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ABSTRACT

The present work includes distinct research prsjéetving as common platform the
design and synthesis of biologically active smadilecules, useful as tools both for
drug discovery and chemical biology studies.

The main project (Part 1) focused on the ideraiion of LDH-A inhibitors ashit
candidates in the discovery of new anticancer ageviy work aimed to explore the
chemical space around galloflavin (GF) by synthagiza small library of analogs to
perform structure-activity relationships (SAR)dits. GF, LDH-A inhibitor previously
identified and synthesized by our group, was neéstigated in terms of SAR because
of its poor chemical tractability. In the preserdriy a natural urolithin M6 (UM6) has
been selected as a simplified structural analogef It is endowed with improved
physicochemical properties and it showed to repred@F’s biological behaviour on
the enzyme and in cancer cells. An efficient fasd anodular synthetic strategy has
been developed to obtain UM6, which synthesis veagpreviously reported. This route
gave an easy access to a series of structural gmébo SAR investigation, which
allowed us to acquire a deeper knowledge aboukélyepharmacophore of UM6 and
GF.

The second project (Part Il), carried out afd@k University under the supervision of
Professor Angela Russell, aimed to use a chemichbdy approach to develop a
proneurogenic small molecule recently identified e group (OX02672), into a
fluorescent probe to assess its molecular intenagtand localization in neural stem
cells (NSCs). My work focused on the design andtlmgis of alkyne-tagged
derivatives of OX02672 for subsequent developmatat probes by “click” conjugation
with azide-containing fluorophores.

The third part includes a side-project (Pal}, Itarried out in collaboration with
group of Professor Maria Laura Bolognesi. It focus@& the design and synthesis of a
series of multi-target-directed ligands (MTDLSs) uses potentiahit candidates in the
search for new drugs against Alzheimer’s diseas®).(Aacrine-resveratrol hybrid
compounds, in which the structural features ofdhelinesterase inhibitor drug tacrine
are combined with the antioxidant anti-neuroinflaatony properties of resveratrol,
have been designed and synthesized by usfagirgstrategy. They showed interesting

multi-target profile against target proteins invadvin AD pathogenesis.



Part |

IDENTIFICATION OF GALLOFLAVIN ANALOGS AS HUMAN LDH-
A INHIBITORS AND THEIR POTENTIAL AS ANTICANCER
AGENTS

1. Introduction

1.1 Project overview

Part | includes the main project of my PhD prograaryied out under the supervision
of Professor Marinella Roberti at the DepartmentPéfarmacy and Biotechnology
(UniBO), in collaboration with the group of ProfessGiuseppina di Stefano (DIMES,
UniBO). The present project focused on the desighsynthesis of small molecules as
inhibitors of LDH-A, currently under active invegdition in the search for innovative

anticancer combination therapies.

1.2 Cancer metabolic reprogramming

Reprogramming of energy metabolism has been rezedras one of the hallmarks of
cancer

The most relevant metabolic changes include enldarglgcolysis, increase in
glutaminolytic flux, upregulation of amino acid ahpid metabolism, enhancement of
mitochondrial biogenesis, induction of pentose phase pathway and macromolecule
biosynthesis Kigure 1).? These pathways are altered in order to providearacells
energy and precursors to support and enable rapiifgpation, continuous growth,

survival, tissue invasion, metastasis and resistémanti-cancer treatments.
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Figure 1. Principal key metabolic changes in cancer.

In 1920’s it was recognised that energy metaboigone of the first affected processes
during neoplastic transformatidbbut over the time, interest in metabolic properties of
cancer began to decline with the view of cancex genetic disease.

The metabolic reprogramming of cancer cells reghgreat attention in cancer research
only in the last decade, when it was establishatliths a direct result of alterations in
oncogenes and oncosuppresdots.

Thus many studies have recently focused on caretksr a@tered metabolism with the

aim to find new ways for effectively killing tumaells?7:8



1.3 Glucose metabolism in normal and cancer cells

One of the best characterized metabolic hallmarkibegded by tumor cells is the
alteration in glucose utilization, with increasdgoglysis and lactate productiént!

In all cells, glycolysis starts with the conversioh glucose in two molecules of
pyruvate, the fate of which can be different, asaih be completely oxidized to G

the mitochondrion or can be converted to lactatikéncytosol Figure 2).12
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Figure 2. Glucose metabolism through glycolytic flux.

In normal cells (differentiated tissues), gliysis is mainly coupled with oxidative
phosphorylation (OXPHOS), thus pyruvate is compjetexidized to CQ in the
mithocondria via tricarboxylic acid cycle (TCA) ar@XPHOS. Only under oxygen
deprivation, OXPHOS cannot take place, thus pyeiviat converted into lactate
(anaerobic glycolysis) in the cytos#ligure 3A).1°

In contrast, cancer cells metabolize glucosenipahrough glycolysis with a minor
use of the mitochondrial OXPHOS, regardless of diailability of oxygen Figure
3B). This alteration is known as “Warburg effect’orin the name of the scientist who

first observed this phenomendt:*013-1°
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Figure 3. Schematic representation of glucose metabolisdiff@rentiated tissues\) and

tumor/proliferative tissues(.°

An increased glycolytic flux, which is uncoupledofn OXPHOS, is commonly
observed in cancer cells and most of pyruvate ivexed to lactate through lactate
dehydrogenase (LDH). LDH is a key enzyme for carmmdls glycolysis because it
reduces pyruvate to lactate with the coupled oiodatf NADH to NAD', the
regeneration of which is necessary for the continnaf glycolysis (Se&igure 2).
Importantly, while LDH plays a crucial role in tummetabolism, it is not fundamental
and not active in healthy cells, where glycolysisormally coupled with OXPHOS.
Glycolysis only makes 2 ATP per glucose whilegtochondrial respiration can
produce up to 36 ATP for each glucose moleculebcéditeed; this raises the question
why cancer cells select a less efficient metabolisterm of ATP production.
The principal explanation is thahhanced glycolysis allows theitme rapid production
of many intermediatesvhich can be used to generate building blocks @uiides,
lipids, amino acids, and NADPH) for macromolecul@esynthesis required during
cellular proliferationt® Thus, contrary to normal cells, that aim to mazieniATP
production converting all the glucose to £@a OXPHOS, cancer cells adopt an
anabolic-type metabolism aimed at biomass constrmuét This metabolism is not
exclusive of cancer cells, but is also observesharmal proliferative tissues and in
many rapidly dividing embryonic tissues, confirmiitg role in supporting the large-

scale biosynthetic programs that are required édmpeoliferation!’



Moreover, conversion of pyruvate to lactate couddiuce reactive oxygen species’
(ROS) levels, avoiding generation of oxidative streand promoting tumors’
survival 1819

To compensate for the lower efficacy glycoly®i@P production and to sustain the
greater demand for biomass, cancer cells increlaseuptake of glucose through
transmembrane glucose transporters (GLUT&}2' The increase in glucose uptake is a
feature distinguishing tumor cells from normal sedhd has been exploited in Positron
Emission Tomography (PET) with the use of radiolethgylucose analog, such ¥&-
deoxyglucose, as a tracer to visualize tuniors.
It is worth noting that, even if glycolysis is emgad and OXPHOS is reduced,
mitochondria remain functional and some OXPHOS oxdn a large part of cancer
cells, which use glycolysis to generate macromadéecibut still derive a significant
fraction of ATP from OXPHOS$2 However glycolysis becomes the primary source of
ATP when the hypoxic microenvironment obstacles GXFS, such as in the hypo-
vascularized tumor regions.
Lactate generated by LDH, secreted through monoggtate transporters, contributes
to the development of extracellular acidosis thatlitates tumor invasivened€® and it
is also involved in the energy productidndeed, lactate released as end product of
glycolysis can fuel the oxidative metabolism of @ancells growing in oxygenated
microenvironment:2®
The reprogramming in glucose metabolism is mainlyesh by the oncogenic signals
that trigger cell proliferation, as it will be degxed in the next paragraph.



1.3.1 Oncogenic mechanisms beyond tumor glucose @ebdlism

The glycolytic phenotype exhibited from cancer £dlas been shown to be associated
with activation of oncogenes, signaling pathwayd @manscription factors, as well as
the inactivation of tumor suppressérgl-2728

The elevated oncogenic activation, together wituifficient tumor suppressor control
induce a transcriptional program that enables gacels to maintain a high glycolytic
flux.

The main oncogenes reported to induce increasetbgguuptake and glycolysis are
Ras, AKT, HIF-1, Myc, PIK3Figure 4).41°
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Figure 4. Oncogenes and oncosuppressor implicating in giuowetabolic reprogrammirtd.

Oncogene mutation of Ras activates mTOR via theKfAB-mTOR signaling
pathway, and mTOR promotes glycolysis through imw¢dIFs, particularly HIF-£9-
32

HIF-1 is involved in the promotion of the glycolgtilux through overexpression of
glucose  transporters  (GLUT1, GLUT3), hexokinases KIH HK2),
phosphofructokinases 1(PFKFB3), aldolases (ALDADAL), phosphoglycerate kinase
(PGK1), enolase (ENOL1), pyruvate kinase M2 (PKM@yruvate dehydrogenase
kinases (PDK1, PDK2), lactate dehydrogenase A (1&A)Hand monocarboxylate
transporter (MCT4§133



Myc directly activates glucose transporters an@gltic enzymes, among which LDH-
A and PDK13*

Among tumor suppressors, p53 shows an inhibitofecefon glycolysis through
different mechanisms, among which upregulationI&GAR (TP53-inducible glycolysis
and apoptosis regulator), that results in a deeckgbycolytic fluX® and stimulation of
oxidative phosphorylation through upregulation gtochrome c oxidase 2 (SCO2)
(Figure 4).3% Thus, loss or deregulation of p53 shifts metabolissm mitochondrial
respiration towards glycolysis.

The upregulation of the majority of the glycolytenzymes allows cancer cells to
continuously drive glycolysis for supporting theapid proliferation and accelerated
biosynthesisKigure 5).
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Figure 5. Upregulated enzymes (in bold) in glycolysis of cancells®”



1.4 Targeting glycolytic enzymes as anticancer stiegy

The reprogrammed glucose metabolism can be exgléitetherapeutic approaches to
selectively target cancer cefis.

Since the overexpression of most glycolytic enzymes common hallmark of tumors,
inhibiting their altered activitynay provide an effective mechanism by which to Kkill
cancer cell$84

The development of “antiglycolytic” anticancer aggeim the search of new antitumor
agents has been actively pursued and several smélcule inhibitors of many of the
steps of the glycolytic pathway have been idertiffe

Currently, a number of drugs that target glucosandporter 1 (GLUTZf§*3
hexokinases (HK¥*8 phosphofructokinase 2 (isoform PFKFER)pyruvate kinase
isoform M2 (PKM2§%°! and lactate dehydrogenase A (LDHA@re under active
investigation in preclinical or clinical studies)carepresentative examples are reported
in Table 17

Table 1.Glycolytic enzymes targeted in the developmemen anticancer drugs.

Development
Target Agent/s References
stage

GLUT1 WZB117, silibinin Preclinical studies 42,43

2-deoxyglucose,
_ lonidamine, Preclinical and
Hexokinases o o _ 44-48
3-bromopyruvic acid, clinical studies

methyl jasmonate

Phospho- - .
. PFK158 Preclinical studies 49
fructokinase 2
(PFKFB3)
Pyruvate kinase M2 TLN-232 Preclinical studies 50-51
(PKM2)
Lactate
GNE-140, FX11, o .
dehydrogenase _ Preclinical studies 52
galloflavin
(LDH-A)

10



However, it should be recognised that therepatential obstacles in using glycolytic
inhibitors for cancer treatments; indeed glycolyinzymes are also necessary for
glucose metabolism of healthy cells and their iitlib may be toxic especially for
tissues that use glucose as main energy source.

On the other hand, the enzyme LDH-A is poorly aciiv normal cells under sufficient
oxygen supply.

Therefore, among the glycolytic targets, LDH-A @nsidered the most promising and
safe target to hinder cancer cell metabolism amvtjr without causing damage to

normal tissue&3

11



1.5 The enzyme L-lactate dehydrogenase

1.5.1 Structure and function

As we stated above, LDH catalyzes the reversillesformation of pyruvate to lactate,
with the simultaneous interconversion of NADH to DA (Figure 6) in the last step of

glycolysis (Sed-igure 2).

HADH
+H* NaT*
o - o} -
\.I\:l:/o tf f \‘E? IS
IC,|‘=O HO—(.I"J —H
CH, CHy
Pryrsrate L-Lactate

Figure 6. LDH enzymatic reaction.

This enzymatic activity is conserved in organisrhthe three domains of lifé because
it can be an important source of ATP and NADr living organisms during periods of
anaerobiosis.

Human LDH, mainly found in the cytosol, is a 140&@trameric enzymd-igure 7A)
composed of two major subunits, A (or M, predomehafound in muscle) and B (or H,
predominately found in hearth) that are encodettibya andldh-b genes, respectively.
An additional isoform LDH-C was identified in humtestis and spernt.

The association of A and B subunits gives rise ive isoforms Figure 7B): the
homotetramer LDH-A, (or LDH-5) assembled from fadusubunits, the homotetramer
LDH-B, (or LDH-1) assembled from four B subunitsidathree heterotetramers A3B1,
A2B2 and B3A1>®

12
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Figure 7. A) Tetrameric LDH structure (each subunit contaif$ADH molecule®® B) Schematic

representation of LDH isoforn®s.

Crystal structures of the major isoforms in humadH-A and LDH-B, are reporteef
LDH-A is found mainly in anaerobic tissues such as sketatscle and liver while
LDH-B in aerobic tissues such as cardiac muscle.
Since the A and B subunits show high amino acidisece similarity (75%), the active
sites is strictly preserved in the two isoforms LiAHand LDH-B, whereas they differ
in the kinetic propertie$

The isoform mainly involved in tumorigenesisLiBH-A, as it will described in the
next paragraph, whereas the role and the implicaifd_DH-B in cancer cells have not
yet been elucidated:>®
In normal cells under sufficient oxygen supply L?His poorly active. It exerts its
activity principally in anaerobic conditions: duginntense work, for example in the
overworking of skeletal muscle, glucose uptake giydolytic flux massively increase
and oxygen is in short supply. In this situationHJB reduces pyruvate to lactate
regenerating NAD ensuring the maintanance of glycolysis and thelltieg ATP

production (lactic fermentatiors.

13



1.5.2 LDH-A in cancer cells

LDH-A is fundamental to sustain the high glycolytilux, thus allowing energy
production in tumor cells which largely depend dgcglysis for their growth and
survival.

LDH-A-expression is constantly up-regulated in tusnand was found to correlate with
tumor size and poor progno$i§:>°

The overexpression of LDH-A, mainly driven by MyedaHIF-1, has been reported in
highly glycolytic human cancef§;%° and analysis of several tumors confirmed the
higher concentration of LDH-A subunits compareadjacent normal tissué$.
Importantly, the high amount of lactic acid dudrioreased activity of LDH-A induces
extracellular acidosis, that destroys the adjaceninal cell populations and promotes
angiogenesis, facilitating tumor invasion and rettsis2*°’

Collectively, these data provided proof of conctyat LDH-A is strictly involved in
tumorigenesis and encouraged lots of studies orbémefic effects derived from its

inhibition.

1.5.3 LDH-A as promising target for anticancetreatment

The inhibition of LDH-A, by knockdown or small maleles, has demonstrated
promising effects in preclinical investigations,iathhave confirmed the critical role of
LDH-A in cancer cells and validated its inhibitias effective antitumor strategy,
especially in combination with other therapeuticdaldies.

Silencing LDH-A expression was found to inhibit can cell proliferation anéh vivo
tumorigenesis in different tumor mod®<® and stimulate mitochondrial respiration
with consequent ROS production that facilitates dehth?*

As we previously stated, it is poorly active in maid cells, therefore its inhibition is
considered a valid approach to selectively affacicer cell metabolism.

Moreover, evidences suggest LDH-A inhibition shoblel well tolerated by normal
cells, since individuals with A or B subunit de&ocy don’t accuse significant clinical
symptoms$*78 in particular individual lacking A subunits corapl muscle rigidity and

myoglobinuria only after strenuous exerci&é®

14



Benefic effects derived from inhibition of LDAN-by small molecules are known for
a long time with the LDH inhibitor oxamate, a stuwral isostere of pyruvate, which
inhibits glycolysis of cancer cells culturgdvitro, even if only at high concentratioff.
Furthermoreinhibition of LDH-A with oxamatewvas found to be a way to overcome the
resistance of breast cancer cells to ahd trastuzuma®. In these works, resistant
cells were shown to be more dependent on glycofgsitheir survival, as consequence
a combination treatment with the chemotherapeutit BDH inhibitor resulted in a
more pronounced therapeutic effect.

Overall, inhibition of LDH-A activity is conseted a valid, selective and safe
approach to damage cancer cells. Therefore manympitautical industries and
academia have recently focused their attentiohersearch of small molecule inhibitors

of LDH-A, reported in several review$>382

15



1.6 LDH-A inhibitors in the search for antitumor agents: an update

Numerous strategies have been adopted in the disco¥ LDH-A inhibitors: structure-
based virtual screening; high-throughput enzymsatieening of compound libraries;
fragment-based approach; modification/optimisatbknown inhibitors.
These approaches allowed the development of mdmlitors, some of which showed
high selectivity and potency in the nanomolar raagainst LDH-A; however very few
of them resulted sufficient active in cell-basedags to progress toward clinical
studies®®

Most of them share the presence of a carboxadid moiety, sometimes replaced
with a bioisostere or masked as prodrug, that appta be highly relevant in the
binding with the active site of LDH-A together withhigh number of hydrogen bond
donors, which play a key role in the ligand-LDH dhimg.
Indeed, the LDH-A reference inhibitor oxamic adi@éstablishes hydrogen-bonds with
key catalytic residues in the active site (Arg-185g-168, His-192 and Asp-165) and
interacts with the side chain of Arg-168 throughdarboxylate group as it is indicated

through the analysis of the complex LDH-NADH-oxam@tigure 8).

Figure 8. Structure of LDH-A inhibitor oxamic acitl and its interaction with LDH-A.

An overview of the main classes of LDH-A inhibitmlentified so far is illustrated in

Figure 9, and the most promising of them will be brieflysdebed.

16
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Figure 9. Overview of chemical classes of LDH-A inhibitors.

N-hydroxyindole scaffold-based inhibitors

N-hydroxyindoles (NHIs) showed inhibitory activily competition with
both the cofactor NADH and the substrate pyruvata WCso in the low
micromolar range against LDH-#-86

SAR studies indicated on the “OH-COOH” motif theapinacophore of
this class, that partially resembles the structifréhe natural substrates
of LDH, i.e. ana-ketoacid (pyruvate) os-hydroxyacid (lactate). The
most active compound8a-b, displayed a synergistic cytotoxic effect in
combination with gemcitabine under hypoxic condisoand inhibited
cell migration and invasion in pancreatic cancetlséé Glucose
derivatives3a-b displayed weaker inhibitory activity against LDHbAIt

they exhibited more efficacy in cell-based as$ays.

17
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Chimeric (bifunctional)-type inhibitors

Chimeric LDH-A inhibitors are bifunctional molecslean which two

portions, one a substrate mimic and the other actof mimic, are

conjugated by a linker. Representative examplesthig class are

compounds3® and 4%, discovered through a fragment-based approach
by AstraZeneca and ARIAD Pharmaceuticals, respegti They both

showed high potency in enzymatic assays with inbipiactivity in the

nanomolar range against LDH-A, but not optimal ptyshemical

properties, thus they require further optimization.
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» Dihydropyrimidine- and pyrazine-based inhibitors
By following a high-throughput screening approacenentech
identified dihydropyrimidinessa-€° and pyrazinesa-d® as LDH-A
inhibitors active in the micromolar range. Sometloése derivatives
exhibited potency in the high nanomolar range, thay require further
optimization to improve cell membrane permeabildpd to obtain

analogs with improved cellular activity.

o0 N~ NH,
5 6
a. R1= R2= H a: R1_ H, R2= H
b: R1= Me, R2= H b: R1= Cl; R2= H
C. R1= Et, R2= H C. R1= CH3; RQ— H
d: Ry=Me, Ry= Cl d: Ry= CHg; Ry=Cl
e: R1=Me, R2= F

» Dihydropyrone- and hydroxylactam-based inhibitors
Dihydropyrone-based derivativés were identified by Genentech
through high throughput screening (HTS), and after to lead
optimisation,7 resulted the most active compound against LDH-A (in
the nanomolar range), but it showed weak activitgell-based assays.

In order to further investigate this class of connpas the dihydropyrone
core was replaced with a hydroxylactam. Among thewn
hydroxylactam-based derivative®,(GNE-140)was identified as potent
enzymatic inhibitor of both LDH-A and LDH-B, possésy adequate
pharmacokinetic properties that make it suitableitlouse as am vivo

tool compound® Results on potency in cells, mechanism of actioth a

tumor growth inhibitor have been recently repofted.

