16-7.12 (m) 127.6 7.38 (d, 7.9)
7 140.5 7.50 (d, 15.0) 139.8 7.64 (d, 15.9)
8 118.1 6.52 (d, 15.0) 119.5 6.41 (d, 15.9)
9 167.4 166.0
1’ 136.6 136.9
2'/6' 127.2 7.16-7.12 (m) 104.8 6.51 (s)
3'/5' 128.7 7.21 (d, 8.0) 153.2
4! 127.9 140.9
7' 42.6 4.44 (s) 43.9 4.47 (d,5.5)
4-Me 213 2.35(s)
4'-Me 19.6 2.31(s)
3-OMe 55.06 3.86 (s)
4-OMe 55.01 3.85 (s)
3'/5"-OMe 55.9 3.81(s)
C-4'-OMe 60.6 3.81(s)
NH 6.17 (bt)

300 MHz for "H NMR and 75 MHz for >C NMR. ® Recorded in CD;0D. ¢ Recorded in CDCl;.
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Seven cinnamoyl derivatives, namely compounds 100, 101, 103, 116, 126, 127 (whose
synthesis is reported in previous paragraphs) together with amide 118 were submitted to an in
vitro inhibition assay in order to evaluate the chymotrypsin-like activitiy related to one of the
catalytic sites of proteasome 20S. The free-cell assay indicated that compounds 101, 116, 126
and 127, with free phenolic function at C-4 position of cinnamic moiety, are the most
promising inhibitors (ICsy ~ 3 uM). Conversely, other compounds such as 103 and 118 in
which the phenolic function in C-4 is methylated showed ICs; > 10 uM. Noteworthy the
caffeoyl derivative 100 bearing a catechol group, namely two free phenolic groups (in ortho
position) resulted moderate active (10 pM).

The promising inhibitory activity of compounds 101 126 and 127 lead the evaluation
of the other two catalytic activities of proteasome 20S, namely the caspase and trypsin
activity. The assay revealed that the coumaroyl amide with the trimethoxybenzyl residue 127

(ICsp = 3 pM on trypsin site and 2 uM on caspase site) is the most promising proteasome

inhibitors.
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The aim of this project was the synthesis of new natural-derived polyphenol analogues

with potential antitumor activity. The research activity has been developed on different
topics, as detailed below:

1. Synthesis and biological evaluation of resveratrol-related polymethoxystilbene

glycoconjugates;
Synthesis and pharmacokinetic study of two bioactive dimethoxystilbenes;
Synthesis of phenolic cinnamic amides as potential mPGES-1 inhibitors;

. Biomimetic synthesis of dihydrobenzofuran neolignanamides, evaluation of their
antirpoliferative activity and chiral resolution of racemic mixtures;

Synthesis of polydeuterated enterolactone;

Synthesis of natural-derived polyphenols as potential proteasome inhibitors.

. Polymethoxystilbene glycosides 85 — 90 were synthesized and, together with the
related 2-hydroxypolymethoxystilbenes 12, 83 and 84, were subjected to an
antiproliferative activity bioassay, in the laboratory of Prof. D. Condorelli (University
of Catania), towards Caco-2 (human colon) and SH-SYS5Y (neuroblastoma) cancer
cells. Compounds 12 and 83 proved highly active on both cells; 83 showed a Glsg
value of 3 uM (Caco-2 cells), a value comparable to that of 5-FU. Compound 84 was
inactive although its glucoside 87 and more the galactoside 90 showed a weak growth
inhibition of Caco-2 and SH-SYS5Y cells. Collectively, the data shows that minimal
differences in the structure of both stilbenoids and conjugates may substantially affect
their antiproliferative activity. The possible hydrolytic release of the aglycones 12, 83
and 84 by B-glucosidase or 3-galactosidase was also evaluated; only 85 and 86 were
significantly hydrolysed by B-glucosidase. An evaluation of the B-glucosidase or -
galactosidase activity in the presence of compounds 85 — 90 revealed that all are
moderate inhibitors at least towards one of these enzymes. Finally, compounds 86 and

89 showed a promising a-glucosidase inhibition. Thus, these resveratrol-related
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conjugates may be considered as lead compounds for future development of

antidiabetic or anti-obesity agents.

. The dimethoxystilbenes 95 and 96, previously reported for promising biological

activities, were synthesized in the frame of a collaborative work with Prof. Lin
(Singapore University), aimed to study their pharmacokinetic profile. A validated
HPLC method revealed low and erratic plasma exposure, fast clearance and poor oral
bioavailability for both compounds.

. A library of cinnamic amides (97 - 118) was evaluated in a virtual screening for
mPGES-1 inhibition in collaboration with Prof. G. Bifulco (University of Salerno). Six
hits (100, 102, 108, 113, 114 and 117), selected on the basis of their binding energy
values and specific interactions observed with the catalytic site of enzyme, were
prepared and evaluated for mPGES-1 inhibition with in vitro assayat the laboratory of
Prof. O. Werz (University of Jena). Only compound 100, derived from caffeic acid,
resulted a promising mPGES-1 inhibitor (30% of inhibition at 10 uM). The structure
of compound 100 was optimized and four new caffeoyl amides (122 — 125) showing
better binding energy values for the catalytic site than the previous amides, were
synthesized for further evaluation.

A biomimetic oxidative coupling reaction mediated by Trametes versicolor Laccase
was employed to obtain a small library of racemic dihydrobenzofuran neolignans
derived from phenolic cinnamic amides, namely compounds (£)-57, (£)-128 — (%)-
135. These neolignanamides were evaluated at the laboratory of Prof. D. Condorelli
(University of Catania) for their antiproliferative activity (MTT assay) towards three
human tumor cell lines, namely Caco-2 (colon cancer), MCF-7 (mammary
adenocarcinoma) and PC-3 (prostate carcinoma). A promising antiproliferative
activity was observed for some of the racemates; in particular, compound (+)-130
(Glsp of 3.5 and 3.7 yM on Caco-2 and PC-3 respectively) proved to be active as the
anticancer drug 5-fluorouracil (5-FU) and compound (+)-135 was even more active
than 5-FU with low-micromolar and sub-micromolar Glsy values (Glsy of 0.7, 2.0 and
1.9 yM on Caco-2, MCF-7 and PC-3 respectively). The lipophilicity of compounds
(£)-57, (£)-128 — (£)-135 was determined and pointed out that the neolignanamides
with the higher antiproliferative activity are also the more lipophilic. The most
promising racemic mixtures were resolved by chiral-HPLC and the absolute

configuration of pure enantiomers were determined by comparison of their CD-spectra
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data and [a] values with previously reported data. Finally the MTT assay on the same
cell lines, revealed an higher antiproliferative activity for enantiomer (2R,3R)-130
(2.1, 1.7 and 2.4 yM on Caco-2, CF-7 and PC-3 respectively) with respect to activity
of both racemate and (25,35)-130, suggesting that the antiproliferative activity is
related with the stereochemistry of dihydrobenzofuran ring. Conversely, both the
enantiomers of (+)-135 proved to be less active than the racemate on all cell lines,
suggesting a possible synergic effect of the two enantiomers, for instance through
interaction with different targets.

. During a stage at Helsinki University, the mono-deuterated enterolactone 146 was
prepared applying a new method which allows the deuteration on aliphatic portion. To
date only polydeuterated enterolignans at aromatic portion have been obtained.
Compound 146 is a versatile synton for future synthesis of enterolactone with higher
level of deuteration and polydeuterated enterolignans in general.

. Part of my research activity was referred to the last topic, namely to the synthesis of
natural-derived polyphenols as proteasome inhibitors. In collaboration with Prof. A.
Casapullo (Univeristy of Salerno) a chemical proteomic study (CCCP) identified the
proteasome 20S as new target for some benzo[k,/]xanthene lignans. A new
benzoxanthene (137) ad hoc functionalized with butanediol chains for CCCP study
and three previously reported benzoxanthenes (67, 138 and 139) were evaluated as
proteasome inhibitors and preliminary in vitro and in vivo results on Hela cells
showed a promising proteasome inhibition activity for compounds 67 and 139.

In addition, in a collaborative work with Prof. R. Purrello (University of Catania) and
Dr. A. M. Santoro (IBB-CNR, Catania), the dihydropolymethoxystilbenes 150 and
151 (analogues of diaryl propanoid Broussonin B) and seven cinnamic amides (100,
101, 103, 116, 118, 126 and 127; avenanthramide C analogues) were evaluate for their
interaction with Proteasome 20S catalytic sites. Preliminary studies suggest that both
the two classes of natural-derived compounds are worthy of further investigation. In
particular, among the amides, compounds with free phenolic function at C-4 position

of cinnamic moiety resulted the most promising inhibitors.
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S. EXPERIMENTAL

5.1. CHEMICALS

All chemicals were of reagent grade and were used without further purification; they
were purchased from Sigma Aldrich; while solvents of different grades were purchased from
VWR International. f-glucosidase from almonds, B-galactosidase from Aspergillus oryzae,
a-glucosidase from Saccharomyces cerevisiae, p-nitrophenyl-B-D-glucopyranoside (pNP-f-
Glc), o-nitrophenyl  B-D-galactopyranoside  (oNP-B-Gal) and  p-nitrophenyl-a-D-
glucopyranoside (pNP-a-Glc)Trametes versicolor Laccase (TvL, 10.0 U/mg), Pleurotus
ostreatus Laccase (PoL, 11.8 U/mg), Agaricus bisphorus Laccase (AbL, 6.8 U/mg),
horseradish peroxidase (HRP, Type I), were purchased from Sigma Aldrich.

5.2. INSTRUMENTAL PROCEDURES

Mass spectra were acquired with three different instruments. An Agilent 6400 Triple
Quadrupole (6400 Series) mass spectrometer equipped with a Multimodal Ionization Source
operating in MMI-ESI, operating in negative mode, was employed for characterization of
most of the obtained products. Samples infused were eluted on a cartridge, (ZORBAX Eclipse
XDB-C18; 4.6 x 30 mm, 3.5 um; Agilent) with MeOH:H,O:HCOOH (98:2:0.1%). Best
source parameters for samples ionization were: gas temperature: 300 °C; vaporizer
temperature: 250 °C; gas flow: 10 L/min; nebulizer: 60 psi; fragmentator 135 V; capillary
voltage: 3500 V; charging: 2000 V. All the intermediates and products obtained in the
synthesis of deuterated enterolactone were run on a Jeol JIMS-700 SX 102 mass spectrometer
equipped with a double-focusing magnetic sector detector operatin with Electron Impact (EI)
ion source. Samples were injected by a direct inlet probe and they were detected using an
ionization energy of 70 eV. In other cases, a LCQ-DECA ion trap mass spectrometer with
electrospray ion source (Thermo Fischer) was used. Samples were directly infused and
electrospray mass spectra were acquired from m/z 150 to 2000 and in negative using the
following electrospray ion source parameters: capillary temperature 220 °C; spray voltage 3.5

kV; gas flow rate 30.

Elemental analysis was performed on a Perkin-Elmer 240B microanalyzer.
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NMR spectra were run on a Varian Unity Inova spectrometer operating at 499.86 ('H)
and 125.70 MHz ("°C) and equipped with gradient-enhanced, reverse-detection probe.
Chemical shifts (8) are indirectly referred to TMS using residual solvent signals. All NMR
experiments, including two-dimensional spectra, were performed using software supplied by
the manufacturers and acquired at constant temperature (300 K). CD;0D, CDCl;, (CD3),CO,
CsDsN were used as solvent. The NMR spectra of the intermediates and products related to
the synthesis of deuterated enterolactone were acquired on a Varian Mercury spectrometer
operating at 300 ('H) and 75 MHz ("*C). Chemical shifts (8) are indirectly referred to TMS

using residual solvent signals.