19
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¢ Quinoline scaffold-based inhibitors
Quinoline and quinolone derivatives (general street9 and 10,
respectively) were identified as potential scaffoidthe search for new
LDH-A several decades ad®®® Recently, GSK reported potent
quinoline-based LDH-A inhibitors, moderately seieetfor LDH-A over
LDH-B.%” These molecules, particularly the most active cmmpl 11,
showed LDH-A inhibitory activity also in culturedancer cells.
However, their pharmacokinetic properties need ¢oimproved for
furtherin vivo studies’’:%8
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» Pyrazole-based inhibitors

Very recently, Ganesha et %l.reported the discovery and medicinal
chemistry optimization of a novel series of pyrazbhsed inhibitors of
LDH-A. By using a quantitative HTS they identififlae hit candidaté2; by
structure-based design and optimization they d@eslocompounds with
more potent enzymatic activity. Compoundl3 resulted one of the most
active, exhibiting low nM inhibition of both LDH-Aand LDH-B and
inhibition of lactate production and glycolysis MiaPaCa2 pancreatic

cancer and A673 sarcoma cells at submicromolaresdretion®®
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* Polyphenolic-based inhibitors

A representative compound of this class is gossyaaiatural polyphenol
derived from the cotton plant. The most active @éoamer form, (R)-(-)-
gossypol 14, inhibits both LDH-A and LDH-B in micromolar rangey
competition with NADH, but it is not specific fohis enzyme. It exhibits a
broad spectrum of biological activities, such agitamor, antioxidant,
antiviral and antiparasitit®®-1®*and it also causes unspecific toxicity mainly
due to the presence of aldehyde and catechol gnebjgh generate toxic
metaboliteg%?-1%* Nevertheless, (R)-(-)-gossypol entered clinicélgr in
combination with antitumor agents for the treatmehtdifferent tumors,
with some studies terminated because of unacceptakicity and other are
still ongoing. (clinicaltrials.gov)

In an attempt to develop less toxic and motectige inhibitor, several
molecules structurally close to gossypol were sgsitted, particularly 2,3-
dihydroxynaphthoic acid derivativé®,%initially designed as antimalarian
agents®® Among them, compound5 (FX-11) resulted the most potent
inhibitor and displayed also good selectivity faddH-A isoform8* It showed
to reduce ATP and lactate production, induce owdattress and cell death
in cultured cancer celf. However, further studies gave rise to suspicion
that its effects could be not ascribed to LDH-Aition but to the reactive

catechol grouf¥8°and it was never tested in clinical trials.
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Other polyphenolic compounds based on flavoncsire were found to
be potential anticancer agents due to their intripiaictivity against LDH-A
such as the flavone morin6'® and the flavon-like derivatives,
epigallocatechii7 and galloflavinl8.

Epigallocatechin X7), naturally found inSpatholobus suberectumhibited

both LDH-A activity and HIF-1 expression, showingrsficant inhibition of

breast cancer growth; it is consideredlead compound for further
investigationt®®

Finally, galloflavin (GF,18) is a derivative of gallic acid recently
identified through a virtual screening campaignLBs1-A inhibitor by our
groupl® GF was found to inhibit the enzymatic activitypafrified LDH, by
occupying the NADH site, and the lactate productionultured cancer cells
in the micromolar range. Many investigations on &dfivity in different
cancer cell lines and its mechanism of action veamrgied out®*These
studies confirmed GF antitumor effects and showeid not harmful for
mitochondrial respiration, suggesting tolerabifity normal cell metabolism
and thus encouraging the further exploration of d@mpound.

Hence, the development of promising GF analoghasaim of the present

work, and is directly addressed in the next chaf@eAim of the work).
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It is evident that very few LDH inhibitors have gressed to the preclinical stage and
into clinical trials to daté&® often because of poor pharmacokinetic profilefipalarly
poor penetration inside cells with consequent lafcgellular activity. The improvement
of drug-like properties is fundamental for theiewssin vivo tool compounds and their
further development.

It is worth noting that the discovery of seteetLDH-A inhibitors proved to be very
difficult because of the high structural homologythe active sites of A and B subunits.
However, some of the most potent and cell-activepmunds, such & (GNE-140),13
and18 (GF), are non-selective for LDH-A over LDH-B.

Therefore, current efforts aim to the discoverypotent LDH inhibitors with good
drug-like properties, not necessarily pursuing eligy towards isoform LDH-A
(“pan-LDH inhibitors”) %

23



2. Aim of the work

Within a research project that aims to the develemnof new innovative anticancer
agent targeting tumor metabolism, our group has beeolved in the search for new
LDH-A inhibitors, through a collaboration with Pesfsor Recanatini’'s and Professor Di
Stefano’s groups.
In these context, we recently discovered LDH-A litar galloflavin (GF, 18)!%°
(Figure 10d), which is now produced and sold by several seppliGF is considered as
a reference compound among the anticancer glycoighibitors since its antitumor
effect has been well-established in several stuidied211411Notably, some of them
have suggested that inhibition of LDH is not thdydmoactivity of GF. A 2D in-cell
NMR metabolomics study recently revealed that GEcé$ other metabolic pathways,
influencing pyruvate dehydrogenase kinase (PDKniak aminotransferase 1 (ALT1)
and pyruvate dehydrogenase (PDH), and sugges$iad@a- anticancer effects could be
due to its multi-target effect rather than to spednhibition of LDH.'! Fiumeet al*?
reported that GF hinders the interaction of LDH-AhwssDNA and inhibits RNA
synthesis in cultured cancer cells, suggestingntgroliferative activity can derive not
only by blocking tumor glycolysis but also by RNAnshesis inhibition; furthermore,
GF can be a useful tool to study the biologicat i LDH-A binding to ssDNA.
GF and oxamate were found to reverse the inflanomatiduced effects in cancer cells
in a recent study by Manerlea al!® The same group reported that LDH-A inhibition
by GF and oxamate led to decreased level and fumofi the major heat shock proteins
involved in tumorigenesis suggesting a connectietwben LDH and heat shock
responsél’ These data confirmed the hypothesis that GF pssaattiple biochemical
properties and suggest that the polyphenolic straatould be an appropriate molecular
scaffold to design compounds joining LDH inhibitoagtivity with other anticancer
effects!t’
Therefore, the anticancer potential of GF is ofagiaterest as well as its employment
as tool to investigate the effects of LDH inhibitio

Galloflavin (GF, 18) is synthesized from gallic acid (GA) in a onepste
dimerization/oxidation process mediated by Na&ff® (Figure 109. It is a
polyhydroxylated tricyclic compound, based on fas@f a isocoumarin and a pyrone

core(Figure 10b).
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Figure 10.a) Synthesis of GF; b) Molecular structure of mamarin and pyrone cores

The calculated binding pose postulated in theahgtudy, as reported iRigure 11,
suggested GF binds mainly to the enzyme by hydrbgeas®®

Figure 11.Galloflavin docking pose with human LDH-A, obtaihky the VS proceduré?®

However, GF still requires an investigation in teraf Structure Activity Relationships
(SAR). The SAR assessment is crucial for candidaits, together with the
improvement of the pharmacokinetic profile, to pesy towards théit to lead
optimization phase in the drug discovery process.

The present work aims to the disclosure of GF SiARyugh the synthesis of a series of
structural analogs, in order to gain a deeper kadge on the effective key interactions
involved in its binding to LDH.

GF SAR assessment proved to be very challengingwor main reasons: first, its
synthesis is not versatile and did not allow actesstructural analogs; second, GF did
not prove to be a practical starting point for siyathesis of analogs because of its poor
solubility in common organic solvents and its fdsgradation under both basic and

acidic conditions.
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Therefore, we undertook a rational design aimedefwoduce GF pharmacophore on
simpler and synthetic accessibile scaffold, withpiaved physicochemical properties,
which could allow us the synthesis of a series @ivatives, without having to deal
with the poor chemical manipulability of the origirmolecule.

We carried out a structural simplification of G&king into account three main aspects:
1) elimination of the double pyrone sysyem (B andirgs, Figure 123 that brings
complexity and pose significant synthetic challenngd keeping the same position and
distance of the four hydroxyl groups, to best répae the H-bond fingerprint of GF,
that is likely a key factor in GF binding to LDH) Btaining tricyclic skeleton, useful to
mimic the origical structureThis process led to the identification of compout]
known as urolithin M6 YM6), by simply substituting the pyron ring C with arlzene
ring. (Figure 12a). The overlap of GF and UM6 structures is illusgdain Figure 12h.

Structural Simplification

- Eliminate the double pyrone system
- Maintain the position and relative

18 (GF) distance of OH groups

19 (UM6)
- Retain triclycic core

Figure 12 a) Structural simplification of GF toward UM6; byerlap of GF (blu) and UM6 (yellow).

Particularly, UM6 core is based on the same GFosoarin ring (blu,Figure 13),
fused with a benzene (pink) in place of the pyrdmned), thus resulting in a

benzo[c]chromenone corEigure 13).
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Figure 13.GF and UM®6: core structure comparison.

The benzo[c]chromenone scaffold (also called dibpgranone or benzocoumarin) is
found in many natural products and biologicallynaetimolecules, and is considered as
a privileged structure, since it is of great imporde as intermediate for the synthesis of
various pharmaceutically interesting compouhids?2

In particular,UM6 is a tetrahydroxylated dibenzopyranone derivathet belongs to
the urolithin family, a class of recurrent metatedi after the assumption of aliments
rich in ellagitannins, such as pomegranates, lwialnuts, almonds={gure 14) 123124
Their natural origin and common presence in gutrobiota suggested a promising
safety profile for this class of compounds. Morepweenumber of beneficial properties
and biological activities have been recently atiigdl to wurolithins, such as
antioxidant!?>12¢  anti-inflammatory;?-12° anticance®®*3® and antiglycatiot®

activities.
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Figure 14.Gut microbiota metabolism of ellagitannins anagit acid.

Since both its scaffold and OH substitutiortgratis high similar to GF, we assumed
that UM6 could maintain GF pharmacophore and miitsid_.DH-A inhibitor activity

and thus be useful as starting point for our ingesbns.
It was characterised as an ellagitannin metabbijtéto et al*3* and its production via

biotechnological methods has been repottedyhile neither a biological study, nor

chemical synthesis have been reported.
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Therefore, the first step of the present projecs Wee development of a synthesis for
UM6 and a preliminary biological evaluation to assaf UM6 could be a GF
biomimetic!3®

Some strategies were reported in the literaturehfersynthesis of other urolithins, as it
is illustrated inFigure 15and summarized below:

1) copper catalyzed Hurtley reaction, that is descr for synthesis of urolithins that
possess one or two hydroxyl groups, such as Urbi®;:B;'?®> however it presents
issues of very low yields and it doesn’t seem musisatile;

2) basic decarboxylative hydrolysis of ellagic a#\) permits to achieve urolithin M5
according to literature, but no other urolithinsé&&een obtained through this rotité;

3) inverse electron demand Diels—Alder reactioreported for total synthesis of UM7;
however it is highly substrate-dependent and expens terms of both starting
materials and number of stef%;

4) Esterification of 2-bromobenzoic acids followég ring closure through Heck
coupling is reported for Uro-B*® however yields are usually poor and reaction times

very long.

Hurtley reaction Diels-Alder reaction

l/
So, o “6‘%0
eo,y :&

Reported for Uro-A, Uro-B. Very low yields

/Ow/\,D
o<

Only for urolithin M7. Many steps,
expensive, non general

\

Ellagic acid basic hydrolysis

Esterification of 2-bromobenzoic

\\ acids, followed by Heck coupling
. HO_Ay
OH | —r

=

Only for urolithin M5 o

Reported for Uro-D. Poor
yields and long reaction times

Figure 15. Current methods for urolithins synthesis.
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All these methods have some major drawbacks andeahlh, none of them seemed
particularly attractive, since our purpose was &velop an efficient and versatile
synthetic procedure that could allow a facile ascest only to UM6 but also to the
synthesis of future structural analogs for SAR stigations.

Therefore we planned a new synthetic strategystitbied inScheme 1 taking into
account the use of protecting groups (PG) for ttesgnce of four OH functionalities.
The planned synthesis features the use of a metstgr GA derivative, which is
brominated, coupled with the opportune protecterbhic acid and then idrolyzed to
give the 2-arylbenzoic acid. This intermediatehisrt transformed into lactone through
K2$0s- (Route A) or NIS-mediated (Route B) C-H oxygeoatand finally deprotected
to achieve the desired UM&9).

Scheme 1Planned synthesis of UM6

o PG I?G

o NBS o PG O Route A: K;S,05/AgNO310% OH OH
- Route B: NIS
PG p-r_\ydroxy arylboronic 0 O HO O
o O acid, [Pd] PG
‘ OH deprote 0o
PG o NaOH (? ction >~ HO
PG 0 0

UMS (19)

Different protecting groups were screened, andribthyl ether was selected as the best
option as it resulted stable under the synthetieditons. The optimized synthesis,
shown inScheme 2started with initial NBS-mediated bromination bétcommercially
avail- able methyl-3,4,5-trimethoxybenzo&e to obtain the corresponding methyl-2-
bromo-3,4,5-trimethoxybenzoat®l. The subsequent Suzuki coupling with 4-
methoxyphenylboronic aci@2 with Pd(PPk)s and KPQy in DME in microwave
heating for 1 hour (or in conventional heating 2#h a pressure tube) led to
methyltetramethoxybiphenyl-2-carboxyla@3, which was subsequently hydrolyzed
with NaOH to generate the free tetramethoxybiph&agarboxylic acid?4. Successive
ring closure through C—H oxygenation was initighgrformed using ESOs/AgNOs
10% in 1/1 HO/ CH:CN for 48 h at 60 °C, which led to the desired @gd produc5
with a non-optimal yield of 30% (Route A). To obita better yield, 2-arylbenzoic acid
intermediate24 was subjected to a radical oxidative lactonizatioadiated by N-
iodosuccinimide (NIS) (Route BY° The reaction was carried out in 1,2-dichloroethane

at 75 °C for 3 hours and afforded the desired gzgdicompoun®5 in a satisfactory
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69% vyield. The final deprotection in BBfed to the desired9 in 58% yield, after
purification by C18 flash silica gel. This syntleetoute provided UM6 in 5 steps and
27% overall yield36

Scheme 20ptimized UM6 synthesis

/
(HO)gB—< >—o

22

KsPOy4, Pd(PPhs),
e NBS 0 Br
: 0. CH«CN o. DME
? 0°Ctort, 3h ﬁ) MW: 120°C, 1h, 300W
o) 95% o 74%
20 21

Route A:

KZSQOS‘ AgNO3
CH3CN/H,0, 60 °C,48h
30%

OH
OH
BBr3 HO
CH,Cl, O o)
HO

-78°C to rt, 24h
58% (6]

24 25 UM6 (19)

Route B:
NIS,DCE, 75 °C, 3h
69%

Preliminary biological evaluation revealed UMibited both the enzymatic activity
of LDH-A and lactate production in cultured cancetls at comparable levels to GF,
confirming it can be considered a GF biomimetic dmat it could be a suitableit
structure in the field of LDH-A inhibitors®
In view of this encouraging result, new UM6 analegse designed to explore the SAR
of this class of compounds and synthesized applyteg efficient newly developed
synthetic strategy. Indeed, a structural variabit analogs can easily be achieved with
this procedure simply by using of different boroamds as building blocks for the key
Suzuki step.

Initially, with the aim to evaluate the role of thgdroxyl group in the C ring and the
influence of changes in the lipophilicity of the lmcules we designed and synthesized
the UM6 analog26-31(Scheme 3.
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Scheme 3Synthesis of UM6 analo@6-31

o~ Ry
_0 Br a
+  (HO),B R E—
o) O~
| o)
21

22a-f 23a-f

a:R=R;=H a:R;=Ry=H

b: R1=Ph, Ry=H b: Ry= Ph, Ry=H
¢:Ry= OCHg; Ry=Cl ¢: Ry= OCHg; Ry=Cl
d:Ry= OCH3; Ry=F d: Ry= OCH3; Ry=F
e:Ry= CF3; Ry=H e:Ry=CF3 R;=H
f:Ry= CN; R;=H f:Ry= CN; R;=H

24af 25a-f 26: Ry= Ry= H; Rg= OH

a Ry=Rp=H aR=Ry=H 27: Rq= Ph, Ry= H; Rg= OH

b: R1= Ph, R2= H b: R1= Ph, R2= H 28: R1= OH, R2= Cl, R3= OH
¢: R4= OCHj3; R,= ClI ¢: R4= OCHs; R,= ClI 29: Ry= OH; R,= F; Ry= OH

d: R1= OCHg; R2= F d: R1= OCH3; R2= F 30: R1= CF3; R2= H; R3= OH
e: R1= CF3; R2= H e: R1= CF3; R2= H 31: R1= CN, R2= H; R3= OCH3
f: Ry= CN; Ry= H f: Ry= CN; Ry= H

Reagents and conditions: a) KsPO4 Pd(PPhs),, DME, 120°C, 24h; b) NaOH,q, EtOH, 50°C, 3h;
c) NIS, DCE, 75 °C, 3h; d) BBr3, CH,Cl,, -78°C to rt, 24h.

Starting from methyl-2-bromo-3,4,5-trimethoxybenmso@®1, Suzuki coupling was
performed with the differently substituted boroniacids 22a-f to give
tetramethoxybiphenyl-2-carboxylate derivative83a-f. Suzuki couplings were
performed in conventional heating in pressure tuisead of microwave heating
conditions, because it allowed to scale up theti@acto ~1 gram. Biphenyl-2-
carboxylates23a-f then hydrolysed to the corresponding biphenyl4#baaylic acids
24a-f. Successive ring closure were performed usingntbee efficient procedure of
NIS-mediated lactonisation to obtain the benzocounmderivatives25a-f, which upon
deprotection of the methoxyl groups gave the ddsél-free final compoundg6-30
with yields comparable to UM6. Only in the case b@nzocoumarir25f the final
demethylation didn’t proceed completely, giving tmethoxyderivative31 instead of
the expected trihydroxylated derivative. Charastion by 'H-NMR, °C-NMR,
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DEPT, HSQC, HMBC and NOESY experiments was perforineorder to confirm the
position of the methoxy function on the A ring.

Notably, as it is illustrated iBcheme 4 cyclisation of the non-symmetrical biphenyl-2-
carboxylic acid24¢ 24d, could occur in 2’ or 6’ position leading to diféat products.
In both cases we obtained only the compound derik@d cyclisation in 2’ position
(25cand25d), as we confirmed b{H-NMR spectra.

Scheme 4NIS-lactonization of non-symmetrical bifenyl-2-baxylic acids24c-24d

not obtained _|

After investigating the importance of the substitiseon the C ring olfit compound
UM6, we directed our attention on the lacton moiatyd designed compourigR
(Figure 16), which differs from UM6 in the reverse positiohlacton function in the B
pyron ring. Notably, it can be also considered adM6 differently OH-substituted
analog, as it could be appreciate by drawing thdéeoutes in two different ways
(Figure 16).
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OH OH
HO ‘
HO 0
(0]
UMé

(3,8,9,10-tetrahydroxy-6 H-benzo[c]chromen-6-one)

32
(1,2,3,8-tetrahydroxy-6 H-benzo[c]chromen-6-one)

Figure 16. Derivative32 (different way to representation) in comparisothwM6.

The synthesis of compoun82 (Scheme % was performed starting from Suzuki
coupling between the commercially available me@Wdromo-5-methoxybenzoagia

and (2,3,4-trimethoxyphenyl)boronic ac2®g and proceeded through the same steps
previously described for the synthesis of UM6 asdanalogs.

Scheme 5Synthesis of analog2

Reagents and conditions: a) KsPO,4 Pd(PPhs)s, DME, 120°C, 24h; b) NaOH,q, EtOH, 50°C, 3h; ¢) NIS, DCE, 75
°C, 3h; d) BBr3, CH,Cl,, -78°C to rt, 24h.
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Additionally, we designed and synthesized three Uiiélogs33-35 (Figure 17) that
share the same trihydroxylated ring A and the hyglsenzene ring C, while they differ
in the B portion as follow: i) lacking of B ring\gs the lacton ring-opened analgg
i) carbonyl reduction of lactone ring gives anal®g iii) substitution of B ring with

benzene results in the phenanthrene derivatve

OH OH
33
OH . .
OH Modify B ring
y ol
34
OH OH

HO
HO
HO
o HO
HO
HO

35

OH
0
o}
Figure 17. Structural modification of UM6 towards other doéds.

The synthesis 083-35 has been planned starting from the intermedigef UM6
synthesis, which assumes a central role in theset#on between three different
synthetic routes, as it is showed Stheme 6 Derivative 33 was obtainedhrough
hydrolysis followed by demethylation. Anal@# was plannedhrough the route that
led 23 to UM6 and reduction of the latter with NaBBFs- EO; unfortunately this
reaction didn't work as expected and the compouad wot obtained. Phenanthrene
analog35 was synthesizedtarting from conversion &3 to aldehyde$6 (42% vyield
over two  steps), which reacted in a Wittig  fashionwith
(methoxymethyhtriphenylphosphonium chloride tooadf the corresponding arylvinyl
methyl etheB7 (56%). Bismuth-catalyzed cyclization-aromatizatied to the protected
phenanthrene38 (65%), which was deprotected to obtain the finetrahydroxy-
phenantherene anal8$ (86%) Scheme §.
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Scheme 6UM6 analogs with different scaffold

OH OH
HO
HO O OH

OH
w ST & Jo i
SO NN
0}
HO HO (0]

0
34

UM6 (19) not obtained
o~ ‘ SN oH OH
Q HO ‘
38 35

Reagents and conditions: a) NaOH,q, EtOH, 50°C, 3h; b) BBr3, CH,Cl,, -78°C to rt, 24h; c) NaBH, BF3Et,0, THF, 0 °C
to reflux, 3h; d) DIBAL, CH,Cl,, 0°C to rt, 3h; €) PCC, CH,Cl,, rt, 2h; f) (methoxymethyl)triphenylphosphonium chloride,
LIHMDS, THF, rt, 2h; g) Bi(OTf)3,DCE rt, 30 min.

To further extend the applicability of our dyetic plan and to investigate the role of
the trihydroxy-moiety in UM6 A ring, we then syn#ieed urolithin M7 (UM7), in
which the 8,9,10-trihydroxy moiety is substitutedthw8,10-dihydroxy moiety. (See
Figure 14)

Therefore the synthesis of UMBY, Scheme Y started from methyl 2-bromo-3,5-
dimethoxybenzoate21b and (4-methoxyphenyl)boronic acid2 and followed the
optimised procedure previously used for UM6 andags leading to the product with
a 20% overall yield.
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Scheme 7Synthesis of UM7

24h 25h 39 (UM7)

Reagents and conditions: a) KsPO,4, Pd(PPhs),, DME, 120°C, 24h; b) NaOHaq, EtOH, 50°C, 3h;
¢) NIS, DCE, 75 °C, 3h; d) BBr3, CH,Cl,, -78°C to rt, 24h.

UM7 synthesis has been previously reported in 20y Pottieet al,*® however our
strategy proved to be a faster and simpler altamatndeed, Reddy, M. Det al4!
recently reported a new UM7 synthesis taking irdmoant our synthetic plan.
Additionally, to validate our synthetic strayeg@nd to compare it with the known
methods for urolithins’ synthesis, we decided tplese the preparation of UM6 and
UM7 through the Hurtley reactiorS¢heme §, which is reported to be a fast and
effective method for dibenzopyranones synth&€ighus, methyl ester derivatived,
21b were hydrolysed to the correspondent aefs 40 which were condensed with
resorcinol4l in a 4M NaOH solution with CuSQas catalyst to give the methylated
benzocoumarins derivativest2, 42b (4% and 3% of yield, respectively). Finally,
demethylation of42 led finally to UM6 (40%). Demethylation ofi2b was not
performed because of the too low amount of matetithined, but we can reasonably

affirm that the reaction would give UMB¢heme 3.
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Scheme 8UM6 and UM7 synthesis through Hurtley reaction

o~ o~
R Br a R Br HO OH )
+
o) I _

l (0] l (0]

21: R= OCH3 40: R= OCH3 41

42: R= OCHj3 (UMS6 precursor;
21b: R=H 40b: R=H 3 (UMBp )

42b: R=H (UM7 precursor)

UM6: R=0OH —~—

Reagents and conditions: a) NaOH,,, EtOH, 50°C, 3h; b) i. NaOH,q, 60 °C 30 min; ii. CuSO4
10%, 95 °C, 3h; ¢) BBr3, -78 °C to rt, 24h.

The major drawback of this synthesis is the verprpgield in the key step of
benzocoumarin ring formation. However, since itaisrery short procedure and the
Hurtley reaction has been recently re-exploredtf@ synthesis of some substituted
benzocoumarin?? we exploited it to obtain UM7-inspired analogs.

In particular, we designed and synthesized camg@d3, that is the UM7 analog with
the reverse lacton functiofigure 18) together with dibenzopyranoné6a-h 43) and
dibenzopyrane4(7-49 derivatives as illustrated ®cheme 9

OH OH
LT

o]
39 (UM7)

(3,8, 10-trihydroxy-6 H-benzo[c]chromen-6-one)

HO OH
JOUPSe

43

1,3,8-trihydroxy-6H-benzo[c]chromen-6-one

Figure 18. Derivative43 (different way to representation) in comparisothwiM7.
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Commercially available 2-bromo-5-methoxybenzoidakta,and 2-bromobenzoic acid
44b were condensed with phloroglucindb in a 4M NaOH solution and CuS@s
catalyst to give dibenzopyranoré8a, 468342 (68% and 83%, respectively). Methylated
derivative 46a was subsequent deprotected to obtain compo#®d34%). The
dibenzopyranone compound$a, 46band43 were reduced with NaB#BFs- EtO to
the corresponding dibenzopyrane anal@gs 48 and 49 (62%, 23% and 17 %,

respectively) $cheme 9.

Scheme 9Synthesis of UM7-inspired analogs by using Hurtlegction

HO OH HO OH
Br HO OH 2 c
Lo O™ Y =
: ; e
R R o
o)

(0] OH
:R= 4
44a: R= OCH, 5 46a; R= OCH, 47 R= OCHj
44b: R=H 46b: R=H 48 R=H

HO g OH HO OH
9 | ’V’O ]
HO © HO 0
o}
49

43

Reagents and conditions: a) i. NaOH,,, 60 °C 30 min; ii. CuSO4 10%, 95 °C, 3h; b) BBrs3,
CH,Cl, -78 °C to rt, 24h; c) BF3 Ety0, NaBHy4, THF dry, 0 °C to reflux, 3h.

Notably, the sodium borohydride-boron trifluoridentbination for the reduction of the
lactone carbonyf® was previously investigated for the reduction &i&J(SeeScheme

6) but it didn’t led to the desired product; on tentrary, it was successful with these
compounds46a 46b, 43, Scheme Psuggesting that the OH substitution pattern plays
an important role for the outcome of this reaction.

Additionally, as we did for the synthesis of BNMphenanthrene analdgb, we
prepared the UM7 phenanthrene anabd (Scheme 1Q)starting from biphenyl-2-
carboxylate23h, which was converted to the aldehydsls (69% of yield over two
steps). Wittig reaction with (methoxymethyl)triptygghosphonium chloride afforded
the arylvinyl methyl etheb2 (86%), which through bismuth-catalyzed cyclization-
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aromatization was converted to the methylated phténene 53 (78%) that was
deprotected to obtain the trihydroxy- anabfiy15%).

Scheme 10Synthesis of UM7 phenanthrene andify

Reagents and conditions: a) DIBAL, CH,Cl,, 0°C to rt, 3h; b) PCC, CH,Cl,, rt, 2h; ¢)
(methoxymethyl)triphenylphosphonium chloride, LIHMDS, THF, rt, 2h; d) Bi(OTf)3,DCE rt, 30 min; €) BBrj,
CH,Cl,, -78°C to rt, 24h;

Finally, as last UM7-inspired analog, we planned #lynthesis of urolithin E (Uro-E,
54, Figure 14), which presents an additional hydroxyl grouphe # position of C ring
and, to the best of our knowledge, its preparat@s not been reported.

We reasoned that both the previously adopted giest¢o obtain the dibenzopyranone
derivatives were not suitable to prepare Uro-E. tha reason, the synthesis of Uro-E
was performed through the approach that is repddedhe high similar urolithin D
(Figure 14).2* |t started with esterification of 2-bromo-3,5-dithexybenzoic acidOb
with 2,3-dimethoxyphenob5 to obtain56 (75%), which through intramolecular Heck
coupling gave the dibenzopyranone derivatd/é (10%), that was demethylated to
obtain the desired produs# with 68% of yield Scheme 1L
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Scheme 11Synthesis of Uro-E54)

@ @ @Y@OL

OH OH
Cc
DO
HO ©

o}
Uro-E (54)

Reagents and conditions: a) i.(COCI),, DMF, DCM, 0 °C to rt, 16h; ii. EtzN, DCM, 0 °C to
rt, 16h; b) Pd(OAc),, S-Phos, NaOAc, DMA, 130 °C, 72h; c) BBr3, CH,Cl,, -78 °C to rt, 24h.

In summary, we developed a synthetic strategyUM6 and structural analogs,
which demonstrated to be very convenient in ternhigh yields, short reaction times
and versatility, as it has been confirmed by itsaldr application in the synthesis of
many UM6 structural analog2§-33 35, 39, 50). We also explored some of the
reported procedures for urolithins synthesis (Hyrtteaction and esterification/Heck
reaction) for a small number of analodgs8,(46a-b, 47-49, 54, confirming the limited

versatility and the disadvantages of these methods.
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3. Biological evaluation and discussion of results

All new compounds and also some intermediates weetuated for their inhibitory
activity on purified human LDH-A. The compoundsealbd cause enzyme inhibition at
micromolar level were investigated for their adgvon lactic acid production and cell
proliferation on Raiji cell line; these cells areided from a Burkitt's lymphoma and are
characterized by overexpression of the MYC prot@ims alteration, which drives the
neoplastic change leading to Burkitt's lymphomagedily alters cell metabolism and
causes increased LDH-A levels, rendering cells vesponsive to LDH-A inhibitioh*?
Most interesting results are reported Table 2 Compounds were tested at scalar
concentration of 25, 50, 100, 200 uM (detailedldgial protocol is reported in
Appendix A).

Table 2. Activity of GF/UM6 analogs on purified human LDH-#&nd on lactic acid production and cell

proliferation on Raiji cells.

In cell lactate

hLDH-A ; Cell growth
Compound Structure IC 50 (UM)? production ICsog( M)2
H ICs0 (LM)?2 H
GF (18) 70 £10 62+5 33+4
UM6 (19) 77 £10 36+3 25+2
26 83+5 175 + 30 62 +10
n.d. n.d. n.d.
27 Inhibition at Increase in lactate  Inhibition at
50uM: 73% production 50uM: 44%
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172

54+11

36+3

[ee]
N

21+4

87+10

28+3

29

n.d.

n.d.

n.a.

30

n.d.

<12

Increase in lactate

32+3

31

production

n.d.

n.d.

n.a.

32

0]

n.d. n.d.

n.d
Inhibition at

OH

OH
T o

HO
HO

33

200uM: 36%

72 15 <25

OH
62 +2

OH

HO
HO

35

n.a.

n.a.

n.a.

UM?7
(39)

n.d.

n.d.

n.a.

43

OH

128 £ 4 815

~ 200

46b

(0]

HO

n.d.

n.d.

n.a.
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ye
49 O X n.a. n.d. n.d.
HO 0]
OH ‘ oH n.d. n.d. n.d.
50 Inhibition at Inhibition at Inhibition at
OO 100uM: 30% 100pM: 50% 100puM <50%

n.a. n.d. n.d.

Uro-E O
(54) HO

2All points were tested in triplicate with error bandicating the standard deviations;

n.a.= not active at 200 pM; n.d.= not determined

The data obtained allowed to establish a SAR assggsfor this series of derivatives.
Compounds that showed a comparable activity to W@ GF, both on the purified
enzyme and in cellular assays, present the tricysicaffold and the 8,9,10-
trimethoxybenzene moiety on A ringg, 28, 29, 35).

Compound=228 and29, which maintain all the four hydroxyl groups (aM& and GF)
and present a small lipophilic group (chlorine dinidrine, respectively) in 2-position,
showed the best activity on the enzyme (36uM andR&espectively) retaining good
activity in cells.

Modification of hydroxyl in 3 position affects thectivity: particularly, its removal
preserves the activity on the enzyme but induces & activity in cellular assay26).
Compound30, in which it is substituted with a trifluoromethgroup resulted in a
inactive compound. Its substitution with a phengbrgives compoun@7, for which,
even if it showed good enzymatic inhibition (73%gaell growth inhibition (44%) at
50 uM, no IGo was determined because of its not optimal solytalnd precipitation at
100 uM; however, it showed to increase lactate yetdn suggesting different cellular
mechanisms of action.

Compound 31, which presents a nitrile group in 3-position andnethoxyl group in
place of the hydroxyl group in position 10, shovgegebd enzyme inhibition, suggesting
that hydroxyl in position 3 could be substitutedhwa hydrogen bond acceptor group
(such as a nitrile) and hydroxyl in position 10 kcbbe not necessary for activity.
However it increased lactate production and itddbcell growth of 100% at 12 uM,
suggesting an action based on different mechanisms.
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Compound32, which presents the reverse lactone function coetpto UM6, did not
show enzymatic activity, revealing the importancé lactone position in the
tetrahydroxylated ring.
The lactone ring-opened anal88 showed a minimal activity on the enzyme, and has
not been evaluated for its cellular effects.
Importantly, UM7 B85) and Uro-E %4), with the same UM6 scaffold in which the
8,9,10-trihydroxybenzene moiety is substituted W& 0-dihydroxybenzene moiety,
resulted inactive. Even if it didn’t show enzymadictivity, UM7 was also tested in cell
assays as negative control, resulting inactiveoith Inhibition of lactate production and
cell growth.
Compound43, UM7 analog with the reverse lacton moiety, resultirgpahactive on
the enzyme, while its analogpb, which lacks a hydroxyl group, showed a minimal
activity on the enzymatic assay and poor activitgellular assays.
The reduced analogk, 49 did not show any activity, suggesting the impoctanf the
lacton function for this class of compounds.
Compound35 (phenantherene analog of UM&)owed good inhibition activity (62uM)
on the enzyme and in lactate production (75uM), édxex at concentration of gl
inhibited completely cell proliferation (100%), tleore suggesting an action based on
different mechanisms involving not only LDH-A as target. Derivative 50,
(phenanthrene analog of UM7) was less soluble &sglwas not determined, however
it resulted very poorly active on the enzyme (at 100pDH-A inhibition was 30%)
and also in cells, thus suggesting the relevancehef trildroxybenzene moiety
compared to the dihydroxy one, for the LDH-A inkiidon.

Overall, SAR suggest the following considenasidor this class of inhibitors:
- UMG6 benzopyranone scaffold has been confirmegbasl structure able to mimic GF
activity;
- key interactions of this class of inhibitor wittidH-A probably involve 8,9,10 and 3
hydroxyl groups, together with lactone functiorbiposition;
- substitutions in position 2 with small lipophiligoups are allowed.
Some aspects remains to be established, partiguiithe hydroxyl group in position
10 is necessary for the bioactivity, since it lagkglerivative31 that is active on the
enzyme, and if position 3 can be substituted witleohydrogen bond acceptor groups.

Docking studies are ongoing on the active madés by Computational chemistry

group to find the interactions with LDH-A and com@aheir putative binding mode
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with that of GF and other reference inhibitors. Jénestudies will allow a further
optimization of the active compounds toward morepbinhibitors.

Furthermore, cell uptake studies were perforimgedroups of Professors Giuseppina
Di Stefano and Laura Mercolini on the reference poumds GF and UM6, and on the
inactive compound UM7, to evaluate the ability loistclass of molecules to penetrate
cancer cells. Intracellular concentration of GF, &&hd UM7 were determined in Raji
cells by treating cells (100uM) for 1h and 4h, aftéich cell lysates were subjected to
LC-MS/MS analysis.

Significant amount of each compound were detectedhe intracellular fraction,
proving they exhibit good cell penetration. (Detadf this study will be published

elsewhere.)
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4. Conclusions

The main project of the present thesis focusechersynthesis of a series of structural
analogs of LDH-A inhibitor galloflavin GF, recenttliscovered by our group, with the
aim to assess its SAR and gain a deeper knowledldgleeokey interactions involved in
its binding to the target. Since the poor chemmgahipulability of GF did not allow an
easy access to synthesis of analogs, a structarpliication was performed which led
to the identification of a natural dibenzopyranom®lithin M6 (UM6). An efficient and
versatile synthetic procedure to obtain UM6 hasnbdeveloped and preliminary
biological test showed it reproduced GF’'s behaviomaking it a newhit suitable for
our investigations.

Initially, the synthetic route developed for UM6shaeen exploited for the synthesis of
a small library of UM6 structural analog26(33 35, 39, 50) bearing the same
dibenzopyranone scaffold or phenanthrene and byphsraffolds, proving to be a
convenient strategy in term of high yields, shedation times and versatility. Then a
small number of dibenzopyranone and dibenzopyraevatives 43, 46a-b, 47-49,
54), were obtained through some of the previouslhra procedures for urolithins
synthesis (Hurtley reaction and esterification/Heelaction), confirming the limited
versatility and the disadvantages of these prelyalesscribed methods.

Biological evaluation of the new derivatives allaves to assess SAR for this class of
compounds. We found that compounds that showedra@ble activity to GF and
UMBG6, both on the purified enzyme and in cellulasaas, present the tricyclic scaffold
and the 8,9,10-trimethoxybenzene moiety on A ri2@ 28, 29, 35). UM6 scaffold has
been confirmed as the best structure able to mificactivity, since dibenzopyranone
analogs resulted the most active compounds, whidéogs carrying different scaffolds
all showed low or no activity. Key interactions tbis class of inhibitor with LDH-A
probably involve 8,9,10 and 3 hydroxyl groups, tbge with lactone function in 6
position.

Moreover UM6 exhibited good cell penetration inlipnénary cell uptake studies, as
well as GF, predicting a desirable pharmacokingtafile for this class of compounds.
UM6 and the new active compounds are currently urideher investigations to a
deeper understanding of their pharmacokinetic ptagse and their evaluation as
glycolytic inhibitors.
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5. Experimental section

General methods

Reaction progress was monitored by TLC on pre-cbailéca gel plates (Kieselgel 60
F2s4, Merck) and visualized by UV254 light. Flash colunchromatography was
performed on silica gel (particle size 40-pBl, Merck) or C18-reversed phase fully
endcapped silica gel (particle size 40¢88, Sigma-Aldrich). If required, solvents were
distilled prior to use. All reagents were obtairfeain commercial sources and used
without further purification. When stated, reacBowere carried out under an inert
atmosphere. Reactions involving microwave irradiatiwvere performed using a
microwave synthesis system (CEM Disc&V/&P, 2.45 GHz, maximum power 300 W),
equipped with infrared temperature measurement. goomds were named relying on
the naming algorithm developed by CambridgeSoftpGation and used in Chem-
BioDraw Ultra 15.0H-NMR and**C-NMR spectra were recorded on Varian Gemini
at 400 MHz and 100 MHz respectively. Chemical shig) are reported relative to
TMS as internal standard. HPLC analysis (UM6) wadgymed under reversed-phase
conditions on a Phenomenex Jupiter C18 (150x4,6 Irbm column, using a binary
mixture of 0.1% formic acid in ¥D/methanol 60/40 (v/v) as mobile phase, UV
detection ak = 365 nm and a flow-rate of 0.8 mL/min. A loop walof 20 pL volume
was used. The liquid chromatograph was by Jascpdtation (Tokyo, Japan), model
PU-1585 UV.

Experimental procedures

Methyl 2-bromo-3,4,5-trimethoxybenzoate 21

o~ Commercially available methyl 3,4,5-trimethoxybeatz20 (10.2 g,

_0 Br

45.1 mmol, 1 eq) was dissolved in &N (0.1 M). The mixture was

o)
' o

added portionwise. The reaction was let warm umton temperature and then stirred
at rt for 3h. After TLC showed completion, 03 2M was added and the reaction

cooled to 0°C and N-bromosuccinimide (8.8 g, 4916ah) 1.1 eq) was

mixture was stirred for 5 minutes. @EN was evaporated in vacuum and the mixture

extracted 3 times with EtOAc. The combined orggoiases were dried over anhydrous

48



NaSQu, and the solvent evaporated in vacuum. The cruddugt was purified via

silica gel column chromatography (Petroleum etit€/A€ 95/5 ratio) to obtain the pure
product21 as a colourless viscous liquid which solidifieeeaktanding overnight (13.1
g, 42.8 mmol). Y= 95%H NMR (400MHz, CDC}) § 7.13 (s, 1H), 3.90 (s, 3H), 3.89
(s, 3H), 3.86 (s, 6H) ppm.

Methyl 2-bromo-3,5-dimethoxybenzoate 21b

o~ Commercially available methyl 3,5-dimethoxybenzo@e0 g, 25.5

o mmol, 1 eq), was dissolved in GEN (0.1 M). The mixture was cooled

? 5 to 0°C and N-bromosuccinimide (5.0 g, 28.1 mmal, 4q) was added
portionwise. The reaction was let warm up to roemperature and then stirred at rt for
3h. After TLC showed completion, b#&Os 2M was added and the reaction mixture
was stirred for 5 minutes. GBN was evaporated in vacuum and the mixture exddact
3 times with EtOAc. The combined organic phasesvdeied over anhydrous B&Oy,
and the solvent evaporated in vacuum. The cruddugtowas purified via silica gel
column chromatography (Petroleum ether/EtOAc 9&tY to obtain the pure product
21b as a colourless viscous liquid which solidifieeeastanding overnight (5.6 g, 20.4
mmol). Y= 88%.'H NMR (400MHz, CDC4) ) § 6.76 (d,J = 2.7 Hz, 1H), 6.54 (d] =
2.4 Hz, 1H), 3.89 (s, 3H), 3.84 (s, 3H), 3.78 (3) Bpm.