CD spectra were run on Jasco J-810 spectropolarimeter; UV spectra were run on Jasco

V-630 spectrometer.

Optical rotation was measured with a Rudolph Research Analytical (Autopol I)

polarimeter at 589 nm and at 25 °C for glycoconjugates and at 20 °C for neolignanamides.

High-performance liquid chromatography (HPLC) was carried out using an Agilent
1100 Series with auto-sampler and pump (G1311A), an Agilent UV detector (DAD, 1200
Series, G1315D) set at selected wavelengths of 254, 280, 305 and 325 nm. Samples were
injected on analytic reverse phase column (Luna C18 column, 5 pm; 4.6 x 250 mm;
Phenomenex) and were eluted in in the proper gradient of HPLC-grade H,O/H" (99:1; eluent
A) and CH3CN/H'(99:1; eluent B), at 1 mL/min.

Enantiomeric resolution was tentatively carried out on three different analytical chiral
columns (250 x 4.6 mm; 5 pm): Chiralpak IA (Chiral Technologies), Lux Cellulose-1
(Phenomenex) and Lux Cellulose-2 (Phenomenex); the details are reported below.

Purifications (PLC) were performed on LiChroprep Si 60 ( 25 - 40 um or 63 — 200
um; Merck), Sephadex LH-20 (Sigma Aldrich) or LiChroprep DIOL (40 — 63 pum; Merck)
using different solvent systems, as reported for each compound. Thin layer Chromatography
(TLC) were carried out using pre-coated silica gel F254 plates (Merck); cerium sulphate and

phosphomolybdic acid were used as chromogenic spray reagents.
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5.3.  SYNTHESIS OF STILBENOIDS AND RELATED COMPOUNDS

5.3.1. Polymethoxystilbene glycosides

Compounds 12, 15, 16 and 82 - 84 were synthesized as previously described by
Spatafora et al’> The stilbenoid 15 was obtained by reacting the diethyl (3,5-
dimethoxybenzyl)phosphonate 78 (prepared from 3,5-dimethoxybenzylbromide 76) with the
aldehyde 80; analogously, 16 was synthesized by reacting the diethyl (4-
methoxybenzyl)phosphonate 79 (prepared from 4-methoxybenzylchloride 77) with the
aldehyde 81; analogously, 82 was obtained by reaction of 78 with 81. Finally, compounds 15,
16, and 82 were subjected to a mild hydroxylation in the presence of m-chloroperbenzoic acid

to give the 2-hydroxystilbenes 12, 83, 84.

5.3.1.1. Preliminary experiments

Reaction conditions were optimized by subjecting compound 84 to preliminary
experiments (below indicated as a — ¢).
a) Synthesis in homogeneous phase. Compound 84 (0.0160 g, 0.017 mmol) was dissolved in
KOH solution (I mL of 1.25 M) in dry EtOH and stirred for 15 minutes. Tetra-O-acetyl-o-D-
glucopyranosyl bromide (0.0102 g, 0.024 mmol) was added and the mixture was stirred at
room temp. for 3 days. The reaction was monitored by TLC (5% CH3;OH/CHCI;); two further
aliquots of tetra-O-acetyl-a-D-glucopyranosyl bromide (0.0050 g, 0.012 mmol) were added
after 12 h and 36 h.
b) Synthesis in heterogeneous phase at room temperature. Compound 84 (0.0044 g, 0.014
mmol) was dissolved in MeOH:H,0O (55:45, 2 mL) and stirred together with K,CO; (0.0200 g,
0.145 mmol) for 15 min at room temp. A mixture of tetrabutylammonium chloride (TBACI,
0.0042 g, 0.014 mmol) and tetra-O-acetyl-a-D-glucopyranosyl bromide (0.0145 g, 0.035
mmol) in CHCl; (2 mL) were added. The biphasic system was stirred at room temp. for 20 h
and the reaction was monitored by TLC (5% CH3;OH/CHCls).
c) Synthesis in heterogeneous phase under reflux. Compound 84 (0.0057 g, 0.020 mmol) was
dissolved in MeOH:H,0 (45:55, 2.2 mL) and the solution was stirred with K,CO3 (0.0248 g,
0.179 mmol) at room temp. for 15 min. To the solution, I mL of CHCls;, TBACI (0.0055 g,
0.018 mmol) and a chloroformic solution of tetra-O-acetyl-a-D-glucopyranosyl bromide
(0.0185 g, 0.045 mmol, dissolved in 1.2 mL of CHCIl;) were added. The heterogeneous

mixture was stirred at 60 °C for 24 h. After 10 h, a solution of tetra-O-acetyl-a-D-



120

glucopyranosyl bromide (0.0098 g, 0.024 mmol/2 mL of CHCls) was added. The reaction was
monitored by TLC (5% CH3;OH/CHCl;).

The procedure ¢) gave a higher yield of compound 87 and was also employed to
synthesize compounds 86, 89 and 90. Under these conditions 85 and 88 were obtained in low
yields; higher yields were obtained carrying out the reaction at room temperature (procedure

b).

5.3.1.2. (2R, 3S,4S,5S)-2-[2-(4-Methoxystyryl)-4,6-dimethoxyphenoxy]  tetrahydro-6-
hydroxymethyl-2H-pyran-3,4,5,triol (85)

Compound 12 (0.0184 g, 0.064 mmol) was stirred with K,COs (0.0880 g, 0.637
mmol) in MeOH:H,0 (45:55, 8.3 mL) for 15 min at room temp. The catalyst TBACI (0.0178
g, 0.064 mmol), 3.6 mL of CHCI; and a solution of tetra-O-acetyl-a-D-glucopyranosyl
bromide (0.0396 g, 0.096 mmol in 4 mL of CHCIl;) were added. The mixture was stirred at
room temp. for 24 h. The reaction was monitored by TLC (5% CH3;OH/CHCIl;) and a solution
of tetra-O-acetyl-a-D-glucopyranosyl bromide (0.0175 g, 0.042 mmol/2 mL of CHCl;) was
added after 10 h. The reaction was quenched by phase separation. The organic phase was
dried over anhydrous Na,SO,, evaporated to dryness and the crude residue was purified by
flash chromatography on RP-18 silica gel using a gradient of CH3;CN — H,O (from 10 to
70%). Powder, (0.0056 g, 33% yield). R/(TLC) = 0.25 (5% CH3;0H/CHCL). [a] p > =+ 73 (¢
= 0.1, CH30H). UV (CH30H) Anax (log €) 306 (4.32) nm. ESI-MS: caled. For C,3H,309Na
[M+Na]+ 471.16; found 471.2. Elemental analysis C, 61.60; H, 6.29; calcd. For C,3H30o;
found C, 61.24 and H, 6.27. NMR data are listed in Table 1.

5.3.1.3. (2R,35,4S,55)-2-[2-(3,4-Dimethoxystyryl)-4,6-dimethoxyphenoxy]
tetrahydro-6-hydroxymethyl-2H-pyran-3,4,5,triol (86)

Compound 83 (0.0212 g, 0.067 mmol) was dissolved in MeOH:H,0O (45:55, 8.5 mL)
and the solution was stirred with K,CO3 (0.0926 g, 0.670 mmol) at room temp. for 15 min. To
the aqueous solution TBACI (0.0182 g, 0.067 mmol) in CHCI; (4 mL), and subsequently, a
solution of tetra-O-acetyl-o-D-glucopyranosyl bromide (0.0688 g, 0.168 mmol in 4.5 mL of
CHCI;) were added. The heterogeneous mixture was heated at 60 °C for 24 h. The reaction
was monitored by TLC (4% CH;OH/CHCl;) and after 10 hours tetra-O-acetyl-a-D-
glucopyranosyl bromide in CHCI; (0.0301 g/2 mL) was added. The aqueous phase was
extracted with CHCl; (3 x 8 mL); the combined organic phases were washed with HO (3 x
16 mL), dried over Na,SO,, filtered, and evaporated to dryness. The crude extract was

purified by column chromatography with RP-18 silica gel with a gradient of CH3CN in H,O
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(from 10 to 50%) affording 86 (0.0087 g, 43%). Amorphous powder, R;(TLC) = 0.16 (4%
CH;O0H/CHCL). [a] p > = 22 (¢ = 0.2, CH;0H). UV (CH30H) Amax (log €) 320 (3.94) nm.
ESI-MS: calcd. For C,4H300,¢0Na [MJrNa]+ 501.17; found 501.2. Elemental analysis C, 60.24;
H, 6.32; calcd. For C,4H300,0, found C, 60.25 and H, 6.19. NMR assignments are collected in
Table 1.

5.3.1.4. (2R,3S,4S,55)-2-[2-(3,5-Dimethoxystyryl)-4,6-dimethoxyphenoxy] -
tetrahydro-6-hydroxymethyl-2H-pyran-3,4,5,triol (87)

Compound 84 (0.0162 g, 0.051 mmol) was dissolved in MeOH:H,O (45:55, 7.5 mL)
and the solution was stirred with K,CO;3 (0.0714 g, 0.517 mmol) at room temp. for 15 min.
CHCl; (4 mL), TBACI (0.0142 g, 0.051 mmol) and the solution of tetra-O-acetyl-a-D-
glucopyranosyl bromide previously prepared (0.0524 g, 0.127 mmol in 3 mL of CHCI;) were
added to the aqueous phase. The reaction mixture was stirred at 60 °C for 24 h, and tetra-O-
acetyl-o-D-glucopyranosyl bromide (0.025 g) in CHCI; (1.5 mL) were added after 10 hours.
The reaction was monitored by TLC (4% CH3;OH/CHCIs). The aqueous phase was extracted
with CHCIl; (3 x 6 mL) and the combined organic phases were washed with H,O (3 x 15 mL).
The CHCI; phase was dried over Na,SO,, filtered, and dried in vacuo. The residue was
purified by liquid chromatography using a RP-18 silica gel with a gradient of CH3CN in H,O
(from 40 to 80%). Product 87 was obtained (0.0063 g, 38%). Amorphous powder. R, (TLC) =
0.37 (4% CH3;O0H/CHCL); [a] p > =+ 55 (¢ = 0.1, CH;0H). UV (CH30H) Amax (log €) 303
(4.30) nm. ESI-MS: calcd. For Cy4H300,0Na [M+Na]+ 501.17; found 501.2. Elemental
analysis C, 60.24; H, 6.32 calcd. For C,4H300,9, found C, 60.30 and H, 6.21. NMR data are
collected in Table 1.

5.3.1.5. (2R,3S,4S,5R)-2-[2-(4-Methoxystyryl)-4,6-dimethoxyphenoxy]
tetrahydro-6-hydroxymethyl-2H-pyran-3,4,5,triol (88)

Compound 12 (0.0232 g, 0.081 mmol) was stirred with K,COs (0.1123 g, 0.813
mmol) in MeOH:H,0 (45:55, 10.2 mL) for 15 min at room temp. To the aqueous solution,
CHCIl; (4.3 mL), TBACI (0.0226 g, 0.049 mmol), and a solution containing tetra-O-acetyl-a-
D-galactopyranosyl bromide (0.0666 g, 0.162 mmol) in CHCI; (4.8 mL) were added. The
heterogeneous mixture was stirred at room temp. for 24 h and the reaction was monitored by
TLC (5% CH3;OH/CHCIls). Another addition of sugar was done after 10 hours (0.0293 g/2.0
mL). The reaction was quenched by phase separation. The CHCI; phase was dried over
anhydrous Na,SO,, filtered, and evaporated in vacuo. The organic extract was purified by

column chromatography with RP-18 silica gel with a gradient of CH3CN in H,O (from 10 to
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70%). Amorphous powder, (0.0069 g, 30%). R, (TLC) = 0.23 (5% CH3;OH/CHCl;3). UV
(CH30H) Amax (log €) = 306 (4.01) nm. ESI-MS: caled. For Ca3Hy309Na [M+Na]™ 471.16;
found 471.2. Elemental analysis C, 61.60; H, 6.29 calcd. For C,3H»309, found C, 61.42 and
H, 6.23. NMR assignments are listed in Table 2.