General Suzuki coupling procedure to obtain biphenly2-carboxylate derivatives
(23, 23a-h) (performed in pressure tube)

Methyl 2-bromobenzoate derivative1( 21a, 21b)(1.0 eq) were dissolved in 1,2-
dimethoxyethane (0.03 M), inside a pressure tubemi@ercially available
phenylboronic acid derivatives2Z, 22a-g (1.5 eq), kKPQs (2.0 eq) and
tetrakis(triphenylphosphine)palladium (0.1 eq) wadeled. The tubes were sealed, the
reactions were heated to 120 °C and stirred for. ZAre reaction mixtures was
transferred to round bottom flask and the solvemhaved in vacuum. The crude
products were purified via silica gel column chreoggaphy to obtain the pure

compound£3, 23a-h
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Methyl 4,4',5,6-tetramethoxybiphenyl-2-carboxylate23

The compound was obtained according to the genSteduki
coupling procedure starting from methyl 2-bromo;3;4
trimethoxybenzoate21 (800 mg, 2.62 mmol, 1.0 eq) and 4-

methoxyphenylboronic acid2 (598 mg, 3.93 mmol, 1.5 eq). The
crude product was purified via silica gel columnrachatography (Petroleum
ether/EtOAc 90/10 ratio) to obtain the pure prodasta colourless viscous liquid (714
mg, 2.15 mmol). Y= 82%H NMR (400 MHz, CDCJ) § 7.18 (s, 1H), 7.16 (d, J= 8.7
Hz, 2H), 6.91 (d, J= 8.7 Hz, 2H), 3.94 (s, 3H),13(8, 3H), 3.82 (s, 3H), 3.56 (s, 3H),
3.55 (s, 3H) ppm*C NMR (100 MHz, CDG) § 168.42, 158.61, 152.20, 151.72,
145.34, 130.51, 130.23, 128.84, 126.67, 116.02,7614.13.19, 108.88, 61.01, 60.93,
56.16, 55.17, 52.00 ppm.

Methyl 4,5,6-trimethoxybiphenyl-2-carboxylate 23a

The compound was obtained according to the geSeralki coupling
procedure starting from methyl 2-bromo-3,4,5-trintetybenzoate1

(600 mg, 1.97 mmol, 1.0 eq) and phenylboronic &2d (360 mg,
2.95 mmol, 1.5 eq). The crude product was purifieal flash silica gel column

chromatography (Petroleum ether/EtOAc 90/10 raiopbtain the pure product as a
colourless viscous liquid which solidified afterastiing overnight (488 mg, 1.62
mmol).Y= 826.*H NMR (400 MHz, CDCJ) § 7.40 — 7.30 (m, 3H), 7.24-7.22 (m, 3H),
3.95 (s, 3H), 3.93 (s, 3H), 3.57 (s, 3H), 3.53@) ppm.

Methyl 4,5,6-trimethoxy-[1,1":4',1"-terphenyl]-2-carboxylate 23b

The compoundvas obtained according to the general Suzuki
coupling procedure starting from methyl 2-bromo;3;4
trimethoxybenzoate21 (800 mg, 2.62 mmol, 1.0 eq) and
biphenyl-4-ylboronic aci@2b (778 mg, 3.93 mmol, 1.5 eq). The

crude product was purified via flash silica gel woh chromatography (Petroleum

ether/EtOAc 90/10 ratio) to obtain the pure procagt yellow viscous liquid (694 mg,
1.83 mmol). Y= 70%*H NMR (400 MHz, CDCY) & 7.69-7.63 (m, 4H), 7.46 (t, J = 7.5
Hz, 2H), 7.36 (d,J = 7.4 Hz, 1H), 7.32 (d] = 8.1 Hz, 2H), 7.25 (s, 1H), 3.98 (s, 3H),
3.95 (s, 3H), 3.62 (s, 3H), 3.57 (s, 3bPm.
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Methyl 3'-chloro-4,4',5,6-tetramethoxybiphenyl-2-caboxylate 23c
The compoundwas obtained according to the general Suzuki
coupling procedure starting from methyl 2-bromo;3.4

trimethoxybenzoate 21 (2.0 eq) and 3-chloro-4-

methoxyphenylboronic acid2c (733 mg, 3.93 mmol, 1.5 eq). The
crude product was purified via flash silica gelwoh chromatography (Petroleum
ether/EtOAc 95/5 ratio) to obtain the pure prodasta white solid (692 mg, 1.89
mmol). Y= 72%.'H NMR (400 MHz, CDCJ) § 7.26 (s, 1H), 7.20 (s, 1H), 7.09 (dd, J =
8.4, 1.9 Hz, 1H), 6.94 (d, J = 8.4 Hz, 1H), 3.943Md), 3.93 (s, 3H), 3.92 (s, 3H), 3.60
(s, 3H), 3.58 (s, 3H) ppm.

Methyl 3'-fluoro-4,4',5,6-tetramethoxybiphenyl-2-caboxylate 23d

The compoundwas obtained according to the general Suzuki
coupling procedure starting from methyl 2-bromo;3;4
trimethoxybenzoat2l (800 mg, 2.62 mmol, 1.0 eq) and 3-fluoro-4-

methoxyphenylboronic acid2d (668 mg, 3.93 mmol, 1.5 eq). The
crude product was purified via flash silica gelwoh chromatography (Petroleum

ether/EtOAc 95/5 ratio) to obtain the pure procast yellow oil (799 mg, 2.27 mmol).

Y= 87%.*H NMR (400 MHz, CDC}) § 7.19 (s, 1H), 7.02 — 6.91 (m, 3H), 3.94 (s, 3H),
3.92 (d, 6H), 3.60 (s, 3H), 3.58 (s, 3H) ppm.

Methyl 4,5,6-trimethoxy-4'-(trifluoromethyl)bipheny |-2-carboxylate 23e

cF; The compoundwas obtained according to the general Suzuki
coupling procedure starting from methyl 2-bromo;3;4
trimethoxybenzoate21 (800 mg, 2.62 mmol, 1.0 eq) and 4-

(trifluoromethyl)phenylboronic aci@2e (746 mg, 3.93 mmol, 1.5
eq). The crude product was purified via flash ailigel column chromatography
(Petroleum ether/EtOAc 95/5 ratio) to obtain theegoroduct as a white solid (922 mg,
2.49 mmol). Y= 95%*H NMR (400 MHz, CDCJ) 6 7.64 (d, J = 8.0 Hz, 2H), 7.35 (d, J
= 8.0 Hz, 2H), 7.28 (s, 1H), 3.96 (s, 3H), 3.953}4), 3.58 (s, 3H), 3.56 (s, 3H) ppm.
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Methyl 4'-cyano-4,5,6-trimethoxybiphenyl-2-carboxyhte 23f

cNn The compoundwas obtained according to the general Suzuki
coupling procedure starting from methyl 2-bromo;3;4
trimethoxybenzoate21 (800 mg, 2.62 mmol, 1.0 eq) and 4-

cyanophenylboronic aci@2f (578 mg, 3.93 mmol, 1.5 eq). The
crude product was purified via flash silica gelwoh chromatography (Petroleum
ether/EtOAc 95/5 ratio) to obtain the pure prodasta white solid (849 mg, 2.59
mmol). Y= 99%.'H NMR (400 MHz, CDCJ) § 7.67 (d, J = 8.4 Hz, 2H), 7.33 (d, J =
8.4 Hz, 2H), 7.30 (s, 1H), 3.96 (s, 3H), 3.95 (4) 3.58 (s, 3H), 3.57 (s, 3H) ppm.

Methyl 2',3",4,4'-tetramethoxy-[1,1'-biphenyl]-2-carboxylate 23g

The compoundwvas obtained according to the general Suzuki
O~ coupling procedure starting from commercially aabié methyl
2-bromo-3,4,5-trimethoxybenzoagdia (250 mg, 1.02 mmol, 1.0

O eq) and 2,3,4-trimethoxyphenylboronic ad@g (320 mg, 1.53

mmol, 1.5 eq). The crude product was purified viashH silica gel column
chromatography (Petroleum ether/EtOAc 95/5 rate)obtain the pure product as a
white solid (340 mg, 1.02 mmol). Y= 100%4 NMR (400 MHz, CDCJ) § 7.40 (d, J =
2.8 Hz, 1H), 7.24 (d, J = 8.5 Hz, 1H), 7.06 (d¢, 8.5, 2.8 Hz, 1H), 6.91 (d, J = 8.5 Hz,
1H), 6.70 (d, J = 8.5 Hz, 1H), 3.89 (d, J = 2.0 Bd), 3.87 (s, 3H), 3.67 (s, 3H), 3.53
(s, 3H) ppm.

Methyl 4,4',6-trimethoxybiphenyl-2-carboxylate 23h

The compound was obtained according to the genBraduki
coupling procedure starting from methyl 2-bromo-3,5
dimethoxybenzoate21b (800 mg, 2.91 mmol, 1.0 eq) and 4-
methoxyphenylboronic aci@2 (663 mg, 4.36 mmol, 1.5 eq). The

crude product was purified via silica gel columnrachatography (Petroleum
ether/EtOAc 95/5 ratio) to obtain the pure prodasta colourless viscous liquid (748
mg, 2.47 mmol). Y= 85%H NMR (400 MHz, CDC}) § 7.16 (d, J = 8.6 Hz, 2H), 6.91
(d, J =8.6 Hz, 2H), 6.86 (d, J = 2.3 Hz, 1H), 6(84J = 2.3 Hz, 1H), 3.87 (s, 3H), 3.83
(s, 3H), 3.73 (s, 3H), 3.56 (s, 3H) ppm.
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General procedure for ester hydrolysis: biphenyl-2carboxylate derivatives (23,
23a-h) to free biphenyl-2-carboxylic acid derivaties (24, 24a-h)and methyl-2-
bromobenzoates 21, 21b to free acids 40, 40b.

Esters23, 23a-h,21, 21bwere treated with a 1/1 mixture of 4M NaOH (10 egy
EtOH at 60 °C for 1-2h. After TLC showed absencestairting material the reaction
mixtures were treated with 37% HCI until acidic gine was added and the mixtures
were extracted 3 times with EtOAc. The combinedaarg phases were dried over
anhydrous Ng5Qy, and the solvent evaporated in vacuum to obtae rarboxylic

acids which were used in the next step withouhfrpurification.

4,4' 5,6-tetramethoxybiphenyl-2-carboxylic acid 24

CI) Methyl 4,4',5,6-tetramethoxybiphenyl-2-carboxyla28 (1590 mg,
4.78 mmol)was treated following the general procedure foerest
hydrolysis and gave free ack#l as a white solid1445 mg, 4.54
mmol). Y= 95% (crude)*H NMR (400 MHz, DMSO-d6p 12.48 (s,
1H), 7.12 (s, 1H), 7.10 (d, = 8.6 Hz, 2H), 6.91 (d] = 8.6 Hz, 2H), 3.85 (s, 3H), 3.82
(s, 3H), 3.78 (s, 3H), 3.46 (s, 3H) ppm.

4,5,6-trimethoxybiphenyl-2-carboxylic acid 24a

Methyl 4,5,6-trimethoxybiphenyl-2-carboxylat23a (340 mg, 1.12
mmol) was treated following the general procedoreskter hydrolysis
and gave24aas a white solid (320 mg, 1.11 mmol). Y= 99% (chude
'H NMR (400 MHz, DMSO-d6Y% 12.53 (br, OH), 7.36-7.29 (m, 3H), 7.19-7.17 (m,
3H), 3.87 (s, 3H), 3.82 (s, 3H), 3.47 (s, 3H) ppm.

4,5,6-trimethoxy-[1,1":4',1"-terphenyl]-2-carboxylic acid 24b
‘ Methyl 4,5,6-trimethoxy-[1,1":4',1"-terphenyl]-Zsdoxylate

23b (610 mg, 1.61 mmol) was treated following the gaher
procedure for ester hydrolysis and g&4b as a light yellow

I 0 solid (590 mg, 1.59 mmol). Y= 99% (cruded NMR(400
MHz, DMSO-d6)8 12.59 (br, OH), 7.73 — 7.71 (m, 2H), 7.66 Jd; 8.4 Hz, 2H), 7.48
(t, J=7.6 Hz, 2H), 7.37 (1) = 7.4 Hz, 1H), 7.27 (d] = 8.4 Hz, 2H), 7.19 (s, 1H), 3.88
(s, 3H), 3.84 (s, 3H), 3.52 (s, 3H) ppm.
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3'-chloro-4,4',5,6-tetramethoxybiphenyl-2-carboxylc acid 24c

Methyl 3'-chloro-4,4',5,6-tetramethoxybiphenyl-Xoaxylate 23c
(870 mg, 2.37 mmol) was treated following the gahprocedure for
ester hydrolysis and galc as a white solid (830mg, 2.35 mmol).
Y= 99% (crude)!H NMR (400 MHz, DMSO-d6)% 12.64 (br, OH),
7.20 (d, J = 1.7 Hz, 1H), 7.18 (s, 1H), 7.12 — 7(th] 2H), 3.88 (s, 3H), 3.87 (s, 3H),
3.83 (s, 3H), 3.50 (s, 3H) ppm.

3'-fluoro-4,4',5,6-tetramethoxybiphenyl-2-carboxylic acid 24d
F | Methyl 3'-fluoro-4,4'5,6-tetramethoxybiphenyl-2rcaxylate 23d
o

(800 mg, 2.28 mmol) was treated following the gahprocedure for

OH ester hydrolysis and gawa#d as a white solid (720 mg, 2.14 mmol).
! 0 Y= 93% (crude)*H NMR (400 MHz, DMSO-d6% 12.61 (br, OH),
7.17 (s, 1H), 7.13 (] = 8.8 Hz, 1H), 7.02 (dd} = 12.4, 2.0 Hz, 1H), 6.93-6.91 (m, 1H),

3.86 (s, 6H), 3.82 (s, 3H), 3.50 (s, 3H) ppm.

4,5,6-trimethoxy-4'-(trifluoromethyl)biphenyl-2-car boxylic acid 24e
cF;  Methyl 4,5,6-trimethoxy-4'-(trifluoromethyl)bipheh{-

carboxylate23e (1.15 g, 3.11 mmol) was treated following the

general procedure for ester hydrolysis and gaeas a white solid
(1.11 g, 3.11 mmol). Y= 100% (crude’H NMR (400 MHz,
DMSO-d6)s 12.68 (br, OH), 7.71 (d, J = 8.0 Hz, 2H), 7.41Jd&; 8.0 Hz, 2H), 7.27 (s,
1H), 3.89 (s, 3H), 3.84 (s, 3H), 3.51 (s, 3H) ppm.

4'-cyano-4,5,6-trimethoxybiphenyl-2-carboxylic acid24f

CN  Methyl 4'-cyano-4,5,6-trimethoxybiphenyl-2-carboatd 23f (940
mg, 2.87 mmol) was treated following the generacpdure for
ester hydrolysis and gave4f as a white solid (910 mg, 2.90
mmol). Y= 101% (crude}H NMR (400 MHz, DMSO-d6) 12.62

(br, OH), 7.97 (s, 1H), 7.85-7.80 (m, 2H), 7.25.227(m, 2H), 3.88 (s, 3H), 3.84 (s,

3H), 3.50 (s, 3H) ppm.
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2',3',4,4'-tetramethoxy-[1,1'-biphenyl]-2-carboxylic acid 24g

Methyl 2',3',4,4'-tetramethoxy-[1,1'-biphenyl]-2rbaxylate 23g
O~ (350 mg, 1.05 mmol) was treated following the gahprocedure
for ester hydrolysis o and gavdgas a white solid (300 mg, 0.94
mmol). Y= 90% (crude}*H NMR (401 MHz, Methanotk) § 7.39
(d,J = 2.7 Hz, 1H), 7.23 (d] = 8.5, 1H), 7.11 (dd] = 8.5, 2.8 Hz, 1H), 6.90 (d,= 8.5

Hz, 1H), 6.79 (d,) = 8.6 Hz, 1H), 3.87 (s, 6H), 3.83 (s, 3H), 3.523(d) ppm.

4,4' 6-trimethoxybiphenyl-2-carboxylic acid 24h

(I) Methyl 4,4'6-trimethoxybiphenyl-2-carboxylag3h (600 mg, 1.81
mmol) was treated following the general procedure forerest
hydrolysis and gav@4h as a white solid548 mg, 1.72 mmol)Y=

! © 95% (crude)H NMR (400 MHz, DMSO-d6p 12.54 (br, OH), 7.06

(d,J = 8.8 Hz, 2H), 6.87 (d]) = 8.8 Hz, 2H), 6.74-6.73 (m, 2H), 3.81 (s, 3H)B3(s,

3H), 3.67 (s, 3H) ppm.

2-bromo-3,4,5-trimethoxybenzoic acid 40
o~ The compound was obtained starting fronethyl 2-bromo-3,4,5-
/O:©%B(r trimethoxybenzoate21 following the general procedure for ester
hydrolysis as a white soli= 95%.'H NMR (400 MHz, DMSO-d6)
6 13.39 (s, OH), 7.17 (s, 1H), 3.83 (s, 3H), 3.813(3), 3.78 (s, 3H)
ppm.

2-bromo-3,5-dimethoxybenzoic acid 40b
o~ The compound was obtained starting from methyl dvw-3,5-

Br dimethoxybenzoate21b following the general procedure for ester

OH _ . .
0 hydrolysis as a white solid. Y= 97 %4 NMR (400 MHz, DMSO-d6)
§ 13.37 (s, OH), 6.77 (d = 2.5 Hz, 2H), 3.87 (s, 3H), 3.81 (s, 3H)

ppm.
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3,8,9,10-tetramethoxy-6H-benzo[c]chromen-6-one 25

Route A.4,4'5,6-tetramethoxybiphenyl-2-carboxylic add was

added 50 mL of a 1/1 #@/CHCN mixture. kS0g (3880 mg,

14.353 mmol, 3.0 equiv) and AgN(81 mg, 0.478 mmol, 0.1
equiv) were added and the reaction was stirredO&€ Gor 48h.

CH3CN was evaporated in vacuum and the mixture exda8ttimes with EtOAc. The
combined organic phases were dried over anhydroesSQ, and the solvent
evaporated in vacuum. The crude product was pdrifiga silica gel column
chromatography (Petroleum ether/EtOAc 85/15 ratodbtain the pure product as an
off white solid (yield 30%).

Route B.To a solution of 4,4',5,6-tetramethoxybiphenyl-2bzylic acid24 (540 mg,
1.70 mmol) in CICHCH.CI (18 mL) was added N-iodosuccinimide (950 mg,44.2
mmol, 2.5 eq) in one portion and the mixture waatéeé to 75 °C for 3 h. After
completion of the reaction, EtOAc (35 mL) was addad the mixture was washed with
sat. NaS0s (20 mL), then with HO (2 x 20 mL). The organic layer was dried over
anhydrous N£50Qy and concentrated in vacuo. The crude product wefiqul via silica
gel column chromatography (Petroleum ether/EtOAL8Pto obtain the pure product
as an off white solid (yield 69%).

'H NMR: (400MHz, CDC}) & 8.74 (d, J = 8.0, 1H), 7.72 (s, 1H), 6.91-6.86 DH),
4.04 (s, 3H), 3.99 (s, 3H), 3.96 (s, 3H), 3.883(3) ppm;**C NMR (100 MHz, CDGJ)

6 161.50, 160.44, 153.10, 151.96, 150.62, 127.78.48Q 116.26, 112.26, 110.81,
110.18, 108.29, 101.67, 61.33, 60.61, 56.41, 5ppia.

General procedure Route B) to obtain 6H-benzo[c]chromen-6-one derivatives
(25a-h)

To a solution of biphenyl-2-carboxylic acigd4a-h) in CICHCHCI (0.1 M) was added
N-iodosuccinimide (2.5 eq) in one portion and thetome was heated to 75 °C for 3 h.
After completion of the reaction, EtOAc was added #he mixture was washed with
sat. NaS,0s then with HO. The organic layer was dried over anhydrousS@a and
concentrated in vacuo. The crude products was iedrivia silica gel column
chromatography to obtain pure 6H-benzo[c]chromemés R5a-h).
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8,9,10-trimethoxy-6H-benzo[c]chromen-6-one 25a

The compound was obtained according to the genamtedure
(Route B starting from4,5,6 trimethoxybiphenyl-2-carboxylic acid
24a (240 mg, 0.83 mmol, 1 eq). The crude product masfied via
flash silica gel column chromatography (PetroleuhreéEtOAc 90/10 ratio) to obtain
the pure product as a white solid (190 mg, 0.66 thme= 80% *H NMR (400 MHz,
CDCl) 6 8.85 (d,J=8.2 Hz, 1H), 7.77 (s, 1H), 7.44 {t= 7.7 Hz, 1H), 7.39 — 7.28 (m,
2H), 4.04 (s, 3H), 4.00 (s, 3H), 3.99 (s, 3H) ppm.

8,9,10-trimethoxy-3-phenyl-6H-benzo[c]chromen-6-on&5b

O The compoundvas obtained according to the general procedure
(Route B starting from 4,5,6-trimethoxy-[1,1":4",1"-tegatyl]-2-
carboxylic acid24b (560mg, 1.48 mmol, 1 eg)he crude product

I 0 was purified via flash silica gel column chromatggny
(Petroleum ether/EtOAc 90/10 ratio) to obtain tlheepproduct as a light yellow solid
(510 mg, 1.41 mmol). Y= 95%H NMR (400 MHz, CDCJ) 5 8.89 (d, J = 8.7 Hz, 1H),
7.78 (s, 1H), 7.70 — 7.64 (m, 2H), 7.62 — 7.552#), 7.49 (t, J = 7.5 Hz, 2H), 7.41 (t, J
= 7.5 Hz, 1H), 4.06 (s, 3H), 4.02 (s, 6H) ppm.

2-chloro-3,8,9,10-tetramethoxy-6H-benzo[c]chromen-6ne 25c¢

¢l | The compoundwas obtained according to the general procedure
° (Route B starting from 3'-chloro-4,4',5,6-tetramethoxyleplyl-2-
carboxylic acid24c (830 mg, 2.35 mmol, 1 eqgJhe crude product

was purified via flash silica gel column chromagggny (Petroleum
ether/EtOAc 90/10 ratio) to obtain the pure prodastin off white solid (520 mg, 1.48
mmol). Y= 63%.H NMR (400 MHz, CDCJ) § 8.85 (s, 1H), 7.71 (s, 1H), 6.90 (s, 1H),
4.04 (s, 3H), 3.99 (s, 6H), 3.96 (s, 3H) ppm.

2-fluoro-3,8,9,10-tetramethoxy-6H-benzo[c]chromen-®ne 25d
The compoundvas obtained according to the general procedure
h (Route B starting from 3'-fluoro-4,4',5,6-tetramethoxybgtyl-2-
carboxylic acid24d (705 mg, 2.10 mmol, 1 egyhe crude product
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was purified via flash silica gel column chromatmgny (Petroleum ether/EtOAc 90/10
ratio) to obtain the pure product as an off whikds(351 mg, 1.05 mmol). Y= 50%H
NMR (400 MHz, CDC¥)  8.56 (d,J = 13.8 Hz, 1H), 7.72 (s, 1H), 6.93 (= 7.7 Hz,
1H), 4.03 (s, 3H), 3.99 (s, 6H), 3.96 (s, 3H) ppm.

8,9,10-trimethoxy-3-(trifluoromethyl)-6H-benzo[c]chromen-6-one 25e
CF; The compoundwvas obtained according to the general procedure

(Route B starting from 4,5,6-trimethoxy-4'-

(trifluoromethyl)biphenyl-2-carboxylic aci®?4e (670 mg, 1.88
mmol, 1 eq). The crude product was purified visslilssilica gel
column chromatography (Petroleum ether/EtOAc 904tid) to obtain the pure product
as a light yellow solid (460 mg, 1.30 mmol). Y= 69% NMR (400 MHz, CDCJ) §
8.99 (d,J = 8.6 Hz, 1H), 7.78 (s, 1H), 7.60 (s, 1H), 7.56 ¢ 8.6 Hz, 1H), 4.05 (s,
3H), 4.02 (s, 3H), 4.01 (s, 3H) ppm.

8,9,10-trimethoxy-6-oxo0-6H-benzo[c]chromene-3-carbutrile 25f
N The compoundvas obtained according to the general procedure
(Route B starting from 4'-cyano-4,5,6-trimethoxybiphenyl-2

carboxylic acid 24f (300 mg, 0.96 mmol, 1 eq). The crude

product was purified via flash silica gel columrrainatography
(Petroleum ether/EtOAc 85/15 ratio) to obtain theepproduct as a white solid (100
mg, 0.32 mmol). Y= 33%H NMR (400 MHz, CDC) § 8.97 (d, J = 8.5 Hz, 1H), 7.77
(s, 1H), 7.61 (s, 1H), 7.56 (d, J = 8.5 Hz, 1HPH(s, 3H), 4.03 (s, 3H), 4.01 (s, 3H)
ppm.

1,2,3,8-tetramethoxy-6H-benzo[c]chromen-6-one 25¢g
The compoundvas obtained according to the general procedure
o (Route B starting from 2',3',4,4'-tetramethoxy-[1,1'-biplyg-2-
carboxylic acid24g (290 mg, 0.91 mmol, 1 eq). The crude
product was purified via flash silica gel colummramnatography
(Petroleum ether/EtOAc 90/10 ratio) to obtain thueepproduct
as a white solid (70 mg, 0.22 mmol). Y= 24%. (inipes detectedfH NMR (401
MHz, Chloroform-d)s 8.78 (d, J = 9.2 Hz, 1H), 7.80 (d, J = 2.9 Hz, TH}4 (dd, J =
9.1, 3.0 Hz, 1H)6.70 (s, 1H)3.90 (m, 9H), 3.88 (s, 3H) ppm.
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3,8,10-trimethoxy-6H-benzo[c]chromen-6-one 25h

(I) The compound was obtained according to the gena@tedure
(Route B startingfrom 4,4',6-trimethoxybiphenyl-2-carboxylic acid
24h (300 mg, 1.04 mmol, 1 eq). The crude product wasipd via

| 0 flash silica gel column chromatography (PetroleuhegEtOAc 95/5

ratio) to obtain the pure product as a white s(li@6 mg, 0.37 mmol). Y= 36 %'H
NMR (400 MHz, CDC}) 6 8.75 (d, J = 9.9 Hz, 1H), 7.47 (d, J = 2.4 Hz, 16189 —
6.79 (m, 3H), 4.01 (s, 3H), 3.92 (s, 3H), 3.873(3) ppm.

General procedure to obtain biphenyl-2-carbaldehydelerivatives 36, 51

Step 1)Biphenyl-2-carboxylate derivative23, 23 were dissolved in dry DCM (0.2
M) and the mixtures were cooled to 0 °C. Diisobaityminum hydride (DIBAL) 1.0 M
in hexane (4.2 eq) was added dropwise. The reantigtures were then stirred for 3h
at rt. O and DCM were added and the mixtures were filtet@dremove the
precipitate. The phases were separated and theagpbase was extracted with DCM.
The combined organic phase was dried over anhydiM&$Q; and the solvent
evaporated in vacuum. The crude products wereiedrés indicated to obtain the pure
biphenyl alcohol intermediat@d’, 23h’).

Step 2)Alcohol intermediate23’, 23h’ were dissolved in C¥Cl> (0.1 M). PCC (1.5 eq)
was added and the reactions were stirred at roompderature for 4 hours. The reaction
mixtures were filtered on celite and the solverapsrated to yield the crude products

36, 51 which were purified as indicated.

(4,4',5,6-tetramethoxybiphenyl-2-yl)methanol 23’
o O« The compoundvas obtained according to the general procedure
O (step 1) starting from methyl 4,4',5,6-tetramethoxybiphenyl-2-
o) carboxylate23 (650 mg, 1.96 mmol, 1 eq). The crude product was
purified via flash silica gel column chromatograp{®etroleum
ether/EtOAc 80/20 ratio) to obtain the pure prodagt light brown viscous liquid (435
mg, 1.43 mmol, 1 eq). Y= 73%4 NMR (400 MHz, CDG) § 7.18 (d,J = 8.3 Hz, 2H),
6.96 (d,J = 8.4 Hz, 2H), 6.89 (s, 1H), 4.41 (s, 2H), 3.923H), 3.90 (s, 3H), 3.85 (s,
3H), 3.60 (s, 3H) ppm.
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4,4'5,6-tetramethoxybiphenyl-2-carbaldehyde 36

O The compoundvas obtained according to the general procedure
(step 2) starting from (4,4',5,6-tetramethoxybiphenyl-2-
yl)methanol23’ (359 mg, 1.18 mmol, 1 eq). The crude product

was used in the next step without further purifmat(207 mg,
0.68 mmol). Y= 58%'H NMR (400 MHz, CDCJ) § 9.66 (s, 1H), 7.33 (s, 1H), 7.23 (d,
J =8.5 Hz, 2H), 6.99-6.93 (m, 2H), 3.98 (s, 3HY33(s, 3H), 3.85 (s, 3H), 3.57 (s, 3H)
ppm.

(4,4',6-trimethoxybiphenyl-2-yl)methanol 23h’

o~ O O\ The compoundwvas obtained according to the general procedure

O I

| OH

(step 1) starting from methyl 4,4'6-trimethoxybiphenyl-2-
carboxylate23h (520 mg, 1.71 mmol, 1 eq). The crude product was
purified via flash silica gel column chromatograp{®etroleum
ether/EtOAc 80/20 ratio) to obtain the pure prodasta white solid (352 mg, 1.28
mmol). Y= 75%.'H NMR (400 MHz, CDCY) § 7.15 (d, J = 8.4 Hz, 2H), 6.95 (d, J =
8.5 Hz, 2H), 6.72 (d, J = 2.3 Hz, 1H), 6.49 (d, 2.3 Hz, 1H), 4.42 (d, J = 5.3 Hz, 2H),
3.87 (s, 3H), 3.84 (s, 3H), 3.71 (s, 3H) ppm.

4.,4' 6-trimethoxybiphenyl-2-carbaldehyde 51
O.. The compoundvas obtained according to the general procedure
(step 9 starting from (4,4',6-trimethoxybiphenyl-2-yl)nhainol
23h’ (350 mg, 1.28 mmol, 1 eq). The crude product wasipd
via flash silica gel column chromatography (Petiale
ether/EtOAc 90/10 ratio) to obtain the p&# as a white solid (320 mg, 1.17 mmol).
Y=92%.'H NMR (400 MHz, CDC4) 6 9.73 (s, 1H), 7.22 (d} = 8.8 Hz, 2H), 7.09 (d,
J=2.5Hz, 1H), 6.97 (d] = 8.8 Hz, 2H), 6.75 (d] = 2.5 Hz, 1H), 3.90 (s, 3H), 3.86 (s,
3H), 3.77 (s, 3H) ppm.

General Wittig procedure to obtain (2-methoxyvinylpiphenyl derivatives (37, 52)
(Methoxymethyl)triphenylphosphonium chloride (1 &as dissolved in dry THF (0.3
M) and the mixture was cooled to 0°C under inariagphere. LIHMDS 1.0 M in THF
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(2 eq) was slowly added and the reaction was dtifog 10 minutes. Biphenyl-2-
carbaldehyde derivativ€36, 5) (1.0 eq) was dissolved in dry THF (0.2 M) in a
separate flask and the solution was added slowthdéaeaction mixture. The reaction
was warmed to room temperature and stirred for dr.hbbO was added and the
mixture was extracted 3 times with EtOAc. The cameli organic phases were dried
over anhydrous N&Qu, and the solvent evaporated in vacuum. The crudéugt was
purified via silica gel column chromatography taab the pure producB{, 52) as a

mixture of E/Z isomers.

2,3,4,4'-tetramethoxy-6-(2-methoxyvinyl)biphenyl 37
(@)
0 O procedure starting from  4,4'5,6-tetramethoxybiphea
<|3 o~ carbaldehyde36 (207 mg, 0.69 mmol, 1 eq).The crude product
was purified via silica gel column chromatograpRetfoleum ether/EtOAc 90/10 ratio)

~ ‘ o The compoundwas obtained according to the general Wittig

to obtain the pure product as a colourless vistigugd (128 mg, 0.39 mmol). Y= 56%
(60/40 mixture of E/Z isomers)H NMR (400 MHz, CDCJ) § 7.53 (s, 1H), 7.18-7.15
(m, 2H), 6.94 (d,J = 8.6 Hz, 2H), 6.80 (d] = 12.9 Hz, 1H, trans), 6.70 (s, 1H), 5.97 (d,
J=7.2 Hz, 1H, cis), 5.52 (d,= 12.9 Hz, 1H, trans), 4.92 (d= 7.2 Hz, 1H, cis), 3.91
(s, 3H), 3.89 (s, 3H), 3.85 (s, 3H), 3.74 (s, 03K 3.57 (s, 0.60x3H), 3.56 (s,
0.40x3H), 3.48 (s, 0.60x3H) ppm.

2,4,4'-trimethoxy-6-(2-methoxyvinyl)biphenyl 52
o 0. The compoundwas obtained according to the general Wittig
) procedure starting from 4,4',6-trimethoxybiphenytébaldehyde
Q 0 51 (210 mg, 0.77 mmol, 1 eq). The crude product waifipd via
silica gel column chromatography (Petroleum eth€@A€ 90/10 ratio) to obtain the
pure product as a colourless viscous liqui00 mg, 0.66 mmol). Y= 86% (50 /50
mixture of E/Z isomers)*H NMR (400 MHz, CDCJ) § 7.40 (d, J = 2.3 Hz, 1H), 7.21-
7.17 (m, 4H), 6.99-6.91 (m, 4H), 6.93 (d, J = 184 1H, trans), 6.60 (d, J = 2.2 Hz,
1H), 6.45-6.43 (m, 2H), 6.02 (d, J = 7.3 Hz, 1H)cb.58 (d, J = 12.9 Hz, 1H, trans),

4.99 (d, J = 7.3 Hz, 1H, cis), 3.88 (s, 3H), 3.8/3H), 3.86 (d, 6H), 3.75 (s, 3H), 3.72
(s, 3H), 3.71 (s, 3H), 3.50 (s, 3H) ppm.
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General Bismuth-cyclisation procedure to obtain metoxy-protected phenantrene
derivatives (38, 53)

(2-methoxyvinyl)biphenyl derivatives(37, 53 (1 eq) was dissolved in 1,2-
dichloroethane  (0.1-0.2 M) under nitrogen  atmospher Bismuth(lll)
trifluoromethanesulfonate (0.05 eq) was added #&mdréaction was stirred at room
temperature for 30 minutes. After TLC showed futingersion, the solvent was
evaporated. The crude product was purified viaaifjel column chromatography to

obtain the pure products.

2,3,4,7-tetramethoxyphenanthrene 38
o 0. The compoundvas obtained according to the general Bismuth-
/O cyclization procedure starting from 2,3,4,4'-tetedlhoxy-6-(2-
? methoxyvinyl)-1,1'-biphenyB7 (127 mg, 0.38 mmol, 1 eq). The
crude product was purified via silica gel columnrachatography (Petroleum
ether/EtOAc 95/5 ratio) to obtain the pure procagt white solid (74 mg, 0.25 mmol).

Y= 65%.H NMR (400 MHz, CDCJ) § 9.40 (d, J = 9.2 Hz, 1H), 7.57 (s, 2H), 7.27 —
7.19 (m, 2H), 7.06 (s, 1H), 4.02 (s, 3H), 4.001¢), 3.99 (s, 3H), 3.94 (s, 3H) ppm.

2,4, 7-trimethoxyphenanthrene 53
o 0. The compoundwas obtained according to the general Bismuth-

cyclization procedure starting from 2,4,4'-trimetir-(2-
? methoxyvinyl)biphenyl52 (200 mg, 0.66 mmol, 1 eq). The crude
product was purified via silica gel column chrongaaphy (Petroleum ether/EtOAC
95/5 ratio) to obtain the pure product as a while&lg140 mg, 0.52 mmol). Y= 78%H
NMR (400 MHz, CDC4) 6 9.54 — 9.44 (m, 1H), 7.68-7.61 (m, 2H), 7.29-7(@6 2H),
6.90 (d, J = 2.5 Hz, 1H), 6.79 (d, J = 2.5 Hz, 1H)0 (s, 3H), 3.97 (s, 3H), 3.96 (s, 3H)
ppm.

General procedure of Hurtley condensation for the ynthesis of benzocoumarins
42, 42h 46a, 46b.

Commercially available phenol derivatives (resaotihl or phloroglucinol45) (2 eq)
and 2-bromobenzoic acid derivativd®, 40b (synthesized by us)r commercially

available 2-bromo-Bnethoxybenzoic acidli4a and 2-bromobenzoic aciddb (1 eq)
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were added to a 4 M NaOH solution (2 eq) and heategD °C for 30 min under N
atmosphere. Aq. CuSQ1L0% (0.1 eq) was added dropwise to the hot reactiod
heating was continued at 95 °C for 3 h. The reactiuxture was cooled to room
temperature. The precipitate was filtered off, veamktwith water and dried under

vacuum.

3-hydroxy-8,9,10-trimethoxy-6H-benzo|[c]chromen-6-oa 42

o+ According to the general procedure of Hurtley caorsdgion, 2-
bromo-3,4,5-trimethoxybenzoic acidiO (1 g, 3.44 mmol, 1 eq)
and resorcinoftl (758 mg, 6.88 mmol, 2 eq) affordd@ (140 mg,
0.47 mmol) as an off-white solid. Y= 14%4 NMR (401 MHz,

DMSO-ts) 6 10.28 (s, 1H), 8.58 (d, = 9.0 Hz, 1H), 7.58 (s, 1H), 6.83 (dilz 9.0, 2.6

Hz, 1H), 6.73 (dJ = 2.5 Hz, 1H), 3.93 (s, 5H), 3.89 (s, 3H)ppm.

3-hydroxy-8,10-dimethoxy-6H-benzo[c]chromen-6-one2b

on According to the general procedure of Hurtley caorsdgion, 2-
bromo-3,5-dimethoxybenzoic actbb (960 mg, 3.52 mmol,1 eq)
and resorcinod41 (776 mg, 7.05 mmol, 2 eq) affordeé®b as a
yellow-green powder (3thg, 0.11 mmol). (Y= 3%)H NMR (401

MHz, DMSO-dg) 6 8.66 (d,J = 8.6 Hz, 1H), 7.33 (d) = 2.5 Hz, 1H), 7.12 (d] = 2.5

Hz, 1H), 6.74-6.69 (m, 2H), 4.03 (s, 3H), 3.903d) ppm.

1,3-dihydroxy-8-methoxy-6H-benzo[c]chromen-6-one 4644
HO on According to the general procedure of Hurtley carghtion, 2-

‘ bromo-5-methoxybenzoic acid44a (1.0 g, 4 mmol, 1 eq) and
o O © phloroglucinol45 (1.09 g, 8.66 mmol, 2 eq) afforded proddéga

© as an off-white solid (700mg, mmol).Y= 68%4 NMR (400
MHz, DMSO-ds) § 10.81 (br, OH), 10.03 (br, OH), 8.90 (d, J = 92 #H), 7.62 (d, J =
2.7 Hz, 1H), 7.44 (dd, J = 9.2, 2.9 Hz, 1H), 6.89 = 2.1 Hz, 1H), 6.26 (d, J = 2.1 Hz,
1H), 3.87 (s, 3H) ppm+3C NMR (100 MHz, DMSO-d6p 160.6, 158.3, 157.3, 156.8,
152.4,128.8, 127.7, 123.2, 119.7, 110.9, 99.§,,981.9, 55.40 ppm.
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1,3-dihydroxy-6H-benzo[c]chromen-6-one 4612
HO OH According to the general procedure of Hurtley corsdg¢ion, 2-
O O bromobenzoic acid44b (2.01 g, 10 mmol, 1 eq) and phloroglucinol
© 45 (2.52 g, 20 mmol, 2 eq) produ#bb as an off-white solid (1.89 g,
© 8.3 mmol). Y= 83 %IH NMR (400 MHz, DMSO-d6)5 10.90 (s,
OH), 10.14 (s, OH), 8.96 (d, J = 8.4 Hz, 1H), 8(d9J = 7.9 Hz, 1H), 7.83 (t, J = 7.8
Hz, 1H), 7.49 (t, J = 7.6 Hz, 1H), 6.43 — 6.37 (th), 6.28 — 6.23 (m, 1H) ppm3C
NMR (100 MHz, DMSO-d6)% 160.7, 159.2, 157.6, 153.3, 135.4, 134.9, 1298,3]
125.8, 118.4, 99.8, 98.6, 95.1 ppm.

2, 3 dimethoxyphenol 55
~o To a mixture of 30% kD> (2.02 mL, 19.8 mmol, 2.2 eq) of and boric
O~ acid (2.78 g, 45.0 mmol, 5 eq) in 30mL THF was ad@£9 mL of
sulfuric acid. The mixture was stirred a t rt f@ ®&in and a solution of
2,3-dimethoxybenzaldehyde (1.5 g, 9.0 mmol, 1 eglOmL THF was added. The
mixture was heated to 50 °C for 24h, quenched satiured NaHC®and filtered. The

filtrate was extracted with ED and the combined organic extracts were dried over

HO

NaSQs and concentrated in vacuo. Purification by coldtash chromatography (EtPet
85/EtOAc 15) afforded 1.2g (7.65 mmol) of produstite powder (Y= 85%)H
NMR (401 MHz, Chlorofornd) & 6.93 (t,J = 8.3 Hz, 1H), 6.60 (dd] = 8.2, 1.4 Hz,
1H), 6.48 (dd,) = 8.3, 1.4 Hz, 1H), 5.79 (s, 1H), 3.90 (s, 3HB63(s, 3H) ppm.