5.3.1.6. (2R,3S,4S,5R)-2-[2-(3,4-Dimethoxystyryl)-4,6-dimethoxyphenoxy]
tetrahydro-6-hydroxymethyl-2H-pyran-3,4,5,triol (89)

Compound 83 (0.0190 g, 0.060 mmol) was stirred with K,CO; (0.0838 g, 0.606

mmol) in MeOH:H,O (45:55, 7.7 mL) at room temp. for 15 min. CHCI; (4 mL), TBACI
(0.0163 g, 0.060 mmol) and an organic solution of tetra-O-acetyl-a-D-galactopyranosyl
bromide (0.0617 g, 0.150 mmol in 4 mL of CHCIl;) were added to the aqueous phase. The
mixture was heated at 60 °C for 24 h and the reaction was monitored by TLC. After 10 hours
tetra-O-acetyl-a- D-galactopyranosyl bromide (0.0301 g) in 2 mL of CHCI; was added to the
reaction mixture.
The aqueous phase was extracted with CHCl; (3 x 6 mL) and the combined organic phases
were washed with H,O (3 x 15 mL), dried with anhydrous Na,SO, filtered, and evaporated to
dryness in vacuo. The crude extract was purified by column with RP-18 silica gel eluting with
a gradient of CH3CN in H,O (from 10 to 30%). By PLC 0.0115 g of galactoside 89 were
recovered (46%). Ry (TLC) = 0.23 (4% CH3;O0H/CHCL). [a]*p = + 80 (¢ = 0.2, CH;0H). UV
(CH30H) Amax (log €) 322 (4.28) nm. ESI-MS: caled. For Cy4H300;0Na [MJrNa]+ 501.17;
found 501.2. Elemental analysis C, 60.24; H, 6.32 calcd. For C,4H30040, found C, 60.17 and
H, 6.31. The NMR data are collected in Table 2.

5.3.1.7. (2R, 3S,4S,5R)-2-[2-(3,5-Dimethoxystyryl)-4,6-dimethoxyphenoxy]
tetrahydro-6-hydroxymethyl-2H-pyran-3,4,5,triol (90)

Compound 84 (0.0280 g, 0.088 mmol) was stirred in MeOH:H,O (45:55, 11.3 mL)
with K,CO; (0.1226 g, 0.887 mmol) at room temp. for 15 min. After this time, CHCl; (5 mL),
TBACI (0.0244 g, 0.088 mmol) and a solution of tetra-O-acetyl-a-D-galactopyranosyl
bromide (0.0904 g, 0.220 mmol) in CHCI; (6.5 mL) was added to the reaction mixture. The
heterogeneous mixture was stirred at 60 °C for 24 h, and at 10 h, 0.0396 g/3mL of sugar in
CHCI; were added. The aqueous phase was extracted with CHCl; (3 x 10 mL) and the
combined CHCI; phases were washed with H,O (3 x 20 mL), dried over anhydrous Na;SO,,
filtered, and evaporated to dryness. The crude extraction was purified by column
chromatography with RP-18 silica gel with a gradient of CH3CN in H,O (from 40 to 70%).
From PLC 90 was recovered (0.0109 g, 40%). R; (TLC) = 0.38 (4% CH3;0H/CHCL). [a]p >
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=+ 70 (c = 0.03, CH30H). UV (CH30H) Ap.x (log €) 305 (4.46) nm. ESI-MS: calcd. For
C24H30010Na [M+Na]" 501.17; found 501.2. Elemental analysis C, 60.24; H, 6.32 calcd. For
Cy4H30019, found C, 60.19 and H, 6.29. NMR data are reported in Table 2.

5.3.1.8. Enzymatic cleavage assay

Compounds 85 — 90 were dissolved in DMSO and diluted with phosphate buffer at pH
= 7.2 (NaHPO4/ KH,PO4 0.050 M) to a final concentration of 5.0 x 10° M (the final
concentration of DMSO did not exceeded 1.0%). B-Glucosidase from almond (1.2 U/mL) or
-galactosidase from A. oryzae (0.7 U/mL) was added and the mixtures were incubated at 37
°C under shaking at 400 rpm. Samples (200 puL) were taken at regular time intervals up to 96
h and the enzymatic hydrolysis was monitored by HPLC on an RP-18 column at 305 nm with
the following elution gradient: (A = H,O:HCOOH 99:1; B = CH3;CN:HCOOH 99:1) ty min B =
45%., t7 min B =80%, t10 min B =90%, ti2 min B = 100%, at ImL/min.

The activity of the enzymes does not change when the solution contains 1.0% of
DMSO. All assays were performed in triplicate. In order to quantify the released aglycone by
the cleavage assay, calibration curves were created for compounds 12, 83 and 84: four
solutions of the aglycones prepared within the concentration range of the test (10° — 10° M),

were eluted by HPLC on an RP-18 column under the same conditions of the assay.

5.3.1.9.Glycosidases enzyme inhibition assay

A slight modification of the method of Tsujii er al.'*® was used to evaluate the
inhibition of B-glucosidase from almonds, B-galactosidase from Aspergillus oryzae, and o-
glucosidase from Saccharomyces cerevisiae by compounds 85 — 90. The enzymatic activity
was determined spectrophotometrically at 400 nm by monitoring the release of p-nitrophenol
and o-nitrophenol from the substrates pNP-f3-Glc or pNP-a-Glc (for glucosidases) and oNP-f3-
Gal (for galactosidase), respectively. Each substrate was dissolved in DMSO/phosphate buffer
(Na,HPO4/KH,PO, 0.050 M, pH = 7.2) in order to have a final concentration of 6.5 x 10™ M.
In each assay, 3 mL of substrate solution were incubated with 0.1, 0.2, 0.4, 0.6 or 1.0 mL of
the stock solution of each glycoside (2.6 — 4.7 x 10* M, for details see Supporting
Information) in the presence of the corresponding enzyme (2.9 U/mL for B-glucosidase, 4.0
U/mL for B-galactosidase. And 2.0 U/mL for a-glucosidase) at 25 °C. The final concentration
of DMSO of the solutions did not exceed 1.0%. In each set of experiments, the assay was
performed in triplicate with five different concentrations. Preliminary kinetic studies of the
three enzymes in the presence of pertinent substrate have provided the following incubation

times: 30 min for B-glucosidase and B-galactosidase and 2 h for a-glucosidase.
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5.3.2. Dimethoxystilenes

5.3.2.1. (E)-1,2-dimethoxy-4-styrylbenzene (95)

Benzyl bromide 91 (25.20 mmol, 3 mL) was stirred with triethyl phosphite (7mL)
under reflux (130 °C) for 5 h. The mixture was diluted with DMF (37 mL) and it was stirred
with MeONa (2.7238 g, 54.5 mmol) in ice bath (0 °C) for 30 minutes. Then 3,4-
dimethoxybenzaldehyde (93, 4.7054 g, 28.3 mmol) was added to reaction’s flask and it was
stirred at rt for 1 h, at 100 °C for 1 h and finally it was kept under stirring overnight at rt.
Compound 95 was obtained as pure product by crystallization from methanol from the crude
precipitate obtained adding a mixture of methanol:water (1:2) to reaction. White powder
(3.9796 g, 66 %). '"H-NMR (500 MHz, CDCls, 298 K): & 7.51 (d, J = 7.8, 2H, H-2', H-6"),
7.36 (t, J=17.8, J="1.5,2H, H-3', H-5"), 7.25 (t, J = 7.5, 1H, H-4', signal partial overlapped
with residul CHCls), 7.07 (m, 3H, H-7, H-2, H-6,0overlapped signals), 6.98 (d, J = 16.5, 1H,
H-8), 6.87 (d, J = 7.5, 1H, H-5), 3.96 (s, 3H, 3-OCHj3), 3.91 (s, 3H, 4-OCH;)."?C-NMR (125
MHz, CDCls, 298 K): 6 = 149.1 (3-C), 148.9 (C-4), 137.5 (C-1"), 130.5 (C-1), 128.6 (C-3', C-
5", 128.4 (C-4"), 127.2 (C-7), 126.8 (C-8), 126.2 (C-2', C-6"), 119.9 (C-6), 111.2 (C-5), 108.8
(C-2), 55.9 (3-OCH3), 55.8 (4-OCH3).

5.3.2.2. (E)-1,2-dimethoxy-3-styrylbenzene (96)

Benzyl bromide (91, 3 mL, 25.20 mmol) was dissolved in triethyl phosphite (7 mL)
and stirred under reflux at 130 °C for 5 h. The mixture of reaction was diluted with DMF (35
mL) and the solution was stirred with MeONa (2.7540 g, 55.1 mmol) at 0 °C for about 30
minutes. After this time, 2,3-dimethoxybenzaldehyde (94, 4.7071 g, 28.3 mmol) was added
and the mixture was stirred at rt for 1 h, then it was heated to 100 °C for 1 h. After cooling the
reaction was kept under stirring at rt overnight. Crude reaction was quenched with weakly
acid solution and extracted with CH,Cl, (200 mL x 3). Finally the combined organic layers
were washed with water and dried over anhydrous Na,SO4. The recovered organic phase,
evaporated to dryness, was purified by PLC using silica gel and a gradient of diethyl ether in
petroleum ether (from 0 to 2 %). Purification gave 3.8709 g of pure product 96 (yield: 64 %).
'H-NMR (500 MHz, CDCls, 298 K):8 = 7.64 (d, J = 7.5, 2H, H-2', H-6'), 7.59 (d, J = 16.5,
1H, H-7), 7.45 (t, J = 7.5, J = 8.0, 2H, H-3', H-5'), 7.35 (m, 2-H, H-4', H-6,0verlapped
signals), 7.23 (d, J =16.5, 1H, H-8), 7.14 (t, J = 8.0, J = 8.5, 1H, H-5), 6.90 (dd, J =8.0,J
= 1.5, 1H, H-4), 3.96 (s, 3H, 3-OCHj3), 3.93 (s, 3H, 2-OCH3). “C-NMR (125 MHz, CDCl,
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298 K): & = 152.9 (C-3), 146.8 (C-2), 137.5 (C-1"), 131.3 (C-1), 129.7 (C-4"), 128.5 (C-3', C-
5'), 127.5 (C-7), 126.5 (C-2', C-6"), 123.9 (C-8), 122.8 (C-5), 117.7 (C-6), 111.3 (C-4), 60.8
(2-OCH3), 55.9 (3-OCHs).