2,3-dimethoxyphenyl 2-bromo-3,5-dimethoxybenzoatetb
P (I) Oxalyl chloride (0.13mL, 1.49mmol, 1.1 eq) and DNIF drop,

? Q: cat) were added to a 0 °C suspension of 2-bromo-3,5
- o | dimethoxybenzoic acidOb (355mg, 1.36mmol, 1 eq) in CBI:

Br O (2.5mL). The reaction mixture was stirred for 5nah0 °C and
then for 16h at rt. The reaction mixture was cotre¢ed under reduced pression. The
resulting oil was solubilized in Gl (1.20mL) and cooled to 0 °C. 2,3
dimethoxyphenol55 (230mg, 1.49 mmol, 1.1 eq) and trimethylamine (Q.3r2.03
mmol, 1.5 eq) were added and the mixture was dtioe 5min. Acetonitrile (1.20 mL)
was finally added and the resulting mixture wasedi at rt for 16h. The reaction was
quenched with a satured solution of ammonium otioend the layers were separated.

The aqueous phase was extracted withh@and the combined organic layers were
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dried over NaSQ: and concentrated in vacuo. Purification by colurflash
chromatography (EtPet 92/EtOAc 8) afforded 400m@XInmol) of product as white
powder (Y= 75%)H NMR (401 MHz, Chlorofornd) & 7.12 — 7.04 (m, 2H), 6.87 (d,
= 1.2 Hz, 1H), 6.85 (d) = 1.2 Hz, 1H), 6.66 (dd] = 2.8, 1.2 Hz, 1H), 3.92 (s, 3H),
3.90 (s 3H), 3.88 (s, 3H), 3.87 (s, 3H) ppm.

3,4,8,10-tetramethoxy-6H-benzo[c]chromen-6-one 57

Sodium acetate (180mg, 2.22mmol, 2eq), S-Phos (45mg
0.11mmol, 0.1 eq) and Pd(OAqR4mg, 0.11mmol, 0.1 eq) were
O added to a solution of 2,3-dimethoxyphenyl 2-bredy®-

O_

dimethoxybenzoate56 (440 mg, 1.11mmol, 1leq) in dry
dimethylacetamide (DMA) (20mL) under inert atmosghelrhe reaction mixture was
stirred at 130 °C for 3 days. The reaction was ghed by addition of water and the
mixture extracted with C¥Cl> and the combined organic layers were dried oveSRa
and concentrated under reduced pressure. The rieigpaddMA was eliminated by
distillation under reduced pressure. The crude vals purified by column flash
chromatography (DCM 99.5/MeOH 0.5) afforded 50mgL§0mmol) of product as
yellow powder (Y= 14%) (Starting material recoverEtD mg).*H NMR (401 MHz,
Chloroformd) 6 8.55 (d,J = 9.3 Hz, 1H), 7.48 (d] = 2.6 Hz, 1H), 6.88 — 6.86 (m, 1H),
6.85 (s, 1H), 4.00 (s, 3H), 4.00 (s, 3H), 3.953@), 3.92 (s, 3H) ppm.

General demethylation procedure to obtain the finaldeprotected UM6 (19), 26-33,
35, 39, 43, 50, 54

O-Methoxy protected compound was dissolved in d§MD(0.03-0.09 M) in a flame
dried flask and the mixture was cooled to -78°Cr8BOM in DCM (2 eq per methoxy
group) was slowly added dropwise. The reaction agarm up to room temperature
and stirred for 24-48h. MeOH was added and theeslwas removed in vacuum. The

crude products were purified as specified.

3,8,9,10-tetrahydroxy-6H-benzo[c]chromen-6-one 19JM6)
o oH The compound was obtained starting from 3,8,9, ifa+igethoxy-
HO O O 6H-benzo[c]chromen-6-on25 (105 mg, 0.332 mmol, 1.0 equiv),
O
HO

0
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following the general demethylation procedure. €hede product was purified via C18
silica gel reverse phase column chromatograpk®@(MeOH/HCOOH elution gradient
from a 70/30/0.1 ratio to a 30/70/0.1 ratio) toadbtthe product in a mixture with a
minor dark impurity not detectable using NMR, whiglas removed washing the
product with small amounts of MeOH, yielding therggicompound as a grey solid
(yield 58%).

The product was also obtained starting from 3-hygh®9,10-trimethoxy-6H-
benzo[c]chromen-6-onet2 (130 mg, 0.43 mmol, 1 eq), following the general
demethylation procedure. The crude product wasfipdrias previously described, to
obtain the pure product with Y= 38%.

'H NMR (400 MHz, DMSO-d6) 10.21 (s, OH, exchange with,®), 9.97 (s, OH,
exchange with BD), 9.93 (s, OH, exchange with,®), 9.51 (s, OH, exchange with
D-20), 8.80 (d, J =9 Hz, 1 H), 7.28 (s, 1H), 6.75,(@d 2.2, 9.0 Hz, 1 H), 6.67 (d, J =
1.8 Hz, 1 H) ppm*3C NMR (100 MHz, DMSO-d6p 160.74, 157.30, 150.68, 145.27,
142.52, 140.30, 128.02, 116.00, 112.01, 110.63,2B1A06.82, 102.57 ppm; MS (ES):
m/z 261 [M + HJ, 283 [M + NaJ. HPLC & = 4.76 min, purity> 99.5%.

8,9,10-trihydroxy-6H-benzo[c]chromen-6-one 26

OH The compound was obtained starting from 8,9,10€toxy-6H-
"o O benzo[c]chromen-6-on25a (100 mg, 0.35 mmol, 1 eq), following the
HO ° general demethylation procedure. The crude prodast purified via
C18 silica gel reverse phase column chromatogrgpt?@/MeOH/HCOOH elution
gradient from a 70/30/0.1 ratio to a 30/70/0.1ajato obtain an off white solid (74 mg,
0.30 mmol). Y= 87%!H NMR (400 MHz, DMSO-d6)5 10.40 (br, OH), 10.03 (br,
OH), 9.74 (br, OH), 9.01 (d, J = 7.7 Hz, 1H), 7-4%.23 (m, 4H) ppm:3C NMR (100
MHz, DMSO-d6)d 160.42, 149.28, 146.38, 143.78, 140.25, 127.88,812 124.02,
118.59, 116.46, 114.78, 112.11, 107.16 ppm; MS:(E®} 245 [M + HJ, 267 [M +
Na]".

8,9,10-trihydroxy-3-phenyl-6H-benzo[c]chromen-6-on7
O The compound was obtained starting from 8,9,10dtioxy-3-
phenyl-6H-benzo[c]chromen-6-org&5b (100 mg, 0.28 mmol, 1

eq), following the general demethylation procedurke crude
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product was purified via C18 silica gel reverse gghacolumn chromatography
(H2O/MeOH/HCOOH elution gradient from a 70/30/0.1 gatd a 30/70/0.1 ratio) to
obtain a beige solid (56 mg, 0.17 mmol, 1 eq). ¥%6H NMR (400 MHz, DMSO-
d6) 5 10.43 (s, OH), 10.05 (s, OH), 9.80 (s, OH), 9.06J(d 8.5 Hz, 1H), 7.79 (d] =
7.3 Hz, 2H), 7.69 — 7.61 (m, 2H), 7.49J& 7.6 Hz, 2H), 7.41 (d] = 7.2 Hz, 1H), 7.37
(s, 1H) ppm;3C NMR (100 MHz, DMSO-d6)5 160.50, 149.84, 146.49, 143.79,
140.28, 139.35, 138.60, 129.02, 127.96, 127.92,3R27126.63, 122.22, 119.50,
117.73, 114.68, 114.02, 112.03, 107.27 ppm; MS:(E% 321 [M + HJ, 343 [M +
Na]".

2-chloro-3,8,9,10-tetrahydroxy-6H-benzo[c]chromen-®ne 28

cl The compound was obtained starting from 2-chlo89310-

o oH O o tetramethoxy-6H-benzo[c]chromen-6-on25¢c (250 mg, 0.71
- O 5 mmol, 1 eq), following the general demethylatiooqgadure. The
o crude product was purified via C18 silica gel reeemphase

column chromatography g@/MeOH/HCOOH elution gradient from a 70/30/0.1 wati
to a 30/70/0.1 ratio) to obtain a white solid (Irhg, 0.38 mmol). Y= 53%'H NMR
(400 MHz, DMSO-d6) 10.71 (br, OH), 10.05 (br, 30H), 8.94 (s, 1H),9(8, 1H),
6.88 (s, 1H) ppm*C NMR (100 MHz, DMSO-d6p 160.34, 152.49, 149.08, 145.81,
142.64, 140.55, 127.31, 115.55, 114.61, 111.20,5809.07.03, 103.85 ppm.

2-fluoro-3,8,9,10-tetrahydroxy-6H-benzo[c]chromen-6one 29

F on The compound was obtained starting from 4-fluo®3B10-
HO " O tetramethoxy-6H-benzo[c]chromen-6-0B&d (300 mg, 0.89 mmol,
HO ‘ o 1 eq), following the general demethylation procedurhe crude

° product was purified via C18 silica gel reverse gghaolumn

chromatography (MO/MeOH/HCOOH elution gradient from a 70/30/0.1 gatb a
30/70/0.1 ratio) to obtain an off white solid (8@, 0.29 mmol). Y= 32%H NMR
(400 MHz, DMSO-d6Y% 10.41 (br, 2H), 10.00 (br, 2H), 8.68 @,.r= 14.0 Hz, 1H),
7.29 (s, 1H), 6.87 (d}J == 8.0 Hz, 1H) ppm*C NMR (100 MHz, DMSO-d6Y%
160.53, 148.49, 146.16, 145.84, 144.73 Jd~ 14.6 Hz), 142.55, 140.36, 115.1,
113.25 (dJcF= 23.8 Hz), 110.79, 109.79 (8-~ 8.4 Hz), 107.00, 104.95 (ds-~= 3.4
Hz) ppm.

67



8,9,10-trihydroxy-3-(trifluoromethyl)-6H-benzo[c]Jchromen-6-one 30
o O cr; The compound was obtained starting from 8,9, 10étihoxy-3-
HO (trifluoromethyl)-6H-benzo[c]chromen-6-ongse (300 mg, 0.85
HO O © mmol, 1 eq), following the general demethylationgadure. The
© crude product was purified via C18 silica gel reeemphase
column chromatography ¢g@/MeOH/HCOOH elution gradient from a 70/30/0.1 @ati
to a 30/70/0.1 ratio) to obtain a white solid (256, 0.82 mmol). Y= 97%'H NMR
(400 MHz, DMSO-d6® 10.58 (br,OH), 10.15 (br, OH), 10.04 (br, OH),®(d, J = 8.5
Hz, 1H), 7.67 (d, J = 8.6 Hz, 2H), 7.39 (s, 1H) ppi& NMR (100 MHz, DMSO-d6}
159.81, 149.06, 147.35, 144.49, 140.38, 127.71,4¥27d,J = 32.7 Hz), 125.07,

122.36, 120.38 (d} = 3.8 Hz), 113.51 (d] = 4.1 Hz), 113.28, 112.52, 107.55.

8,9-dihydroxy-10-methoxy-6-o0x0-6H-benzo[c]chromen8-carbonitrile 31
cn The compound was obtained starting from 8,9,10étimoxy-6-
0x0-6H-benzo[c]chromene-3-carbonitridsf (140 mg, 0.45 mmol,

1 eq), following the general demethylation procedufhe crude

product was purified via silica gel column chrongaaphy
(DCM/MeOH 70/30 ratio) to obtain the pure produst &hite solid (20 mg, 0.07
mmol). Y=16%.H NMR (400 MHz, DMSO-d6}§ 8.91 (d,J = 8.6 Hz, 1H), 7.94 (d]
= 1.6 Hz, 1H), 7.77 (dd] = 8.5, 1.7 Hz, 1H), 7.55 (s, 1H), 3.86 (s, 3H) ppi& NMR
(101 MHz, DMSO-d6)s 159.26, 149.38, 149.20, 146.90, 145.62, 127.94.91¥
122.31, 120.84, 118.60, 118.12, 112.48, 111.21.261%9.60 ppm.

1,2,3,8-tetrahydroxy-6H-benzo[c]chromen-6-one 32
OH The compound was obtained starting from 1,2,3@ute¢thoxy-
" O o 6H-benzo[c]chromen-6-on€5g (70 mg, 0.22 mmol, 1 eq),
- O o following the general demethylation procedufbée crude product
o) was purified via C18 silica gel reverse phase colum
chromatography (FD/MeOH/HCOOH elution gradient from a 70/30/0.1 gato a
30/70/0.1 ratio) to obtain a brown solid (20 mgd8®mmol), Y= 35%H NMR (400
MHz, CDsOD) 6 8.97 (d,J = 9.0 Hz, 1H), 7.64 (d] = 2.8 Hz, 1H), 7.26 (dd] = 9.0,
2.8 Hz, 1H), 6.39 (s, 1H)*C NMR (100 MHz, CROD) § 164.12, 157.37, 147.87,
146.01, 145.67, 129.70, 129.32, 124.46, 121.53,791411.45, 101.29, 95.80 ppm.
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4,4'5,6-tetrahydroxybiphenyl-2-carboxylic acid 33
oH oH The compound was obtained starting from 4,4'5,6-

HO ‘ ‘ tetramethoxybiphenyl-2-carboxylic acg# (160 mg, 0.50 mmol, 1
HO on eq), following the general demethylation procedufée crude

° product was purified via C18 silica gel reverse gghaolumn
chromatography (MD/MeOH/HCOOH elution gradient from a 70/30/0.1 gatb a
30/70/0.1 ratio) to obtain a light brown solid (6%, 0.21 mmol). Y= 42%H NMR
(400 MHz, DMSO-d6) 11.76 (br, OH), 9.34 (br, OH), 9.15 (br, OH), 8@, OH),
8.02 (br, OH), 6.91 (d, J = 8.4 Hz, 2H), 6.77 (d),16.66 (d, J = 8.4 Hz, 2H) ppn¥C
NMR (100 MHz, DMSO-d6p 169.18, 155.55, 143.81, 143.66, 135.77, 130.88,1R?
122.81, 121.62, 114.06, 108.21 ppm.

phenanthrene-2,3,4,7-tetraol 35

oH ‘ OH The compound was obtained starting from 2,3,4,7-
HO tetramethoxyphenanthrei38 (63 mg, 0.21 mmol, 1 eq) following
HO the general demethylation procedure. The crude yatoavas
purified via C18 silica gel reverse phase colummuotatography (HO/MeOH/HCOOH
elution gradient from a 70/30/0.1 ratio to a 30070/ratio) to obtain a grey solid (44
mg, 0.18 mmol). Y= 86%H NMR (400 MHz, DMSO-d6p 9.65 (br, OH), 9. 42 (br,
OH) 9.42 (d,J = 9.2 Hz, 1H), 8.94 (br, OH), 8.87 (br, OH), 7.4D)J = 8.8 Hz, 1H),
7.33 (d,J=8.8 Hz, 1H), 7.09 (d] = 2.3 Hz, 1H), 7.02 (ddl = 9.2, 2.6 Hz, 1H), 6.79 (s,
1H) ppm;*3C NMR (100 MHz, DMSO-d6p 153.99, 144.84, 143.25, 132.77, 132.73,

128.63, 126.86, 125.30, 123.83, 123.52, 115.64,601.310.92, 103.81 ppm; MS (ES):
m/z 243 [M + HJ, 265 [M + Nal.

3,8,10-trihydroxy-6H-benzo[c]chromen-6-one 39 (UM7)
oH ‘ OH The compound was obtained starting from 3,8,10€tioxy-6H-
‘ benzo[c]chromen-6-ong5h (145 mg, 0.51 mmol, 1 eq), following
HO i © the general demethylation procedure. The crude yatoavas
purified via C18 silica gel reverse phase columrogtatography
(H2O/MeOH/HCOOH elution gradient from a 70/30/0.1 gatd a 30/70/0.1 ratio) to
obtain a light yellow solid (100 mg, 0.41 mmo¥= 80%.H NMR (400 MHz, DMSO-
d6) 6 10.78 (br, OH), 10.03 (br, OH), 9.99 (br, OH),8(d, J = 9.0 Hz, 1H), 7.13 (d, J

= 2.5 Hz, 1H), 6.86 (d, J = 2.5 Hz, 1H), 6.76 (dd; 9.0, 2.5 Hz, 1H), 6.70 (d, J = 2.5
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Hz, 1H) ppm;13C NMR (100 MHz, DMSO-d6)% 160.78, 157.28, 156.99, 156.06,
150.23, 128.01, 121.64, 114.78, 112.36, 109.93,680906.01, 102.65 ppm.

1,3,8-trihydroxy-6H-benzo[c]chromen-6-one 43
HO O OH The product was obtained starting from 1,3-dihygr8xmethoxy-

HO I

o

6H-benzo[c]chromen-6-oné6a (250 mg, 0.968 mmol), following
the demethylation general procedure. The crude yatodvas
purified via C18 silica gel reverse phase columrogtatography
(H2O/MeOH/HCOOH elution gradient 60/40/0.1 ratio) totain a yellow powder (80
mg, 0.33 mmol). Y= 34%H NMR (400 MHz, DMSO-d6}§ 10.71 (br, OH), 10.03 (br,
20H), 8.82 (d, J = 9.0 Hz, 1H), 7.53 (d, J = 2.8 H4), 7.27 (dd, J = 9.0, 2.6 Hz, 1H),
6.37 (d, J = 2.2 Hz, 1H), 6.23 (d, J = 2.1 Hz, pHIN;*C NMR (100 MHz, DMSO-d6)
6 160.70, 157.9, 156.6, 155.7, 152.2, 127.8, 12¥23.5, 119.8, 113.5, 99.7, 99.0,
94.82 ppm.

phenanthrene-2,4,7-triol 50
OH oH The compound was obtained starting from 2,4,7-

trimethoxyphenanthreng&3 (200 mg, 0.75 mmol, 1 eq), following
HO the general demethylation procedure. The crude yatoavas
purified via C18 silica gel reverse phase colummuotatography (HO/MeOH/HCOOH
elution gradient from a 70/30/0.1 ratio to a 30070/ratio) to obtain a brown solid (17
mg, 0.08 mmol). Y= 10%'H NMR (400 MHz, DMSO-d6) 10.34 (br, OH), 9.48 (br,
20H), 9.37 (dJ = 9.2 Hz, 1H), 7.48-7.43 (m, 2H), 7.11 (s 2.4 Hz, 1H), 7.04 (dd]
= 9.2, 2.5 Hz, 1H), 6.68 (s, 2H) ppC NMR (100 MHz, DMSO-d6)% 156.53,

154.88, 153.95, 134.04, 132.43, 128.59, 126.95,.7826123.89, 116.30, 112.86,
111.12, 103.69, 103.08 ppm.

3,4,8,10-tetrahydroxy-6H-benzo[c]chromen-6-one 54J§o-E)
OH oH The compound was obtained starting from 3,4,8¢ti@nethoxy-
O ‘ on 6H-benzo[c]chromen-6-one57 (50mg, 0.16 mmol, 1 eq),
HO © following the general demethylation procedure. €hele product
° was purified via C18 silica gel reverse phase colum
chromatography (H20/MeOH/HCOOH elution gradientnira 70/30/0.1 ratio to a

30/70/0.1 ratio) to obtain an off white solid (2&80.11 mmol). Y= 67%'H NMR
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(401 MHz, CROD) § 8.38 (d, J = 9.0 Hz, 1H), 7.27 (d, J = 2.4 Hz, 16480 (d, J = 2.5
Hz, 1H), 6.76 (d, J = 9.0 Hz, 1H}*C NMR (100 MHz, CBOD) § 163.38, 158.42,
157.88, 146.75, 140.65, 133.34, 122.95, 119.12,561112.63, 112.53, 111.03, 107.34

ppm.

General procedure for the carbonyl reduction of dienzopyranones 46a, 46b, 43 to
dibenzopyranes 47-49.

A cooled solution of dibenzopyranones (1 eq)a mixture of Bk-EO (25 eq) in dry
THF was added over 10 minutes to a suspension BHN#3.5 eq) in dry THF under
nitrogen atmosphere while maintaining the reactiemperature below 10 °C. The
reaction mixture was then raised within 30 minhe teflux temperature for 2h. The
solvent was removed in vacuum and the crude prodastdried in high vacuum to
remove the excess of boron trifluoride etheratesrilfvater was added and the mixture
extracted with diethyl ether. The combined orgatiases were dried over #4, and
the solvent evaporated in vacuum. The crude prodmast purified via flash silica gel

column chromatography.