5.3.3.Dihydrotetramethoxystilbenes

5.3.3.1. 4-(3,5-dimethoxyphenethyl)-1,2-dimethoxybenzene (150)

Compound 15 (0.0185 g, 0.062 mmol) was dissolved in 2 mL of absolute ethanol and
treated with 10 % w/w of palladium on charcoal. After in vacuo air removing, reaction’s flask
was filled with H, and the suspension was stirred at rt for 24 h. After reaction the catalyst was
removed by filtration on 0.45 pm filter. From the reaction 0.0181 g of compound 150 were
obtained (yield: 97%). 'H-NMR (500 MHz, CHCl3, 298 K ): 8 = 6.79 (d, J = 8.3, 1H, H-5"),
6.73 (dd, J=8.3, J=1.8, 1H, H-6"), 6.67 (d, J = 1.8, IH, H-2'), 6.34 (d, J = 2.5, 2 H, H-2,
H-6), 6.31 (t,J = 2.5, 1H, H-4), 3.86 (s, 3H, 3’-OCH3), 3.84 (s, 3H, 4'-OCHs), 3.76 (s, 6H, 3-
OCHjs;, 5-OCH3), 2.85 (overlapped quintuplets, 4H, H-7, H-8).

5.3.3.2.1,2-bis(3,5-dimethoxyphenyl)ethane (151)

Tetramethoxystilbene 82 (0.0235 g, 0.078 mmol) was dissolved in in 2 mL of
absolute ethanol together with 10% (w/w) of carbon supported Palladium catalyst and air
was removed from reaction’s flask in vacuo. The system was filled with H, and was stirred at
rt for 24 h. At the end of reaction the catalyst was removed by filtration on 0.45 pm filter and
151 was recovered (0.0231 g; 98%). 'H-NMR (500 MHz, CDCl3): & = 6.24 (d, J = 2.0, 4H,
H-2, H-6, H-2', H-6'), 6.20 (t, J = 2.0, 2H, H-4, H-4"), 3.65 (s, 12H, 3-OCH3, 5-OCH3, 3'-
OCHs, 5'-OCH3), 2.73 (s, 4 H,H-7, H-8).

5.4. SYNTHESIS OF PHENOLIC CINNAMIC ACID DERIVATIVES

5.4.1.(E)-N-(4-methylbenzyl)-3-(3,4-dihydroxyphenyl)acrylamide (100)

Caffeic acid (6, 358.7 mg, 1.98 mmol) was dissolved in dry DMF (20.1mL) and the
solution was stirred with freshly distilled TEA (0.28 mL,1.99 mmol) at 0 °C. After 10 min, 4-
methylbenzylamine (119, 0.25 mL, 1.98 mmol) and BOP solution (876.9 mg, 1.98 mmol, in
33.0 mL of CH,Cl,) were drop wise added to the mixture. The reaction was stirred at 0 °C for
30 min and at rt overnight. The CH,Cl, was removed by evaporation and the residue was

extracted with EtOAc (60 mL). The organic phase was extracted with 1 N HCI solution ( 2 x
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30 mL) and to follow with NaHCO; saturated solution (2 x 30 mL). The combined organic
layer was washed with water (40 mL), dried over anhydrous Na,SO4 and evaporated until
dry. The crude mixture was purified on silica gel column in a gradient of EtOAc in PE (from
40 to 70 %) and 364.7 mg of amide 100 were obtained (yield: 65 %) as yellow powder. Ry
(TLC) = 0.50 (30:70 PE:EtOAc). ESI-MS: m/z = 282.1 [M-H] C;7H;sNOs;. The NMR data

are collected in Table 6.
5.4.2. (E)-N-(4-methylbenzyl)-3-(4-hydroxy-3-methoxyphenyl)acrylamide (101)

Ferulic acid (25, 230.2 mg, 1.16 mmol) were dissolved in 12 mL of DMF and kept
under stirring with TEA (0.17 mL, 1.16 mmol) in ice bath for 10 minutes. An excess of the
amine 119 (0.20 mL, 1.59 mmol) and gradually a solution of BOP in CH,Cl, (553.5 mg, in
20 mL) were added. The mixture was stirred at 0 °C for 30 minutes and at room temperature
overnight. CH,Cl, was removed and the residue was diluted with 40 mL of EtOAc and
extracted with 1 N HCI solution (2 x 20 mL) and with a NaHCOj; saturated solution (2 x 20
mL). The combined organic phase was washed with water, dried on anhydrous Na,SO4 and
evaporated under vacuum. The residue was purified on Silica gel column in a gradient of
MeOH (from 0 to 2 %) in CH,Cl, giving 287.2 mg of pure product 101 (yield: 83 %) as
yellow oil. Ry (TLC) = 0.37 (2%MeOH-CH,Cl,). ESI-MS: m/z = 296.2 [M-H], C;3HsNOs.
NMR data are collected in Table 10.

5.4.3. (E)-3-(3-hydroxy-4-methoxyphenyl)-N-(4-methylbenzyl)-acrylamide (102)
and (E)-3-(3,4-dimethoxyphenyl)-N-(p-tolyl)acrylamide (103)

Amide 100 (67.9 mg, 0.22 mmol) was dissolved in dry acetone (15.2 mL) together
with anhydrous K>COs (87.9 mg; 0.64 mmol); the mixture was stirred for 10 min and Mel
(0.015 mL; 0.22 mmol) was added. The reaction was heated at reflux for 20 h. K,COs; was
removed by filtration and the crude mixture was purified by flash chromatography on
Sephadex LH-20, eluting with CHCls. PLC gave 48.2 mg of 115 (yield 70%). R¢ (TLC): 0.43
(97:3 CHCl;: MeOH). NMR data are listed in Table 6. The same reaction gave the
permathylated product 103 after purification on Sephadex LH-20 with 37% yield. R¢ (TLC):
0.83 (97:3 CHCIl3: MeOH). NMR data are listed in Table 18.

5.4.4. (E)-N-(4-hydroxyphenetyl)-3-(3,4-dihydroxyphenyl)acrylamide (105)

Caffeic acid (6, 310.2 mg, 1.72 mmol) was stirred with TEA (0.24 mL, 1.73 mmol) in
18 mL of DMF in an ice bath for 10 minutes. After this time, tyramine (121, 306.3 mg, 2.23
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mmol) and gradually the BOP solution (760.2 mg,1.72 mmol in 25 mL of CH,Cl,) were
added. The mixture was stirred at 0 °C for 30 minutes and then at room temperature
overnight. The reaction was quenched by extraction with EtOAc (50 mL) after evaporation of
dichloromethane. The organic phase was treated with 1 N HCI solution (2 x 25 mL), then with
NaHCOj; saturated solution (2 x 25 mL) and finally washed with water. The dried organic
phase was evaporated in vacuo and purified on silica gel in a gradient of MeOH (from 2 to 15
%) in CHCIls. Pure amide (396.1 mg, yield: 77 %) was obtained after crystallization in
CH,Cl,/ MeOH. Yellow powder. Ry (TLC) = 0.37 (92:8 CHCl3:MeOH). ESI-MS: m/z = 298.2
[M-H], C;7H;(NO4. The acquired NMR data are in agreement with those previously

reported.'*®

5.4.5. (E)-N-(4-hydroxyphenetyl)-3-(4-hydroxy-3-methoxyphenyl)-acrylamide
(106)

Ferulic acid (25, 201.3 mg, 0.64 mmol) was stirred with TEA (0.10 mL, 0.64mmol) in
10.7 mL of DMF at 0 °C (in ice bath) for 10 minutes. An excess of amine 121 (186.7 mg,
1.36 mmol) was added and to follow, a solution of BOP in CH,Cl, (459.4 mg, 1.36 mmol in
18 mL) was gradually poured in the reaction flask. The mixture was stirred at 0 °C for 30
minutes and the at rt overnight. The reaction mixture was evaporated in vacuo to remove
CH,Cl, and the residue was diluted with EtOAc (40 mL). The organic layer was extracted
with a 1 N HCI solution (2 x 25 mL) and to follow with NaHCOj saturated solution (2 x 30
mL). Finally the organic phase was washed with water, dried over anhydrous Na,SOy, filtered
and evaporated to dry. The organic residue was purified on silica gel in a gradient of EtOAc
in PE (from 45 to 70 %) and 237.6 mg of pure amide 106 were recovered (yield: 73 %).
White powder. Ry (TLC) = 0.35 (97:3 CH,Cl,:MeOH). ESI-MS: m/z = 312.1 [M-H]J,
CisHisNO4. NMR data are in agreement with that reported in literature.'*®

5.4.6.(E)-N-(4-hydroxyphenetyl)-3-(4-hydroxyphenyl)acrylamide (107)

Coumaric acid (24, 478.5 mg, 2.91 mmol) was dissolved in 25.0 mL of DMF and the
solution was stirred with TEA (0.40 mL, 2.90 mmol) at 0 °C for 10 minutes. The 4-
hydroxyphenethylamine (121; 558.3 mg, 3.78 mmol) was added to the mixture of reaction
and to follow a solution of BOP (1286.2 mg, 2.91 mmol, in 50 mL of CH,Cl,) was gradually
added. The mixture was stirred at 0 °C for 30 minutes and at room temperature overnight. The

CH,Cl, was removed by evaporation and the residue was extracted with EtOAc (80 mL). The
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organic phase was extracted with 1 N HCI solution (2 x 40 mL) and to follow with NaHCO3
saturated solution (2 x 40 mL). Finally the organic layer was washed with water, dried on
Na,SO4 and evaporated to dryness. The crude mixture was purified on silica gel column in a
gradient of MeOH (from 2 to 20 %) in CHCl; and 616.8 mg of amide 107 were obtained
(yield: 75 %). White amorphous powder. Ry (TLC) = 0.36 (8:92 MeOH:CHCls). ESI-MS: m/z
=282.2 [M-H] C;7H;NO;. '"H NMR ¢ *C NMR data were in agreement with that reported in
literature i

5.4.7.(E)-3-(3,4-dimethoxyphenyl)-N-(4-methoxyphenethyl)-acrylamide (108)

Amide 105 (80.2 mg, 0.27 mmol) was dissolved in dry acetone (27.0 mL) and K,CO;
(149.2 mg; 1.08 mmol) was added to the solution. The suspension was stirred for 15 min at rt
an the Mel (0.04 mL, 0.81 mmol ) was added. The reaction was refluxed at 60 °C and after 20
h Mel (0.02 mL, 0.4 mmol) was added again. The reaction was stopped at 40 h and K,COs
was removed by filtration. The crude mixture was pufied by flash chromatography using
Silica gel and eluting with a gradient of MeOH in CHCl; (from 0 to 5%). Compound 108 was
recovered with 45% yield (41.4 mg). Ry (TLC): 0.53 (97:3 CHCl;: MeOH). NMR data are
listed in Table 7.

5.4.8. (E)-N-(3,4,5-trimethoxybenzyl)-3-(3,4-dihydroxyphenyl)acrylamide(112)

Caffeic acid (6, 302.4 mg, 1.68 mmol) and TEA (0.24 mL, 1.69 mmol) were stirred in
dry DMF (15.4 mL) at 0 °C for 15 min. After that, 3,4,5-trimethoxybenzyl amine (120, 0.35
mL, 2.21 mmol) and BOP solution (752.4 mg; 1.68 mmol; in 30.5 ml of CH,Cl,) were
gradually poured in the mixture. The reaction was stirred at 0 °C for 30 min and at rt for 24 h.
The CH,Cl, was evaporated and the residue was diluted with 80 mL of EtOAc. The solution
was extracted with 1 N HCI solution (2 x 40 mL) and to follow with a saturated solution of
NaHCO; (2 x 40 mL). The EtOAc layer was washed with water, dried over anhydrous
Na,S0,4 and evaporated to dryness. The crude residue was purified on silica gel column with
a gradient of MeOH in CHCl; (from 1 to 10 %) and 385.9 mg of amide 112 were recovered
(Yield: 64 %) as yellow powder. R¢ (TLC) = 0.22 (93:7 CHCl3:MeOH). ESI-MS: m/z = 358.1
[M-H]’, C;9H20NOg. The NMR assignments are reported in Table 6.
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5.4.9. (E)-N-(3,4,5-trimethoxybenzyl)-3-(4-hydroxy-3-methoxyphenyl)-
acrylamide (113)

Ferulic acid (25; 224.6 mg, 1.16 mmol) was dissolved in dry DMF (10.4 mL) and
TEA (0.40 mL) was added; the mixture was kept under stirring in ice bath for 15 min. A
dichloromethane solution of BOP (513.2 mg, 1.16 mmol, in 20.8 mL of CH,Cl,) and 3,4,5-
trimethoxybenzylamine (120, 0.18 mL, 1.30 mmol) were added drop wise to cooled reaction.
The mixture was stirred at 0 °C for 30 min and at rt for 24 h. The crude mixture was diluted
with CH,Cl, (30 mL) extracted with 1 N HCI solution (3 x 20 mL). The organic layer was
extracted with NaHCOj saturated solution (3 x 20 mL) and finally it was washed with water
(30 mL), dried on anhydrous Na,SO4 and concentrated in vacuo. The crude extract was
purified on Silica gel using a gradient of MeOH in CH,Cl, (from 1 to 10%) and amide 113
was recovered (305.4 mg, yield: 57 %) as yellow oil. R (TLC): 0.44 (20:80 PE: EtOAc). ESI-
MS: m/z =392 [M - H]’; C20H»NOg. 'H and "*C resonances assignment is reported in Table
7.

5.4.10. (E)-3-(3-hydroxy-4-methoxyphenyl)-/VN-(3,4,5-trimethoxybenzyl)-
acrylamide (114)

Amide 112 (71.2 mg, 0.20mmol) was dissolved in dry acetone (15.0 mL), K,COs
(55.2 mg, 0.40 mmol) was added to this solution and the mixture was stirred for 10 min at rt.
KI (0.02 mL, 0.40 mmol) was added and the suspension was heated at reflux for 24 h. After
filtration, the crude mixture was purified on Sephadex column with CHCl; and amide 114
(17.9 mg) was recovered with 24% yield. R¢ (TLC) =0.32 (97:3 CHCI3:MeOH). Spectral data
are reported in Table 7.

5.4.11. (E)-3-(4-hydroxy-3,5-dimethoxyphenyl)-N-(3,4,5-trimethoxybenzyl)-
acrylamide (116)

Sinapic acid (26, 180.0 mg, 0.80 mmol) was stirred with TEA (0.12 mL 0.85 mmol) in
dry DMF (10 mL) at 0 °C for 10 min. After this time 3,4,5-trimethoxybenxylamine (120, 0.12
mL, 0.94 mmol) and gradually BOP solution (375.7 mg; 0.85 mmol in 10 mL of CH,Cl,)
were added to the reaction. The mixture was stirred at 0 °C for 30 min and at rt overnight. The
reaction was extracted with EtOAc (50 mL) after evaporation of dichloromethane. The
organic phase was treated with 1 N HCI solution (2 x 25 mL), then with NaHCO3 saturated

solution (2 x 25 mL). The organic layer was washed with wather, dried over Na,SO4 and
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concentrated under vacuum. Pure amide 116 (275.1 mg) was obtained by crystallization (50
:50 EtOAc: MeOH) with 80% yield. White powder. Ry (TLC) = 0.28 (95:5 CHCI5:MeOH).
ESI-MS: m/z = 426.2 [M+Na]+, C,1H»5NO7Na. The NMR data are collected in Table 7.

5.4.12. (E)-N-(3.,4,5-trimethoxybenzyl)-3-(3,4,5-trimethoxyphenyl) acrylamide
117)

Amide 116 (62.4 mg, 0.15 mmol) and K,CO; (20.7 mg, 0.15 mmol) were stirred in
dry acetone (13.4 mL) at rt for 10 min. Mel (0.015 mL, 0.30 mmol) was added to the mixture
and the suspension was refluxed at 60 °C for 20 h. K,CO3; was removed by filtration and the
crude mixture was concentrated in vacuo. The reaction furnished pure amide 117 (57.5 mg)
without further purification with 92% yield. Ry (TLC): 0.69 (95:5 CHCl;. MeOH). NMR data
are reported in Table 7.

5.4.13. (E)-N-(3,4,5-trimethoxybenzyl)-3-p-tolylacrylamide (118)

The 4-methylcinnamic acid (152, 321.7 mg, 1.98 mmol) was stirred with 0.25 mL of
TEA (1.96 mmol) in 16.0 mL of DMF at 0 °C (in ice bath) for 10 minutes. After this time, an
excess of amine 120 (0.35 mL, 2.57 mmol) was added and to follow, a solution of BOP
(875.1 mg, 1.98 mmol in 28 mL of CH,Cl,) was gradually poured in the reaction flask. The
mixture was stirred at 0 °C for 30 minutes and the at rt overnight. The reaction mixture was
evaporated in vacuo to remove CH,Cl, and the residue was diluted with EtOAc (40 mL). The
organic layer was extracted with 1N HCI solution (2 x 20 mL) and to follow with a saturated
solution of NaHCOs (2 x 20 mL). Finally the organic phase was washed with water, dried
with Na,SO,4 anhydrous, filtered and evaporated to dry. The organic residue was purified on
silica gel in a gradient of MeOH in CH,Cl, (from 0 to 15%) and 581.6 mg of pure amide 118
were recovered (yield: 86 %).White amorphous powder. Ry (TLC) = 0.82 (90:10
CH,Cl;:MeOH). ESI-MS: m/z = 364.2 [M+Na]", C;0H:sNOsNa ; N m/z = 342.3 [M+H]",
C20H24NO4. The NMR data are reported in Table 18.

5.4.14. (E)-N-(4-(1,2,3-thiadiazol-4-yl)benzyl)-3-(3,4-dihydroxyphenyl)-

acrylamide (122)

Caffei acid (6; 75.3 mg, 0.42 mmol) was solved in dry DMF (3 mL) and in TEA
(0.060 mL, 0.43 mmol). The solution was cooled on an ice bath for 15 min. Separately, 4-
(1,2,3-thiadiazol-4-yl)phenyl)methanamine (122a; 100.0 mg, 0.45 mmol) was dissolved in
dry DMF (1 mL) and in TEA (0.065 mL, 0.47 mmol) and it was stirred on an ice bath for 10
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min. The solution containing amine 122a was added to the caffeic acid solution and to follow
the solution of BOP (188.2 mg,0.43 mmol, in 7.0 mL of CH,Cl,). The mixture was stirred at 0
°C for 30 min and at rt for 24 h. CH,Cl, was removed and the residue was diluted with
EtOAc (50 mL) and it was extracted with 1 N HCI solution (20 mL) and with NaHCO3
saturated solution (20 mL). The organic phase was washed with water (2 x 20 mL), dried over
anhydrous Na,SO,, filtered and evaporated. The crude mixture was purified by flash
chromatography on silica gel and with a gradient of MeOH in CH,Cl, (from 2 to 20%).
Amide 122 (90.4 mg) was recovered with 61% yield as yellow powder. Ry (TLC): 0.49 (92:8
CH,Cl;:MeOH). ESI-MS: m/z = 352.1 [M-H]’, C;sH15sN30;S. NMR data are listed in Table 9.

5.4.15. (E)-N-(2-(benzold]thiazol-2-yl)ethyl)-3-(3,4-dihydroxyphenyl)-
acrylamide (123)

Caffeic acid (6, 90.3 mg, 0.50 mmol) was dissolved in dry DMF (5.0 mL) and in TEA
(0.070 mL, 0.50 mmol) and the solution was kept under stirring at 0 °C for 15 min. 2-
(benzo[d]thiazol-2-yl)ethanamine (123a; 98.6 mg, 0.55 mmol) was added, followed by the
BOP solution (221.4 mg, 0.50 mmol, in 8 mL of CH,Cl,). The reaction was stirred on an ice
bath for 30 min and at rt overnight. Dichloromethane was evaporated and the crude mixture
was diluted with EtOAc (50 mL). The organic phase was extracted with 1 N HCI solution (20
mL), with a saturated solution of NaHCO; and finally with water (2 x 20 mL). The organic
layer was dried overNa,SOys, filtered and evaporated until dry. The crude residue was purified
by flash chromatography on Silica gel and with a gradient of MeOH in CH,Cl, (from 2 to
10%) and amide 123 (68.0 mg) was recovered with 40% yield as yellow powder. Ry (TLC):
0.32 (92:8 CH,CI;:MeOH). ESI-MS: m/z = 339.1 [M-H]", C;sH;sN,O3S. NMR data are listed
in Table 9.

5.4.16. (E)-3-(3,4-dihydroxyphenyl)-NV-(3-(pyrimidin-2-yl)benzyl)-acrylamide

(124)

Caffeic acid (6, 23.5 mg, 0.13 mmol) was dissolved in dry DMF (1.7 mL) and the
solution was stirred with TEA (0.020 mL, 0.14 mmol) at 0 °C for 15 min. 3-(pyrimidin-2-
yl)benzyl amine (124a; 25.0 mg, 0.13 mmol) and BOP solution (57.5 mg, 0.13 mmol, in 2.3
mL of CH,Cl,) were added to the reaction cooling at 0 °C for 30 min. The mixture was stirred
at rt overnight. CH,Cl, was removed under vacuum and the crude was diluted with 40 mL of
EtOAc. The organic phase was extracted with 1 N HCI solution (15 mL), with NaHCOs

saturated solution (15 mL) and finally with water (20 mL). The organic layer was dried over
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anhydrous Na,SQ,, filtered and concentrate until dry. The organic residue was purified on
Silica gel with a gradient of MeOH in CHCI; (from 1 to 15%) and 15.6 mg of amide 124 were
obtained (Yield: 34%) as yellow oil. R¢ (TLC): 0.35 (92:8 CHCIl3:MeOH). ESI-MS: m/z =
346.2 [M-H], Cy0H17N305;. NMR data are listed in Table 9.

5.4.17. (E)-3-(3,4-dihydroxyphenyl)-N-methyl-NV-(4-(pyrimidin-2-yl)benzyl)-
acrylamide (125)

Caffeic acid (6, 8.9 mg, 0.05 mmmol) was dissolved in 0.7 mL of DMF and TEA
(0.01 mL; 0.07mmol); the solution was cooled on an ice bath for 15 min. N-methyl-1-(4-
(pyrimidin-2-yl)phenyl)methanamine (125a; 10.0 mg, 0.05 mmol) and BOP solution (21.2
mg, 0.05 mmol, in 1.5 mL of CH,Cl,) were added to the mixture. The reaction was stirred at 0
°C for 30 min and at rt overnight. The mixture was diluted with 10 mL of CH,Cl, and it was
extracted with 1 N HCI solution (5 mL), with NaHCO; saturated solution (5 mL) and with
water. The organic layer was dried over Na,SO,, filtered and evaporated under vacuum.
Compound 125 (3.4 mg) was obtained by crystallization (CHCl;:MeOH) with 19% yield.
Yiellow powder. Ry (TLC): 0.35 (92:8 CHCl3;:MeOH). ESI-MS: m/z = 360.2 [M-H]J,
C21H21N;0s.