8-methoxy-6H-benzo|[c]chromene-1,3-diol 47

HO oH The compound was obtained starting from 1,3-dihygh®

O methoxy-6H-benzo[c]chromen-6-od&a (800 mg, 3.1 mmol, 1

HsCO O o eq) followed the general procedure for carbonyuotidn. The
crude product was purified via flash silica gelwwoh chromatography (DCM/MeOH
99.5/0.5) to obtain a white solid (470 mg, 1.92 Mm¥= 62%. *H NMR (400 MHz,
DMSO0-d6)s 9.84 (s, OH), 9.37 (s, OH), 8.17 (d, J = 8.7 H#),16.85 (dd, J = 8.8, 2.8
Hz, 1H), 6.80 (d, J = 2.6 Hz, 1H), 6.08 (d, J = Rz, 1H), 5.87 (d, J = 2.4 Hz, 1H),
4.87 (s, 2H), 3.75 (s, 3H) ppriiC NMR (100 MHz, DMSO-d6p 157.4, 156.9, 156.4,
156.1, 131.72, 126.2, 122.5, 113.2, 109.8, 10Z.8&,95.4, 68.0, 55.1 ppm.

6H-benzo[c]chromene-1,3-diol 48°

The compound was obtained starting from 1,3-dihygh@H-
O o benzo[c]chromen-6-oné6b (800 mg, 3.51 mmol, 1 eq) followed the
O ) general procedure for carbonyl reduction. The crpdeduct was

HO
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purified via flash silica gel column chromatogragiCM/MeOH 99/1 ratio) to obtain
a white solid (170 mg, 0.79 mmol). Y= 23%i NMR (400 MHz, DMSO-d6p 9.99 (s,
OH), 9.53 (s, OH), 8.25 (d, J = 7.9 Hz, 1H), 7.88 (= 7.5 Hz, 1H), 7.19-7.12 (m, 2H),
6.11 (d, J = 2.3 Hz, 1H), 5.89 (d, J = 2.3 Hz, 1430 (s, 2H) ppm*C NMR (100
MHz, DMSO-d6)6 158.3, 157.3, 156.8, 130.0, 129.8, 127.7, 1224,8], 124.2, 102.8,
97.5,95.4, 67.9 ppm.

6H-benzo[c]chromene-1,3,8-triok9

HO oH The compound was obtained starting from 1,3,84thibxy-6H-

O benzo[c]chromen-6-0né43 (190 mg, 0.78 mmol, 1 eq) following

HO O o the general procedure for carbonyl reductithe crude product
was purified via flash silica gel column chromatgny (DCM/MeOH 99.3/0.7) to
obtain a white solid (30 mg, 0.13 mmol). Y= 17%4.NMR (400 MHz, CROD) § 8.16
(d, J = 8.6 Hz, 1H), 6.71 (dd, J = 8.6, 2.5 Hz, 16458 (d, J = 2.5 Hz, 1H), 6.04 (d, J =
2.0 Hz, 1H), 5.94 (d, J = 2.0 Hz, 1H), 4.83 (s, 2igM;*C NMR (100 MHz, CROD)
5 158.2, 158.1, 157.2, 156.3, 133.5, 128.0, 123.%,5], 111.8, 105.4, 98.50, 96.7, 69.8

ppm.
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Part Il
TOWARDS THE DEVELOPMENT OF FLUORESCENT AND
AFFINITY PROBES TO INVESTIGATE NEUROGENESIS

1. Introduction

1.1 Project overview

This part deals with the research activity carred during the six-month placement
under the supervision of Professor Angela Russetheemistry Research Laboratory,
Department of Chemistry, University of Oxford, parhded by and in collaboration
with the spin-out company OxStem Neuro.

The present project, in collaboration wiBrofessor Francis Szele (Department of
Physiology, Anatomy and Genetics, University of @x focused on the development
of small molecules as affinity and fluorescent @®lo detect new pathways involved

in neurogenesis and Neural Stem Cell (NSC) fate.

1.2 Opportunities for neurodegenerative diseases: egenerative

medicine

Age related neurological diseases are estimatedféct as many as a billion people
worldwide and with the growth of the aging popwatiand increasing life expectancy,
are predicted to increase 12% by 2030 (World He@tiganization 2006). These
disorders include Parkinson and Alzheimer’'s disga®ss common conditions such as
motor neuron disease, multiple sclerosis and raseades such as spinal muscular
atrophy. There are also numerous psychiatric cmmditthat may involve neuronal
damage.
A common hallmark of neurodegenerative diseasekeirogressive loss of neurons
and other brain celf$’’ Currently, treatment for these disorders are &ohiand aims to
treat the symptoms, but are not effective to slowtop the neuronal death proceBse
development of disease-modifying therapies has Isé@mer and there is a pressing
need for improved and novel therapeutic approatthesat these disordet&:149
Emerging therapeutic opportunities arise fragenerative medicine that involves
methods to replace or regenerate human cells,e8ssuorgans in order to restore or
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establish normal function; it is founded on thegiloiity to exploit stem and progenitor
cells, which have the capacity for self-renewal atifferentiation to various cell

lineages->0151

In recent years a number of treatment options Hmeen investigated, including cell
therapy and tissue engineerittg A diverse and innovative regenerative approadit, th
led medicinal chemistry to play a pivotal role imst field, is the Endogenous Cell
Activation Therapy(ECAT), that is based on the situ modulation of adult stem or
precursor cells using small molecules, to inducgemeration or repair of adult

tissuet®>31%4(Figure 19

Endogenous Cell Activation Therapy

Differentiation/ Graft Cells Drug Delivery
Maturation into Matrix N !

Figure 19. Regenerative medicine approaches: cell transgiantand tissue engineering vs ECAT

(Image from http://www.oxstem.co.uk/stem-cells/@xstapproach).

The potential of small molecules to control sterth fade has been deeply investigated
in the literaturé®-1"ECAT can offer significant advantages over cedréipy, in term
of reduced costs and risks, and also for its attititcontrol cell fate reversibfjps1°°
Therefore, the search for drugs that target endmggestem cell populations vivo to
stimulate repair and regeneration processes igefgfpursued and represenpawerful
application of regenerative medicine, elegantlyircef by A. Russell as “regenerative
medicinal chemistry®>® Recent years have seen the enter in clinical fis¢he first

small molecule regenerative drug acting situ on resident progenitor cells
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(eltromboplag, FDA first approved 2008) and manyeotagents are in preclinical and
clinical development, the majority of which targeti the hematopoietic stem cells.
Interest in this direction is expanding also fag theatment of other disorders with high
unmet medical need, among which neurodegenerateasks®

In the adult brain, functional neurons anceotbrain cells are generated from neural
stem cells (NSCs) and neural precursor cells (NP@s)a process called
neurogenesi¥?-162
The discovery of adult neurogenelas sparked optimism that this endogenous process
can be harnessed to repair the injured or disebssd, offering great promise for
treating neurodegenerative disea$és®
Over the past five decades, adult neurogenesidl&@k have been deeply investigated:
pioneers works focused on characterizing the psoésdult neurogenests%8were
followed by efforts to understand its molecular hedsm and functional
significancet®®16%170Cyrrent research in the field continuesstady NSC regulatory
mechanisms in an effort to take advantage of thenerative capacity of adult NSCs: a
deeper understanding of the processes underlyinlg @elurogenesis and its function in
the mammalian brain may lead to new potential {heutic targetsor stimulating
neurogenesisand contribute to regenerative approaches for imgaheurological

diseases’?
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1.3 NSCs and neurogenesis in the adult mammalian &in

Adult neurogenesis is the process of generatingomsuand glial cells from neural
precursors, NSCs and NPCs, and occurs throughfeuinlirestricted brain regions in
mammal§63'172'173

NSCs are multipotent stem cells characterized Ileyproperties of self renewal and
differentiation. They can generate three cell typesurons, astrocytes and
oligodendrocytesHigure 20).174

Neurorl Ollgodendrocwe
Neural Stem Cells

\\ \'\ \ ) /fr
Quiescent Y
NSC NG2 progenltor
Astrocyte
De:)le[lon IPC '& A
O "'/f'.;/
& ‘s
.b; ; 7
1 L 4
A P R T A T
g.mmeinc symmetric
division {& division
Activated

NSC

Figure 20. Schematic diagram illustrating potential behawbadult NSC over its life cycle.

Interestingly, astrocytes release factors that ¢edoneuronal differentiatiolf®> NSCs
reside within specific environment, or “niche”. Thwo major niches in the adult
mammalian brain are the subventricular zone (SWdhd the lateral ventricles and the

subgranular zone (SGZ) within the dentate gyrus )(DGthe hippocampusk(gure
21).163’174
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Figure 21. Schematic illustration of the NSCs nests in thermrSVZ and DG.

Particularly, neurogenesis in the dentate gyrus)(DGthe hippocampus has been
robustly demonstrated in adult rodents and hask@sao observed in sheep, hon- human
primates, and human®’® A comparison study of the two neurogenic niches in
humans has been reportéd.

Embryonic stem cell-derived NSCs cultutaditro, in the presence of defined growth
factor generate all three brain cell types, howesesteral studies have shown that they
are more lineage restrictén vivo;l’®18we can reasonable affirm that adult NSCs are
intrinsically tri-potent, but then vivo niche in which they reside may limit the adult
NSC potential.

Understand and manipulate the molecular signapiaipways that control NSC features
such as activation, fate specification and lineeggdriction in the brain is currently

under active investigation.
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1.3.1 Adult neurogenesis regulation

Adult neurogenesis is a dynamic, finely tuned pssceegulated by both intrinsic and
extrinsic factorsKigure 22171174

Intrinsic factors are the intracellular regulatoepigenetic modifications, cell cycle

regulators, transcription factors. Extrinsic fast@re the extracellular component that
constitutes the niche microenvironment in which NS@side: morphogens (Notch,
Sonic Hedgehog, Wnts), hormones, cytokines, neaypbtnes, growth factors,

neurotransmitters®

Extracellular Niche signals

Space

Intracellular o R [y
Cascade

Cytoplasm MNucleus

Figure 22. Schematic illustration of intrinsic and extrinsichanisms that regulate adult NSCs.

Signaling mechanisms, including morphogens, growtid neurotrophic factors,
neurotransmitters, transcription factors, epigensgtodulators interact with each other
in the regulation of NSCs and adult neurogentSis.

Moreover, adult neurogenesis is subject to modudatby various physiological,
pathological, and pharmacological stimuli, incluglirexercise, aging, stress and
diseasd?9-18!

Finally, it is worth noting that numerous studiesvé reported alterations in adult
neurogenesis that are associated with several logical and psychiatric disorders,
providing a link between adult neurogenesis anddmntiseasé??

This provides a further evidence that stimulatirginogenesis represent a promising

approach in the search for effective therapiesigh gliseases.
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It is clear that every single phase of adult neanagis can be regulated by different
stimuli and different stimuli interact with eachhet, affecting the final outcome of
adult neurogenesis. The major challenge is to ifyertellular and molecular
mechanisms underlying adult neurogenesis regulation

Importantly, small molecules can stimulate N@€diated neurogenesis through one
or more mechanisms, including direct targeting steetls and interference with
mediators of the niche.
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1.4 Therapeutic application of NSCs: from cell theapy to small

molecules

The self-renewing and multipotent properties of NS@ the adult brain can be
exploited to replace damage neurons with functignimormal ones according to the
principles of the regenerative medicine.

Manipulation of NSCs and NPQ@s vitro for stem cell therapy approaches, involveng
vivo stimulation and differentiation followed by trafeptation into the patient, have
been exploredClinical trials using NSCs are under investigationspinal cord injury,
macular degeneration and amyotrophic lateral ssief@$S National Institute of Health
clinical trials database}However, clinical applications of NSCs based on tedrapy
has shown limited success due to several unsolka@algms such as increased risks of
tumorigenicity and immune rejectidf’

On the contrary, th situ modulation of NSCs by small moleculeEGAT, endogenous
cell activation therapy)is considered more clinically acceptable; indeeavauld be
without immunogenicity problems, and also evadesided for invasive surgery.
Moreover, the identification of small moleculesiagton neurogenesis is particularly
attractive because they can serve as tools to tigags the mechanisms of

neurogenesis.

1.4.1 Small molecules promoting neurogenesis
Several solid lines of evidences show that drugsding-like molecules can stimulate
NSC- mediated neurogenesis Higure 23 some examples are reported.
All-trans retinoic acid (ATRA,58) is one of the first molecules known to induce

neurogenesié vitro,*®*

thus is widely used as reference compound in #aeck for
proneurogenic small molecules.

Antidepressants currently on the market from mldtimechanistic classes, including
fluoxetine 59, imipramine60, have been shown to induce neurogeniesistro andin
vivo 1818 Even if the association between neurogenesis amidepressant action
remains controversial, they might exert some or ddlitheir effects by promoting
neurogenesi&’

Increased hippocampal neurogenesis was also olserveivo in rat treated with

188

dehydroepiandrosterone (DHE®1),'8 pregnenoloné® or allopregnanolon2.1%
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Triazinone moleculé3 showed to enhance neurogenesis in the hippocathposgh a
multi-target approach @¥-secretase and GSK3-#hibition 1%t

Recently an orally active neurogenic small molechI8I-189 64), entered in a clinical
trial as anti-depressant drf§ and is progressing Phase 2 efficacy trial
(ClinicalTrials.gov, 2016, Identifier: NCT026954 7y treatment of major depression.
In another study, NSI-189 showed to enhance celiferation and neurogenesis in a
rat model of ischemic strok&® Until now, the mechanism of action mediating the
neurogenic effects of NSI-189 remain elusive.

Other examples of drug-like molecules promoting roganesis have been

described?>31%4
o)
WOH

(ATRA) 58

N,

N
0 |

6

Figure 23. ATRA (58) and examples of recently discovered proneurogemill molecule$9-64
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2. Aim of the work

In this context, one of the goals of Professor AamgRussell's Group is to find
proneurogenic compounds and to understand the misohathrough which they
stimulate neurogenesis.

For this purpose, through a collaboration withdgheup of Professor Francis Szele, they
have developed screening models able to identify small molecules promoting
neurogenesim vitro andin vivo.

In a first screening, 1500 compounds (Mix of GSK-®hibitors and structurally
diverse drug-like molecules) were tesiadvitro on murine-derived NSCs to assess the
effect on neurogenesis via immunohistochemidtigyre 24). The percentage of neurons

against the total number of nuclei was calculai8de Appendix B)

L Differentiated

NSC

6 or 7 day
differentlatlon r
DAPI |
_SVZ, D_G In the presence of TUJI 1(;:ucrg:-]|s)
dissection compound/DMSO GFAP (Astrocytes)
- |

% _#-Small’_
€ _;Molﬁctfllq'-—

- o ——— v z_lczgive control:

Negative control:
DMSO

Neurospheres Dissociated
NSC

NSC

Figure 24.Initial screening carried out by Dr. Julie Dav{?AG, University of Oxford).

From the initial screening, a number of compouresaiited active(t identification,
thus following a common drug discovery approadhigire 25, they were
resynthesized and retestednnvitro assays to confirm biological activity, accordimg t
the hit validation process. Some of the validatédare progressing thhit to lead
optimisation to improve pharmacokinetic profile and to expl@®ucture-activity
relationships (SAR).Kigure 25)
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Screen for acfive compounds
~ 1500 compounds tested

30 aztives identified

Confirm activity by
in-house synthesis and re-testing

Cesign and
synthesis variants

Further Testing

Figure 25.Drug discovery process in the search for proneemimgcompounds.

Among the first validated hits, OX026785) (Figure 269 (The structure of OX02672
can not be disclosed yet. Indeed, the work is Btilprogress and it is going to be
submitted for patenting) showed a good dose-depeniderease in neurogenesis in
both the DG-derived NSCs and SVZ-derived NSEgyre 26h). Pharmacokinetics
(PK) studies andhn vivo efficacy studies (wild tipe mice) were also pemied. From
preliminary data, compound OX0267%65 showed a significant increase of
neurogenesim vivoin the DG. Figure 269.
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Figure 26. a)OX02672 65) Masked structuren) Dose dependent increases in neurogenesis fromNSC’
isolated from DG and SVZ. (Asterisks indicate sfigaince when compared to DMSO. *P< 0.05. **P<
0.01).c) Quantification of BrdU/NeuN positive cells in tB¥5. Tests were carried out by Dr Julie Davies
(DPAG, University of Oxford). For more details, ségpendix B.

While this compound requires further optimisatiom be considered as a lead
compound, its good activitin vitro andin vivo made it a useful tool compound for
chemical biology investigations.

Since its proneurogenic activity was discovdredh a NSC-based phenotypic assay,
0OX02672 acts through, as yet, unknown mechanisrarefbre, it represents a useful

tool to investigate pathways involved in neurogehaad NSC specification.
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2.1 Development of OX02672 as fluorescent and afiiy probe for

chemical proteomics

On these premises, my work aims to use a chemicéddy approach to develop
0OX02672 into affinity and fluorescent probe to b&ed in chemical proteomics to
assess its molecular interactions and localizatidwSCs.

Chemical proteomics uses chemically synthesizedeoutdr probes usually coupled
with high-resolution detection methods such as rspsstroscopy (MS) for the study of
small molecule—protein interactioh¥. The Activity-Based Protein Profiling (ABPP)
approach in particular has been successfully usetafget identification of drugs and
other bioactive small moleculé® %" Chemical probes for ABPP (activity-based
probes, ABP) are generally composed of a reactivagy(the bioactive compound) for
binding or modifying the target proteins and a régotag for the identification and
purification of binding proteinsFHgure 273

There are two types of reporter: (i) fluorophoresch as rhodamine, for visualization
by in-gel fluorescence coupled with SDS-PAGE touslize binding proteins; (ii)
affinity tags, such as biotin, for both westernttdoalysis and avidin enrichment prior
to mass-spectrometry (MS)-based identificatith.

Classical ABPP method$igure 27h) present some limitations: the conjugation with
the tag can significant alter the structure of @higinal bioactive small molecule; most
ABP have limited cell permeability due to their kylreporter tag; ABPP experiments
are conducted almost exclusively with cell anduisseomogenates.

It would be an ideal strategy one that can faithiftgcapitulate protein-small molecule
interactionsn situ (e.g. in living cells).%9:290

Among in situ methods for cell-based proteome profiling of snmablecules, “click
chemistry ABPP” Figure 279 is based on “clickable” chemical probes: the ioad
bioactive compound is modified through the intraslut of a chemically ‘tractable’ tag;
the tag must minimally disrupt protein—ligand i@ietionin situ, and provide a handle
for subsequenn vitro protein enrichment and other proteomic applicatiénterminal
alkyne is a tag-of-choice because it is small aad loe easily conjugated with high
efficiency with azide-containing reporters througlclick chemistry reaction, such as
the copper-catalyzed azide—alkyne 1,3-dipolar @afiition (CUAAC)?01-204
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Figure 27.a) Activity based probe general structure (ABP)Chjssical ABPP; c) Click chemistry
ABPP. (Adapted from Martebt al2%%)

Alkyne-tagged probed={gure 279 can be considered “in-cell small molecule clidkab
probes”: they first interact with the protein tai(g® in cells orin vivo, then the
bioorthogonal reaction CUAAC can be performed vty cells orex vivq allowing the

in situ attachment of the reporter. Ghosh and Jones redig¢he use of small molecule
imaging probes that rely on a click handle to whacfiuorescent dye can be appended
intracellularly?%°

2.2 Chemistry

Following the click ABPP approach, cell permeablX02672 probes containing a
terminal alkyne tag have been designed. Then, CudAGome of the synthesized
probes was performed, with simple azide and witlu@escent dye, to prove the good

reactivity of the new probes in the click reaction.
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While the synthetic transformations can be disalisthe structures of the new
derivatives can not be disclosed yet. Indeed, thkws still in progress and it is going
to be submitted for patenting.

The first thing to consider in the design of a grabthe SAR assessment: thus, in order
to identify where a tag could be appended whilaingtg the activity, a number of
analogues 065 modifying the 1, 2 and 3 positions were synthesiaed submitted to
biological evaluation by some member of the group.

In particular, the present work focused on thelsgsis ofsome analogue$6-68 of 65

to expand SAR on the position 1, and mostly on dfethesis of the alkyne-tagged
analogues$9-74 for probes development, modifying all the threeipons, since the
SAR of65 were not yet determined-igure 28)

3
Q
ZNH

\('\/OH

0X02672 (65)

NH, NH, NH,
HsCO W/VOH @Ao WNOH HO WNOH = o ~_OH

NH,

Br

Figure 28. New analogue$6-68 for SAR studies and alkyne tagged derivatié&s74 for probes

development.
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The synthesis of analogud6-68 is shown inScheme 12 Suzuki coupling was
performed on compoun@d5 with three different boronic acidg5-77 to obtain
methoxyphenyl66, benzyloxyphenyl67 and phenol68 derivatives, respectively, with

very good yields.