5.4.18. (E)-4-hydroxybutyl 3-(3,4-dihydroxyphenyl)acrylate (136)

Caffeic acid (6; 415.8 mg; 2.31 mmol) was solved in butanediol (7.2 mL, 81.26 mmol)
and in concentrated H,SO4 (0.4 mL). The solution was heated at 50 °C for 24 h. (E)-4-
hydroxybutyl 3-(3,4-dihydroxyphenyl)acrylate (136) was recovered by extraction with EtOAc
(100 mL) and NaHCOj saturated solution (2 x 50 mL). The organic layer was washed with
water, dried over Na,SO, and concentrated in vacuo.
Yellow powder (551.8 mg; 95% yield). Ry (TLC): 0.44 (92:8 CH,Cl,:MeOH). ESI-MS: m/z =
251.2 [M-H], Ci3H;60s. The NMR data are reported in Table 15.

5.5.  SYNTHESIS OF LIGNANS AND NEOLIGNANS

5.5.1. Biomimetic synthesis of dihydrobenzofuran neolignanamides

5.5.1.1. Preliminary screenings
Each substrate (compounds 100, 101, 105 — 107, 112, 113, 126 and 127; 2 mg) was
dissolved in 1 mL of three different solvents, namely EtOAc, CH,Cl,, 2 % DMSO in acetate
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buffer (pH = 4.7). The three different solutions of each compound were treated with the
following enzymes: TvL, PoL, AbL, HRP (2 mg), in acetate buffer (1 mL, 0.1M, pH = 4.7)
for a total of 96 samples. The reactions were stirred at room temperature in vials without caps
except for HRP-mediated reactions; in these latter 1 yL of 30 % H,0O, (v/v) was added to each
mixture and the reactions were carried out in capped vials. Each experiment was reproduced
in the same conditions without enzyme as blank.

The course of reaction was monitored at selected times by HPLC with reverse phase
column (RP-18) with the following gradient of CH;CN/H' (99:1v/v; B) in H,O/H' (99:1v/v;
A) at 1 ml/min: tymin B =20 %, t30 min B = 80 %. The Diode array detector was set at 254, 280,
305 and 325 nm.

5.5.1.2. (£)-(E)-2-(4-hydroxy-3-methoxyphenyl)-N-(4-hydroxyphenethyl) 5-(3-
((4-hydroxyphenethyl)amino)-3-oxoprop-1-en-1-yl)-7-methoxy-2,3-dihydro-
benzofuran-3-carboxamide [(£)-57]

Feruloyl amide 106 (120.3 mg, 0.38 mmol) was solved in 60.0 mL of EtOAc and the
organic phase was stirred with an acetate buffer solution containing the enzyme TvL (115.8
mg dissolved in 48 mL). The reaction was carried out at room temperature and after 4 h it was
stopped. The two phases were separated and the aqueous solution was extracted with EtOAc
(2 x 30 mL). The combined organic phase was washed with water; dried over anhydrous
Na,SO4 and the solvent was in vacuo evaporated after filtration. The crude mixture was
purified on silica gel with a gradient of MeOH in CHCIl; (from 2 to 10%) affording 19.3 mg
of dihydrobenzofuran (£)-57 (Yield: 32%) as yellow oil. Ry (TLC) = 0.29 (90:10
CHCI5:MeOH). The spectral data were in agreement with the previous reported in
literature.-

5.5.1.3. (£)-5-((E)-2-(3,4,5-trimethoxybenzylcarbamoyl)vinyl)-N-(3,4,5-
trimethoxybenzyl)-2, 3-dihydro-2-(4-hydroxyphenyl)benzofuran-3-
carboxamide [(+)-128]

Coumaroyl amide 127 (117.6 mg, 0.34 mmol) was dissolved in 0.5 mL of DMSO and
diluted to 55 mL with EtOAc. The organic phase was stirred with the enzyme solution (108.2
mg of TvL in 55 mL of acetate buffer) at room temperature for 24 h. The aqueous solution,
after separation from the organic phase, was extracted with EtOAc (2 x 25 mL) and the total
organic phase was finally washed with water. The dried EtOAc solution was filtered and

evaporated until dry. By silica gel column on the crude mixture, eluting in a gradient of
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acetone in CH,Cl, (from 4 to 20%) the neolignanamide (+)-128 was recovered (39.4 mg,
yield: 34 %). White powder. R¢ (TLC) = 0.35 (84:16 CH,Cl,:acetone). ESI-MS: m/z = 683.4
[M-H]’, C3sH39N,0O19. NMR data are collected in Table 11.

5.5.1.4. (£)-5-((E)-2-(4-hydroxyphenethylcarbamoyl)vinyl)-N-(4-hydroxyphenethyl)-
2,3-dihydro-2-(4-hydroxyphenyl)benzofuran-3-carboxamide [(%)-129]

Amide 107 (105 mg, 0.37 mmol) was dissolved in 0.50 mL of DMSO and diluted with
49.5 mL of EtOAc. The organic phase was stirred with a solution of TvL ( 102 mg in 50 mL
of acetate buffer) at room temperature for 24 h. Atfer the two phases separation, the enzyme
solution was removed by extraction with EtOAc (2 X 25 mL) and the recovered organic phase
was finally washed with water (30 mL), dried and evaporated until dryness. The organic
residue was purified on silica gel column in a gradient of MeOH in CH,Cl, (from 2 to 10 %)
and 16.8 mg of pure dihydrobenzofuran (+)-129 were recovered (Yield: 16 %) as white solid.
R¢ (TLC) = 0.35 (92:8 CH,Cly:MeOH). ESI-MS: m/z = 563.3 [M-H], C34H3N,0s. NMR data
are reported in Table 11.

5.5.1.5. (£)-5-((E)-2-(4-methylbenzylcarbamoyl)vinyl)-N-(4-methylbenzyl)-2, 3-
dihydro-2-(4-hydroxyphenyl)benzofuran-3-carboxamide [(£) -130]

Amide 126 (130.8 mg, 0.49 mmol) was dissolved in 0.70 mL of DMSO and 59.3 mL
of EtOAc. The organic phase was stirred with 115.2 mg of TvL previously dissolved in 60
mL of acetate buffer at room temperature for 24 h. After separation of the two phases, the
aqueous phase was extracted with EtOAc (2 x 30 mL) and the total organic phase was washed
with water (50 mL), dried on Na,SO, filtrated and evaporated in vacuo. The crude mixture
was purified on silica gel column in a gradient of MeoH in CH,Cl, (from 0 to 5 %) and the
dihydrobenzofuran amide (+)-130 was recovered. By further crystallization (acetone) 38.3 mg
of pure compound were obtained (Yield: 29 %) as white solid. Ry (TLC) = 0.25 (96:4
CH,Cl1;:MeOH). ESI-MS: m/z = 531.3 [M-H], Cs4H3N,O4. NMR data are summarized in
Table 11.

5.5.1.6. (£)-5-((E)-2-(3,4,5-trimethoxybenzylcarbamoyl)vinyl)-N-(3,4, 5-trimethoxy-
benzyl)-2,3-dihydro-7-hydroxy-2-(3,4-dihydroxyphenyl)benzofuran-3-
carboxamide [(£)-131]
The caffeic amide 112 (105.8 mg, 0.29 mmol) was dissolved in 50 mL of CH,Cly; the
organic phase was stirred with 104.2 mg of TvL previously dissolved in 50 mL of acetate

buffer at room temperature for 2 h. After separation of the two phases, the aqueous phase was
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extracted with EtOAc (2 x 25 mL) and the total organic phase was washed with water (50
mL), dried on Na,SOy, filtrated and evaporated in vacuo. The crude mixture was purified on
silica gel column in a gradient of MeoH in CHCIl; (from 0 to 10 %) and the
dihydrobenzofuran amide (£)-131 was recovered (24.8 mg, Yield: 24 %) as yellow oil.

R¢ (TLC) = 0.55 (92:8 CHCl3:MeOH). ESI-MS: m/z = 715.2 [M-H]’, C33H39N>O;2. NMR data
are reported in Table 11.

5.5.1.7. (x)-(E)-2-(3,4-dihydroxyphenyl)-7-hydroxy-N-(4-hydroxyphenethyl)-5-
(3-((4-hydroxyphenethyl)amino)-3-oxoprop-1-en-1-yl)-2,3-dihydrobenzofuran-
3-carboxamide [(%)-132]

Amide 105 (118.2 mg, 0.40 mmol) was dissolved in 60.2 mL of CH,Cl, ; the organic
phase was stirred with a solution of TvL (108.6 mg in 51.0 mL of 0.1 M acetate buffer, pH =
4.7) at room temperature for 2 h. The reaction was quenched by phases separation and the
aqueous solution was extracted with CH,Cl, (2 x 25 mL).The combined organic phases were
washed with water (50 mL) and finally dried on anhydrous Na,SO4 and took to dry. The
organic residue was purified on silica gel in a gradient of MeOH in CHCIl; (from 3 to 15%)
and 7.6 mg of pure neolignanamides (£)-132 were recovered (Yield:13%) as yellow oil. Ry
(TLC) = 0.41 (88:12 CHCI3:MeOH). ESI-MS: m/z = 595.1 [M-H], C34H3,N,0g; NMR data
are collected in Table 12.

5.5.1.8. (£)-5-((E)-2-(4-methylbenzylcarbamoyl)vinyl)-N-(4-methylbenzyl)-2, 3-

dihydro-7-hydroxy-2-(3,4-dihydroxyphenyl)benzofuran-3-carboxamide
[(2)-133]

Amide 100 (131.2 mg, 0.46 mmol) was dissolved in 65 mL of CH,Cl, and to this
solution 128.4 mg of TvL in acetate buffer (65 mL) were added. The biphasic system was
stirred at room temperature for 2 h. After the two phases separation, the aqueous phase was
extracted with CH,Cl, (2 X 25 mL) and finally the total organic phase was washed with water
(50 mL), dried and evaporated to dryness. The crude organic residue was purified on silica gel
column in a gradient of MeOH in CH,Cl, (from 2 to 5 %) and 21.2 mg of pure
dihydrobenofuran amide (+)-133 were obtained (Yield: 16 %) as yellow oil. Rs (TLC) = 0.56
(92:8 CH,Cl,:MeOH). ESI-MS: m/z = 563.2 [M-H]", C34H31N,O6. NMR data are collected in
Table 12 .
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5.5.1.9. (£)-5-((E)-2-(3,4,5-trimethoxybenzylcarbamoyl)vinyl)-N-(3,4,5-
trimethoxybenzyl)-2, 3-dihydro-2-(4-hydroxy-3-methoxyphenyl)-7-
methoxybenzofuran-3-carboxamide [(+)-134]

Compound 113 (0.0736 g; 0.20 mmol) was dissolved in 10 mL of EtOAc. A buffer
solution of TvL (10 U/mg) previously prepared (0.0085 g in 5 mL of acetate buffer 0.1 M, pH
= 7.4) was added to organic solution and the biphasic system was stirred at rt for 4 h. The
crude mixture was quenched by phase separation and the dried organic phase was purified by
chromatography on Sephadex LH-20 eluting with CHCIl;. Neolignan (+)-134 was obtained as
yellow oil (0.0125 g, 17 %). ESI-MS: m/z = 743 [M-H], C4H43N,O;,. NMR data are
collected in Table 12.

5.5.1.10.(£)5-((E)-2-((4-methylbenzylcarbamoyl)vinyl)-N-(4-methylbenzyl)-2, 3-
dihydro-7-methoxy-2-(4-hydroxy-3-methoxyphenyl)benzofuran-3-
carboxamide [(x)-135]

Amide 101 (122.6 mg, 0.41 mmol) was dissolved in 60 mL of EtOAc. The organic
phase was stirred with the enzyme solution (118.2 mg of TvL in 60 mL of acetate buffer) at
room temperature for 4 h. The aqueous solution, after separation from the organic phase, was
extracted with EtOAc (2 X 25 mL) and the total organic phase was finally washed with water.
The dried EtOAc solution was filtrated and evaporated under vaccum. By silica gel column
on the crude mixture, eluting in a gradient of EtOAc in EP (from 35 to 75%) the
neolignanamide (+)-135 was recovered (19.3 mg, yield: 16 %) as yellow amorphous powder.
Ry (TLC) = 0.46 (93:7 CH,Cly:MeOH). ESI-MS: m/z = 591.3 [M-H], C36H35N,06. NMR data

are collected in Table 12.

55.1.11. Measurements of the capacity factor (K)

The measurements of the capacity factor were performed using Luna-C18 column (5
um; 4.6 x 250 mm; Phenomenex) and a gradient of HoO/H™ (99/1; A) — CH;CN/H' (99/1; B)
at 1 mL/min with the following elutin profile: to min B = 20 %, t30 min B = 80 %. The capacity

factor K was calculated using the following expression:
K= (tR-t())/to

where tr is the retention time of the tested substance, and ty is retention time of ascorbic acid
(AA) used as standard.

Calculated log P values were obtained with ACD/labs log P program version 11.
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5.5.1.12. Chiral resolution of racemic mixtures (£)-130 and (£)-135
Enantiomeric resolution was tentatively carried out on three different analytical chiral
columns (250 x 4.6 mm; 5 um) and with many solvent systems in order to find the best
resolution conditions (Rs >1).

e The Chiralpack IA column was eluted with: n-hexane: IPA 70:30, n-hexane: IPA 75:25,
CH;CN: EtOH 80:20, CH3CN: EtOH 90:10;

e Lux Cellulose-1 column was eluted with: n-hexane: IPA 80: 20, n-hexane: IPA to min—7 min
80:20, t7 min—15min 75:25, CH3CN: IPA 90:10, CH3CN: IPA 80: 20, CH3CN: IPA 70: 30,
n-hexane: EtOH 55:45;

e Lux Cellulose-2 column was eluted with: CH;CN:EtOH 80:20, CH;CN:EtOH 90:10, n-
hexane:EtOH 45:55, n-hexane:EtOH 35:65, n-hexane:EtOH 30:70.

All the eluitions were run at 0.5 mL/min, and the best condition for the elution of both the

racemic mixture were obtained on Lux Cellulose-2 employing n-hexane:EtOH as eluent.

130-A = (25,35)-130: tg = 8.09 min (Lux Cellulose-2, n-hexane:EtOH 35:65, 0.5 mL/min);

[a]p*® =+108.3 (¢ =0.11, CH;0H); CD (¢ = 3.6 x 10° M, MeOH) nm (Ag): 276 (+5.25).

130-B = (2R,3R)-130: tr = 11.42 min (Lux Cellulose-2, n-hexane:EtOH 35:65, 0.5 mL/min);

[a] ™ =-105.0 (c = 0.12, CH;0H); CD (c = 3.6 x 10”° M, MeOH) nm (Ag): 276 (-5.88).

135-A = (25,35)-135: tr = 11.59 min (Lux Cellulose-2, n-hexane:EtOH 30:70, 0.5 mL/min);
[a]p® =+ 117.8 (¢ = 0.10, CH3;0H); CD (c = 2.2 x 10° M, MeOH) nm (Ag): 250 (+2.36),
310 (+2.32).

135-B = (2R,3R)-135: tr = 13.63 min (Lux Cellulose-2, n-hexane:EtOH 30:70, 0.5 mL/min);
[a]p®® =- 114.6 (¢ =0.12, CH;0H); CD (¢ = 2.2 x 10° M, MeOH) nm (Ag): 250 (-3.69), 310
(-2.96).

5.5.2.Synthesis of benzo|k,/|xanthene lignans

5.5.2.1.diphenethyl 6,9, 10-trihydroxybenzo[k,[]xanthene-1,2-dicarboxylate (67)

CAPE (7; 157.3 mg, 0.55 mmol) was added to a suspension of Mn(OAc); (442.2 mg,
1.65 mmol, in 48 mL of CH,Cl,). The mixture was stirred at room temperature for 6 h and
then it was treated with ascorbic acid saturated solution (in MeOH). The crude organic
residue was purified on silica Diol with a gradient of MeOH in CH,Cl, (from 0 to 5%)
furnishing 117.5 mg of 67 (yield: 76%). NMR and MS data were in agreement with those

previously reported.'®
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5.5.2.2. bis(4-hydroxybutyl)6,9,10-trihydroxybenzo[k,l]xanthene-1,2-dicarboxylate
(137)
The oxidant agent Mn(OAc); (2.4665 g, 9.2 mmol) was suspended in CH,Cl, (260
mL) and it was stirred. A solution of 136 (518.3 mg, 2.06 mmol) was added to the suspension
and the mixture was heated at reflux for 3 h. The reaction was quenched by addition of
ascorbic acid saturated solution (100 mL) and it was extracted with CH,Cl, (6 x 50 mL). The
combined organic layer was dried over Na,SQOy, filtered and took to dry. The crude mixture
was purified by flash chromatography on Silica Diol with a gradient of EtOH in CH,Cl, (from
5 to 15%). Compound 137 (235.8 mg) was recovered with 46% yield as yellow oil: R (TLC):
0.57 (82:18 CH,CILy:EtOH). ESI-MS: m/z = 497.3 [M-H], CyH26019. The NMR data are
reported in Table 16.

5.5.2.3. diethyl 6,9, 10-trihydroxybenzo[k,[]xanthene-1,2-dicarboxylate (138)

Ethyl caffeate (138a, 175.2 mg, 0.84 mmol) was added to a suspension of Mn(OAc);
(223.8 mg, 0.84 mmol in 74 mL of CHCIs) and the mixture was stirred at rt for 10 h. The
mixture was treated with a saturated solution of ascorbic acid in methanol and after filtration,
the solvent was removed in vacuo. The organic residue was purified by PLC on silica Diol
with a gradient of MeOH in CH,Cl; (from 0 to 5%) and 249 mg of pure benzo[k,/[xanthene
138 were recovered (yield: 54%). The acquired NMR and MS data are in agreement with

those reported in literature.'*

5.5.24. dibutyl 6,9, 10-trihydroxybenzo[k,l] xanthene-1,2-dicarboxylate (139)

To a stirred suspension of Mn(OAc); (229.3 mg, 0.86 mmol in 75.8 mL of CHCI;)
butyl caffeate (139a, 203.5 mg, 0.86 mmol) was added. The mixture was stirred at room
temperature for 7 h and the was treated with a saturated solution of ascorbic acid in MeOH.
After filtration, the solvent was removed under reduced pressure and the crude residue was
purified by flash chromatography on silica Diol with a gradient of MeOH in CH,Cl, (from 0
to 6%) and benzo[k,/]xanthene 139 (100.2 mg) was recovered with 50% yield. NMR and MS

data were in agreement with those reported in literature.'®

5.5.3.Synthesis of deuterated enterolactone

5.5.3.1. 3-(benzyloxy)benzaldehyde (141)
The aldehyde 140 (2.0051 g; 16.4 mmol) was dissolved in 28 mL of absolute EtOH
and the solution was stirred with anhydrous K,CO; (3.2998 g; 23.0 mmol) and with KI
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(3.6409 g; 23.9 mmol) for 15 min. Benzyl alcohol (2.7 mL; 21.9 mmol) was added and the
mixture was refluxed. The course of the reaction was followed by TLC (85:15 PE:EtOAC)
and at 4 h the crude mixture was filtered out to remove the K,CO; and the KI and the filtrate
was evaporated until dry. The crude mixture was solved with CH,Cl, (70 mL) and this
organic phase was washed with water (2 x 35 mL); the organic layer was dried over
anhydrous Na,SO, and evaporated to dry (crude mixture 4.4962 g). The mixture was purified
by flash chromatography on Silica gel with a gradient of EtOAc in PE (from 1 to 15 %) and
2.9883 g of pure compound were obtained (yield: 87 %).

White powder. Ry (TLC): 0.62 (85:15 PE:EtOAc). The 'H and *C NMR spectra signals were

in agreement with that reported in literature.'®*

5.5.3.2. (E)-dimethyl 2-(3-benzyloxybenzylidene) succinate (143)

Succinic acid dimethyl ester 142 (1.0 mL, 7.6 mmol) and the intermediate 141(1.6219
g, 7.6 mmol) were added to a solution of EtONa (4.5 mL of 21% w in EtOH solution; 15.2
mmol) in dry EtOH (11.2 mL). After heating under reflux for 4 h, ethanol was removed. The
residue was cooled and acidified with 1 N HCI solution (40 mL). The mixture was extracted
with EtOAc (3 x 30 mL). The combined organic layer was then washed with a saturated
solution of NaHCO; (2 x 20 mL) and to follow with water (30 mL).The EtOAc layer was
dried over anhydrous Na,SO4 and concentrated in vacuo. This residue was dilute with MeOH
(18.4 mL), concentrated H,SO4 (0.3 mL) was added and the mixture was heated at reflux for
12 h. The reaction mixture was concentrated in vacuo and extracted with EtOAc (50 mL) and
with a saturated solution of NaHCOs3 (2 x 30 mL). Finally the organic phase was washed with
water (40 mL) and it was dried over Na,SO,4 and took to dry. Flash column chromatography
of the residue afforded compound 143 (1.8605 g, 72%). Yellow oil. EI-MS: m/z = 340 [M] ",
Cy0H»005; NMR data are collected in Table 18.

5.5.3.3. [7-*H]-3-(benzyloxy)benzyl alcohol (144)

Protected aldehyde 141 (217.3 mg, 1.02 mmol) was dissolved in dry Et,O (4.2 mL)
and LiAlD4 (61.5 mg, 1.46 mmol) was added portion wise cooling the mixture with an ice
bath. The reaction was stirred at room temperature for 20 min and the course of reaction was
monitored by TLC (80:20 PE: EtOAc). The mixture was diluted with 20 mL of Et,O and it
was extracted with 1 N HCI solution ( 3 x 20 mL). The combined organic layer was washed
with water (30 mL), dried over anhydrous Na,SO4 and evaporated until dry. After work-up
208.6 mg of 144 were obtained (yield: 96 %). White powder R¢ (TLC): 0.20 (80: 20 PE:
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EtOAc). EI-MS: m/z = 215 [M]", HR-MS: m/z = 215.1050 (100%); C1sH;3*HO,. '"H NMR
(300 MHz, CDCl3) 8: 7.44 — 7.20 (7 H; H-2'/6', H-3/5", H-4' of benzyloxy and H-5), 7.00 (m;
1 H; H-2), 6.94 (d; J = 7.6 Hz; 1 H; H-4), 6.90 (dd; J = 8.2, 2.6 Hz; 1 H; H-6), 5.06 (s; 2 H;
H-7"), 4.62 (bs; 1 H; H-7) ppm. “C NMR (75 MHz, CDCl3) &: 159.1 (C-3), 142.7 (C-1),
137.1 (C-1), 129.6 (C-4"), 128.6 (C-3', C-5"), 128.0 (C-5), 127.6 (C-2', C-6'), 119.5 (C-6),
114.1 (C-4), 113.3 (C-2), 70.0 (C-7"), 64.6 (t, C-7) ppm.

5.5.3.4. [7—2H]—3—(benzyloxy)benzyl bromide (145)

The alcohol 144 (195.3 mg, 0.71 mmol) was dissolved in 2.5 mL of dry benzene under
Ar atmosphere. The PBr; (0.3 mL, 2.84 mmol) was infused in the flask and the mixture was
stirred at room temperature under Ar atmosphere. The reaction was followed by TLC (75:25
PE:EtOAc) and at 2 h it was stopped. The crude mixture was carefully diluted in a with a
saturated solution of Na,CO; (15 mL) and then it was extracted with EtOAc (3 x 30 mL). The
combined organic layer was washed with water (40 mL), dried over anhydrous Na,SO4 and
evaporated until dry. White solid: 157.4mg (yield: 80 %). Ry: (TLC): 0.78 (75:25 PE:EtOAc).
EI-MS: m/z = 277, 279 [M]”, HR-MS: m/z = 277.0212 (50.2%) C14H,,"H"’BrO, 279.0199
mlz (49.8%) CisH;,"H*'BrO. H' NMR (300 MHz, CDCls) &: 7.45 — 7.23 (7 H; H-2'/6', H-
3'/5', H-4' of benzyloxy and H-5), 7.02 (m; 1 H; H-2), 6.99 (d; /= 7.9 Hz; 1 H; H-4), 6.91
(dd; J = 8.2, 2.5 Hz; 1 H; H-6), 5.07 (s; 2 H; H-7"), 4.45 (bs; 1 H; H-7) ppm. "H NMR (75
MHz, CDCls) 6: 159.2 (C-3), 139.3 (C-1), 137.0 (C-1"), 130.0 (C-4"), 128.8 (C-3', C-5"), 128.3
(C-5), 127.8 (C-2', C-6"), 121.8 (C-6), 115.7 (C-4), 115.2 (C-2), 70.3 (C-7"), 33.4 (t, C-7)
ppm.

5.5.3.5. (E)-Dimethyl2-(3',benzyloxybenzylidene)-3-([7"-2H]-3"benzyloxybenzyl)
succinate (146)

Lithium diisopropyl amide (LDA) was prepared in situ as follow. Freshly distilled
diisopropylamine (0.06 mL, 0.42 mmol) was diluted in dry DMF (0.9 mL). The solution was
cooled at — 78 °C and n-Butyl lithium solution (1.38 M in n-hexane; 0.29 mL) was added drop
wise. The mixture was stirred for 15 minutes at — 78 °C.

A solution of compound 143 (110.9 mg, 0.35 mmol, in 0.5 mL of dry THF) was added and
the mixture was stirred for 20 minutes. Finally a solution of 145 (98.0 mg, 0.35 mmol, 0.3 mL
of dry THF) was added. The reaction was monitored on TLC (90:10 PE: EtOAc) and at 24 h
it was quenched with NH4Cl saturated solution (40 mL). The crude mixture was extracted

with EtOAc (3 x 30 mL) and the combined organic phase was washed with water until
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neutrality, dried over anhydrous Na,SO4, and concentrated in vacuo. Flash chromatography
on Silica gel, eluted in a gradient of EtOAc in PE (from 7 to 20 %) gave 65.8 mg of 146
(Yield: 35 %). Colorless oil. R; (TLC): 0.22 (90:10 PE: EtOAc). EI-MS: m/z = 537 [M] ",
506, 446, 354. NMR data are reported in Table 18.
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7. SUPPORTING MATERIAL

7.1. APPENDIX A
In this section the MS and NMR spectra of polymethoxystilbene glycosides (85 — 90)

are reported.
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Figure 1S: ESI MS spectrum of 85
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156

L |m‘| TR

T T T T T
180 170 160 150 140 130 120 110 100

90 80 70 60 50 40 30 20 10
11 (ppm)

Figure 3S: “C-NMR spectrum (CD;0D, 125 MHz) of 85

F1

(ppm)]

w
wn
|

L
=1

w
wm

w
=1

w
w

@
o

I,
—

a
wu

R NEEEE R EEEEE SRR RN SR AR

o

P 4

L L L L L I L B L

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0

_
zv.

—

—_———

~
wu

w©
o

F2 (ppm)

Figure 4S: g-COSY spectrum of 85



157

1 -
IEE
(ppm)]
3.5
] - -
1 s
1 4.0
4.5
— "
1 s.0d
5.5
6.0
— 1 6.59
— 3 7.0 -
7.5 -
8.0
- 8.5
I T T T T T I TT T T
130 120 110 100 90 80 70 60 50
F1 (ppm)
Figure 5S: g-HSQCAD spectrum of 85
L ARy I
» r
% F2 _
E (pp.}: - .
4 o
] : -
1 4.0 . -
4.5
Ee— ] e
—_— ]
5.0
5.5
6.0
— 4 6.54 . .
—— 1 - - -
— 7.0 I? a ®
—_— 7.5 o @
p—— E e s o
8.0
— 8.5
—I||||II\I|\II\|Illlllll\ll\ll}ll\IIIIIIIIIIIIIIII III T
160 150 140 130 120 110 100 90 80 70 60 50 40

Figure 6s: g-HMBCAD spectrum of 85

Fl1 (ppm)



158

Compound 86

wi0#
5] 501.20000

04 TR | . 1ho. -

200 300 400 500 00 P00 8O0 900 1000

Figure 7S: ESI Mass spectrum of 86

i | !

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
30 78 76 74 72 70 68 6.6 64 62 6.0 58 5.6 fﬁt 5)2 5.0 48 4.6 44 42 40 38 36 34 32 3.0 28 26 24
1 (ppm|
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Figure 26S: 'H NMR (C;sD;sN, 500 MHz) of 89
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7.2. APPENDIX B
In this section the MS and NMR spectra of phenolic cinnamic acid derivatives (100 —

103,105 -108, 112 — 114, 116 -118, 122 — 127 and 136) are reported.
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Figure 38S: ESI MS spectrum of 101
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Figure 40S: °C NMR (CD;0D, 125 MHz) of 101
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Figure 41S: "H NMR spectrum (CD;0D, 500 MHz) of 102
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Figure 42S: °C NMR spectrum (CD;0D, 125 MHz) of 102
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Figure 45S: °C NMR spectrum (CD;0D, 125 MHz) of 103
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Figure 51S: "*C NMR spectrum (CD;0D, 125 MHz) of 106
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Figure 55S: "H NMR spectrum (CDCl;, 500 MHz) of 108
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Figure 56S: °C NMR spectrum (CDCl;, 125 MHz) of 108
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Figure 57S: ESI MS spectrum of 112
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Figure 58S: 'H NMR spectrum (CD;0D, 500 MHz) of 112
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Figure 59S: ">C NMR spectrum (CD;OD, 125 MHz) of 112
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Figure 63S: 'H NMR spectrum (CDCl;, 500 MHz) of 114
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Figure 68S: 'H NMR spectrum (CDCls, 500 MHz) of 117
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Figure 69S: °C NMR spectrum (CDCl;, 125 MHz) of 117
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Figure 71S: "H NMR spectrum (CDCl;, 500 MHz) of 118
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Figure 76S:gCOSY spectrum of 122
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Figure 77S: ESI MS spectrum of 123
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Figure 79S: *C NMR spectrum (CD;0D, 125 MHz) of 123
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Figure 80S: gCOSY spectrum of 123
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Figure 82S: 'H NMR spectrum (500 MHz, CD;0D) of 124
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Figure 86S: 'H NMR spectrum (500 MHz, CD30D) of 125
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Figure 87S: ESI MS spectrum of 126
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Figure 88S: 'H NMR spectrum (CD;0D, 500 MHz) of 126
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Figure 89S: *C NMR spectrum (CD;0D, 125 MHz) of 126
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Figure 91S: 'H NMR spectrum (CD;0D, 500 MHz) of 127
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Figure 92S: ">C NMR spectrum (CD;0D, 125 MHz) of 127
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Figure 95S: °C NMR spectrum (125 MHz, acetone-de) of 132
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Figure 96S: gCOSY spectrum of 132
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7.3. APPENDIX C
In this section the MS and NMR spectra of neolignanamdes (+)-59, (+)-128 — (+)-135

and of the benzoxanthene lignan 137 are reported.
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Figure 98S: 'H NMR spectrum [(CD3),CO, 500 MHz] of (+)-59
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Figure 99S: °C NMR spectrum [(CD5),CO, 125 MHz] of (+)-59
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Figure 100S: ESI MS spectrum of (£)-128
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Figure 101S: g-COSY spectrum of (£)-128
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Figure 102S: g-HSQCAD spectrum of (+)-128
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Figure 103S: g-HMBCAD spectrum of (£)-128
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Neolignanamide (+)-129
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Figure 104S: ESI MS spectrum of (£)-129
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Figure 105S: 'H NMR spectrum (CD;COCD;, 500 MHz) of (+)-129
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Figure 106S: °C NMR spectrum (CD;COCD3, 125 MHz) of (+)-129
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Figure 108S: g-HSQCAD spectrum of (£)-129
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Figure 110S: ESI MS spectrum of (£)-130
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Figure 112S: *C NMR spectrum (CsDsN, 125 MHz) of (£)-130



210

F1 ]
(ppm)] '
1] 4
5 : /‘f
2] f
3] I
] e
4 &
"% s ¢ &
6
7 - ,ﬁﬂ"
Vg
83 PR
9—_ _.“” 5
] o -
10
T T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 [}
F2 (ppm)
Figure 113S: g-COSY of (+)-130
el JL Il | Jl‘ LL‘
2
(ppmJ.
P
e
.:—.:; ks '..._
— ] - . *
1 .
o &
&
7 - —
o 7.
o
10
T T T T T T T T T Ty T T T T T T T T
200 180 160 140 120 100 80 60 40 20
F1 (ppm)

Figure 131S: g-HSQCAD of (£)-130
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Figure 132S: g-HMBCAD of (£)-130
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Figure 133S: ESI MS spectrum of (£)-131
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Figure 134S: 'H NMR spectrum (CD;COCD;, 500 MHz) of ()-131

Figure 135S: °C NMR spectrum (CD;COCD;, 125 MHz) of (+)-131
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Figure 136S: g-COSY spectrum of (£)-131
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Figure 137S: g¢-HSQCAD spectrum of (£)-131
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Figure 140S: "HNMR spectrum (500 MHz, CD;0D) of (+)-132
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Figure 141S: 'HNMR spectrum (125 MHz, CD;0D) of (+)-132
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Figure 144S: ESI MS spectrum of (+)-133
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Figure 145S: '"H NMR spectrum (CD;COCDs, 500 MHz) of (+)-133
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Figure 148S: "H NMR (500 MHz, (CD3),CO) spectrum of 134

Figure 149S: °C NMR (125 MHz, (CD;),CO) spectrum of 134
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Figure 153S: ESI MS spectrum of ()-135
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Figure 154S: "H NMR spectrum (CD;COCD3, 500 MHz) of ()-135

Figure 155S: *C NMR spectrum (CD;COCDs, 125 MHz) of (+)-135
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Figure 157S: g-HSQCAD spectrum of (£)-135
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Figure 160S: "H NMR spectrum (500 MHz, acetone-dg) of 137
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Figure 161S: °C NMR spectrum (125 MHz, acetone-dg) of 137
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Figure 161S: gCOSY spectrum of 137
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7.4. APPENDIX D

In this section the MS and NMR spectra of intermediates and product obtained in the
synthesis of monodeuterated enterolactone 146 are reported.
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Figure 163S: EI MS spectrum of 143.
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Figure 164S: EI MS spectrum of 144
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Figure 165S: '"H NMR sperctrum (CDCls, 300 MHz) of 144
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Figure 166S: °C NMR sperctrum (CDCly, 75 MHz) of 144
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Figure 167S: EI MS spectrum of 145
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Figure 169S: '"H NMR spectrum (CDCls, 300 MHz) of 145
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Figure 170S: °C NMR spectrum (CDCls, 75 MHz) of 145
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Figure 171S: EI MS spectrum of 146
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