Scheme 12Synthesis of derivatived6-68

/©/OCH3
(HO),B NH;,

75 /@/q
Y=83% H,CO

NH
66
o
3 NH, /©/ NH,
(HO),B
a
1 76 NH
B 27N Y= 98% 0 W/VOH
67
0X02672
OH
65 O NH,
(HO),B
77 NH
~_OH

Y= 99% HO

<

68

Reagents and conditions: a) K,CO3, Pd(dppf),Cl,, Toluene/EtOH 2:1, 90 °C, 24 h.

Then, derivatives8 through alkylation with propargyl bromide, usingGQOs as base,

gave the alkyne derivativ@ as shown irBcheme 13

Scheme 13Synthesis alkyne derivativi9
NH,

NH,
= " Br
~ NH
= 0

HO “_OH KoCO3, DMF, w/v
W/\/ rt, on

68 Y=22% 69
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Compound70 (Scheme 14B was obtained through microwave-assisted regiosede
nucleophilic substitution starting from the dibroderivative75 and the synthesized
amine78, in analogy to the synthesis of the parent comgd®) showed inScheme
14A. The amino alcohol8 was obtained from the commercially available draraino

acid 77 through reduction of the acid function with LiAIH

Scheme 14. Apynthesis of 0X0267%6) and(B) Synthesis of derivativé0

A Ho’\)\
NH, NH,
QQ L Q
Br ~ Br

DIPEA, nBuOH

“_OH
MW 200 °C, 2h ﬁ/v
75

Y= 64%

Q
LiAIH, 75 Br NH
Ho&\ — HOY N 0O
NH, THF NH, DIPEA, BUOH H
reflux, 20 h MW, 160 °C, 1 h
77 I
Y= 80% 78 Y= 9%

70

Synthesis of derivativegl-74is shown inScheme 15Through coupling reaction 65
with commercial acid79 in presence of EDC and DMAP, ester derivatide was
obtained in very good yield.

To obtain the alkylated derivativé2-74 alkylation reactions were performed with
propargyl bromide and 4-bromo-1-butyne, KOH as kasd# DMF as solvent, varying
the reaction condition as describediable 3.

In presence of 1.5 eq of propargyl bromide and bfdopse at 35 °C, the alkylation of
65 occurred on the alcohol group in position 2 to gm@mpound72 (entry 1).
Increasing the equivalent amounts of propargyl bhdenand base, and the temperature,
a mixture of alkylated derivativeg2 and 73 (derivative alkylated on the amine in
position 3)was obtained (entry 2). Alkylation with 4-bromo-itipne occurred with
excess of reagents at higher temperature to @givehe derivative alkylated on the

amine in position 3 (entry 3).
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Scheme 15Synthesis alkyne analogués-74

NH,

Br/q
~_OH

H
N.
Q"
Br NH

A_O-

T

72: R=CH,CCH; Ry=H
73: R=H; R1= CHQCCH
74: R= H; R4= CH,CH,CCH

Reagents and conditions: a) EDC, DMAP, THF, rt, 12 h; b) KOH, DMF, see table 1 for conditions.

Table 3. Alkylation reaction conditions to obtain compoud®s74

entry n Bromide eq KOH eq T t Product (Y)
1 1 1.5 1 35°C 12h 72 (13%)
2 1 3 3 60 °C 24h 72 (10%) +73 (10%)
3 2 3 3 110 °C 20h 74 (10%)

All the new derivatives were characterised WithNMR, 3C-NMR, IR spectroscopy
and HRMS spectrometry; COSY, HSQC, HMBC and NOES&peements were also
performed when needed.
All the new derivatives were submitted to the bgibal evaluation to assess their
proneurogenic activity, in order to gain information the SAR o065 and to decide
which alkyne derivatives can progress in the prdelopment.

Finally, click reaction on some alkyne-probesswerformed with simple azide and
with a fluorescent dyeScheme 1Hto check if the compounds have a good reactinity
the CuAAC.

90



Not knowing yet which derivative maintains the lmtaty of the parent compound, we
chose derivative32 and 70 to perform CuAAC with the commercial benzyl azide
eq) to assess the reaction conditions, obtainiagrthzoles derivative80 and81 Then,
the derivative 70 was chosen as the structurally closest analogue¢héo parent
compound to perform the click reaction with the damine azide derivativ82
obtaining the potentially useful fluorescent pr@8 which was characterised Bi-
NMR, 1¥C-NMR and HRMS.

Scheme 16Click chemistry reaction

NH, NH,

Br Br NH N=N,
W/\/O\/// W/t\/o N z
80

72

NH,

Br : NH
A _OH
[

70

NH,

Reagents and conditions: a) CuSO, (0.2 eq), Na ascorbate (0.4 eq), H,O / tBuOH 1:1, rt, 1-2 h.
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3. Conclusions

In my six-month placement carried out under theesupion of Professor Angela
Russell at Department of Chemistry (University off@d) my work aimed, through a
chemical biology approach, on the developmentnoéls molecules as affinity and
fluorescent probes to detect new pathways involwedeurogenesis and Neural Stem
Cell (NSC) fate.

A series of different substitued and alkyne-tagdexvatives of the recently discovered
proneurogenic compound OX0267&@5( have been synthesized and submitted for the
biological evaluation.

Some of the alkyne-tagged analogs were «clickedth wai simple azide and a
rhodamine-azide-derivative through click chemispxgving this strategy can be useful
for the further development 65 into fluorescent probe.

Moreover, the alkyne-tagged derivatives which wilbw to maintain the bioactivity of
the parent compound could be developed as diverseetcent probes (using different
fluorophores) and also as affinity probes by bigagation with a biotin-azide-
derivative in the click reaction. Then they can led in chemical proteomics and other
target identificationn situmethods.

These studies may serve to assess the localizatibiSCs and their progeny and to
identify the target protein(s). This in turn maylghéo understand the mechanism of
action of this proneurogenic compound and to ganettéer knowledge of the signaling
pathways that control adult neurogenesis, finallgporting the development of drugs
that stimulatede novo neurogenesis for the treatment of central nervoysiem

diseases.
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Part Il

DESIGN AND SYNTHESIS OF TACRINE-RESVERATROL FUSED
HYBRIDS AS MULTI-TARGET-DIRECTED LIGANDS AGAINST
ALZHEIMER'S DISEASE

1.Introduction

1.1 Project overview
This last section describes a side project cawigdn collaboration with the groups of
Professor Maria Laura Bolognesi and Professor Jaratbecny of Prague University,
aimed to the identification o new series of multi-target-directed ligands (MEPL

against Alzheimer's disease (AFS.

1.2 Multi-target drug discovery in Alzheimer dsease

One of the most followed approaches in the cemigabous system (CNS) therapeutic
area is multi-target drug discovery, especiallthi@ search for new drugs against AD.
This is because multi-target-directed ligands (MBDLould more adequately address
the complexity of this pathological condition, snihey have the potential to promote a
number of goals including (i) an inherently higlagliequateness to confront the complex
AD pathogenesis; (ii) a larger therapeutic windamd (iii) a simplified therapeutic
regimen?%8

Several promising anti-AD MTDLs have been repod®di® however, no one has
progressed to clinical developméht.Thus, there is still a need for novel MTDLs
potential useful as anti-AD drug candidates.

Molecular hybridization has been the most wjidgbplied design strategy towards
new MTDLs for AD?*?In these context, acetylcholinesterase (AChE) inhitiacrine,
(84, Figure 29) has been used as starting scaffold to obtain miale¢wybrids with
improved biological profile$®® particularly its derivatives, the more potent 6-
chlorotacrineB5*** and the less hepatotoxic 7-methoxytac8e6e®
A wide set of tacrine-based hybrids reported in litezature incorporate a fragment
derived or inspired by a natural prodéttindeed, natural products have intrinsic multi-
target profile, being evolutionarily selected andldgically pre-validated, therefore
they are considered suitable starting points f@& development of MTDLs against
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AD.?Y” Among the natural products with therapeutic poténin the field of

neurodegenerative diseases, resvera@nlKigure 29), a polyphenol mainly found in
grapes and red wine, has attracted great attefmioits beneficial effects due to its
antioxidant and anti-inflammatory propertfé& Notably, a recent clinical trial aimed to

evaluate the impact of resveratrol treatment ifepé&t with mild to moderate AB

OO0 )
x
Ry N O OH
HO &7

84: R1= H, R2= H
85: R1= CI, R2= H
86: Ry=H, R,= OMe

(resveratrol)

Figure 29.Tacrine84, tacrin derivative85-86and resveratrd7 structures.
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2. Aim of the work

On these basis, with the aim to develop a new seoie anti-AD MTDLs, the
anticholinesterase properties d4-86 were combined with the antioxidant,
immunomodulatory and neuroprotective framework e$veratrol87, through the
design of fused hybrids 88-95 (Figure 30). We reasoned that this structural
hybridization might have positive effects in termf neuroinflammation and safety.
From toxicity point of view, resveratrol is knowm tbe safe in humafi§ and,
importantly, it has demonstrated beneficial efféstanimal models of hepatic insatf.

In addition, the notion that resverat®f might directly halt amyloid aggregatith
potentially expands the therapeutic profile of tieev hybrids derivatives.

Among the molecular hybridization approaches, weosk thgusingstrategy because
in principle, afused hybrid should possess improved drug-like featui@sch as
decreased size and complexity) compared lioked one??? This aspect is of crucial
importance in the design of hybrids directed to tBNS, where more stringent
physiochemical properties are requested, partigutdre hybrid must to permeate
blood-brain-barried to exert its effect

Toward the goal of a maximal structural overlap, tweed our attention to the 4'-
amino derivative of resveratr@6, which has been reported to exert anti-aggregating
antioxidant and neuroprotective effects in AD dellumodels?>* This allowed us to
fuse the two structures through the common amioomii.e. the 9-Nk of 84-86and
the 4’-NH of 96) (Figure 30).

NH,

Rzm
—
R N OR;

84-86
fusing

strategy /@/ X v /©\O Rs
HN
LD
7
R N

1

OH OH
O O T 88-95
O X oH — O N OH
HO HoN’
87 96

Figure 30.Design strategy to tacrin-resveratrol fused hydr{for structures s&theme 18
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A large number of anti-AD tacrine-bagétf!322>227 and resveratrol-bas&d-2%°
hybrids have been reported. Notably, tacrine-reguarlinked hybrids (featuring an
alkoxy linker) have been patented as useful agagasnst neurodegenerative diseases,
231 put, to the best of our knowledge, there is nongpla of fusedtacrine-resveratrol
hybrids, that is the aim of the present project.

Retrosynthetic analysis suggested us to explaitcleophilic substitution between
resveratrol amino derivative®9&-99 and 9-chlorotacrine derivativesd(00-103 to

obtain final tacrine-resveratrol fused hybrg&i95(Scheme 18

Scheme 17General retrosynthetic strategy. (For structueesSsheme 13

OR3

/@\ Nucleophilic substitution

X<

Y OR3

r ;
g el

98-99 100-102
88-95

Synthesis of hybrid compoun@8-95is describe irscheme 22The key step consisted
of a coupling between the amino-stilbedteor its corresponding dihydro derivatio8
and the appropriate 9-chlorotacrine30-102 The reaction, carried out in the presence
of phenol under microwave irradiation and solveaefconditions, afforded the desired
hybrid methoxylated compoun@8-90and92-94in moderate to good yields (32-52%).
The dihydroxy derivative81 and95 were obtained, in 93% and 31% yield respectively,
by demethylation of the corresponding dimethoxy ridd 88 and 92 with boron
tribromide at -78 °C.
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Scheme 18Synthesis of tacrine-resveratrol hybrg8i-95

0
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HoN %8
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R N

100-102

OR3

0 Len
HN
Rﬁdﬁ@
.
o
R4 N

88-91

c 88: Ry= Cl, Ry= H, Rg= Me
e 89: Ry= H, Ry= H, Ry= Me
90; R;= H, R,= OMe, Ry= Me

91: Ry= Cl, Ry= H, Ry= H

~o
OO/
HoN

99

100: Ry= CI, Ry=H
101:R;=H,R=H
102: R;= H, R;= OMe

92-95

92: Ry= Cl, Ry= H, Ry= Me
R 93: Ry= H, R= H, Rg= Me
94: R;= H, R,= OMe, Ry= Me

95: Ry= Cl, Ry= H, Ry= H

a) full H, mode, 10% Pd/C, EtOAc, r.t., 1 bar, flow rate 1.0 mL/min; b) EtOAc, SnCl, -2H,0, reflux, 1 h; c) phenol, MW, 150W, 120 °C, 120 min;
d) phenol, MW, 150W, 120 °C, 60 min e) anhydrous DCM, BBr; -78 °C to rt, 20h.

Amino derivatives98-99 were prepared starting from the common intermedians-

nitro-stilbene derivatived7 as previously reported??32 Amino-stilbene99?%223 was

obtained by selective reduction of the nitro graugh Tin (II) chloride, whereas the

corresponding dihydro derivative8?* was obtained by catalytic hydrogenation in

continuous-flow reactor that allowed simultaneceuctions of the nitro group and the

ethylene bridge. The 9-chlorotacrine derivative30-102 has been synthesized as

previously describeé>23¢
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3. Biological evaluation and discussion of results

Biological evaluation of newly synthesized hybridempounds was carried out by
groups of Professors Manuela Bartolini, Barbara ¢dniBO), and the group of
Professor Jan Korabecny of Charles University iagBe. The biological experiment
protocols and the in-depth analysis of biologiesults have been reportéthus only
some relevant aspects are described in this pgiagra
To evaluate the potential interest as MTDLs agaltisheimer disease, they were first
tested for cholinesterase inhibition and deriva®®, 89, 91and95 showed significant
inhibitory activity with 1G5 values from 0.8 to 14.2 uM &ble 4). The majority of the
active compounds is part of the subset in whichstileene double bond is reduce8,(
89 and91). Particularly,88 is the most potent inhibitor of the series, digplg an I1Go
of 0.8 uM, which is comparable to that of reference drumitee 84 (ICso = 0.5uM). 29°
Compound9d5 is the only resulted activ@mong the hybrids featuring the double bond
of the stilbene moiety9-99 with an 1Go value of 8.8 uM. However, it should be
noted tha®5, together witlB8 and91, bears a 6-chlorotacrine fragment, confirming the
essential role of this fragment in AChE recognition

Since the potential of tacrin-based hybridadbas inhibitors of amyloid aggregation
has been widely recogniséd?>® as well as the antiaggregating properties of
resveratrof?! 88-95 were tested for their ability to inhibit pAself-aggregatio”%
Interestingly, the most active compounds re@iltand 95, which showed slightly
improved A3 aggregation inhibitory profile compared to resweie87 (Table 4).

Table 4. Inhibition of human AChE and (A Self-Aggregation of derivative88-95 and reference
compound®84-87

ICs0% ICs0% A4z self-
SEM SEM aggregation
Compound — \\nfor  (uM) for % Inhibition
Human Human [11=50 uM
AChE BChE
88 0.8+0.05 n.a. 176+1.6
89 14.2+2.9 n.a. n.d.
90 n.a. n.a. n.d.
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91 1.3+0.1 n.a. 37.3+x4.1

92 n.a. n.a. 21.6+£49

93 n.a. n.a. n.d.

94 n.a. n.a. n.d.

95 8.8+0.4 n.a. 31.2+9.0

84 05+0.F 0.023%+3 <5

85 0.007 0.85+ <5
0.02 30.6

86 105+2 21+ 3000 n.d.

87 n.aP n.aP 30.0 £ 8.7

n.a.- not active, no enzyme inhibition at composrabncentration of 1QM.
n.d. - not determined.

2 Data taken from Nepovimova, E.a&t??’

b No inhibition observed in tested concentratiortaipOOpM.

Compounds were then evaluated for neurotoXecef on primary neurongigure
31)% and compoun@®5 showed no clear neurotoxicity, thus it was furtimmestigated
and tested in a cell model of AD neuroinflammatiomhere it showed anti-

inflammatory and immune-modulatory properties (daitshowny%®
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Figure 31.Neurotoxicity of88-95 on primary rat cerebellar granule neurons (CGNs)y 24 h treatment.

Results are expressed as percentage of controlsraride mean + SE of four different experimentsati

least in quadruplicat®®

Compounds were then evaluated for the antioidativity and hepatotoxicity (data
not shown). Only compoun8l8 showed reasonable antioxidant activity, albeitdow
than that of resveratrdf®
The assessment of hepatotoxicity would be of alitimportance for evaluating the
drug-likeness of the newly synthesized hybrids¢eithe serious hepatotoxicity 84
limited its clinical us&? We hypotized a lower hepatotoxicity for the hylsrid
compounds on the basis of the hepatoprotectiveeptiep of resveratro87,3’ but
contrary to our expectations all the compounds laygal significant hepatotoxic
effects?

Importantly, preliminary evaluation through a BBBIdod-brain barrier) predictor

server indicated high permeation properties fos igiries of compound®
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4. Conclusions

The side project (Part 1ll) was based on the rafiolesign and synthesis of a new series
of multi-target-directed ligands (MTDLs) againstzAkimer's disease (AD). A new
series offusedtacrin-resveratrol hybrids that showed interestmglti-target profile
against target proteins involved in AD pathogend®s been identified. The most
interesting compounds88, 91, 92 and 95) inhibited human acetylcholinesterase at
micromolar concentrations and effectively modulatgtiself-aggregation in vitro9(
and95). In addition,95 showed anti-inflammatory and immuno-modulatorypenmies

in AD cell models. However, a general hepatotoyi@tevident for all the derivatives,
probably due to the presence of tacrin fragmenthis regard, when dealing with a
drug discovery project one must be aware that ggoet possible ta priori establish

if a new hybrid (that is a new chemotype) can bector not, toxicity issues should be
addressed early in the discovery phase.
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5. Experimental section

General methods

Reaction progress was monitored by TLC on pre-cbaillica gel plates (Kieselgel 60
F254, Merck) and visualized by UV254 light. Flasbluenn chromatography was
performed on silica gel (particle size 40-aBl, Merck). If required, solvents were
distilled prior to use. All reagents were obtairfesin commercial sources and used
without further purification. When stated, reacBowere carried out under an inert
atmosphere. Reactions involving microwave irradiatiwere performed using a
microwave synthesis system (CEM Discover® SP, B#&, maximum power 300 W),
equipped with infrared temperature measurement.al@at hydrogenation was
performed on H-CulfeContinuous-flow Hydrogenation Reactor (H-Cube, [EgNano
Nanotechnology, Budapest, Hungary). Compounds wameed relying on the naming
algorithm developed by CambridgeSoft Corporatiod ased in Chem-BioDraw Ultra
12.0. Unless state otherwis#]-NMR and*C-NMR spectra were recorded on Varian
Gemini at 400 MHz and 100 MHz respectively. Chednstafts ©) are reported relative
to TMS as internal standard. Low resolution masstsp ESI-MS were recorded on a
Waters ZQ 4000 apparatus.

Experimental procedures

General procedure for coupling reactions (88-90 an82-94)

Tacrine derivatived00-102(1 equiv), the appropriate ami®8-99 (1-1.5 equiv) and
phenol (4-9 equiv) were charged in a pressure tightowave tube containing a stirring
bar. The reaction mixture was submitted to micrasvavadiation at 120 °C with an
irradiation power of 150W for 1h. The mixture wasswlved in DCM and washed with
sodium hydroxide 10%, brine and water, dried oweiem sulfate and evaporated.
Crude product was purified by flash chromatografistroleum ether/EtOAc, elution
gradient 90:10 to 80:20).
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6-chloro-N-(4-(3,5-dimethoxyphenethyl)phenyl)-1,2,3-tetrahydroacridin-9-amine
(88)

e

o Coupling of compoun®8 (0.270 g, 1.05 mmol) andl00
O/ (0.264 g, 1.05 mmol) with phenol (0.889 g, 9 equigs
HN O performed according to the general procedure destri
CIQ\)NEO above. Brown solid, 0.260 g, 0.55 mmol, 52% vyield.
NMR (CDCk, 400 MHz)3: 1.84-1.88 (m, 2H), 1.91-1.95 (m, 2H), 2.7 (t,82 Hz,
2H), 2.82 (s, 4H), 3.11 (t, J= 6.6 Hz, 2H), 3.756H), 5.93 (br, 1H, -NH-), 6.29-6.32
(m, 3H, aromatic), 6.63 (d, J= 8.0 Hz, 2H, aromaficO1 (d, J= 8.0 Hz, 2H, aromatic),
7.21 (dd, J= 2.0 Hz, 8.8 Hz, 1H, aromatic), 7.64J 8.8 Hz, 1H, aromatic), 7.95 (d,
J= 1.6 Hz, 1H, aromatic{3C NMR (CDCE, 100 MHz)3: 22.8, 22.9, 25.3, 34.2, 37.0,
38.4, 55.4, 98.0, 106.7, 106.8, 115.4, 117.5, 12112@.5, 125.1, 125.7, 127.8, 129.36,

129.44,134.5, 134.9, 142.4, 144.0, 144.3, 1486D).9, 161.2; MS (ES): m/z: 473 [M
+ HJ".

N-(4-(3,5-dimethoxyphenethyl)phenyl)-1,2,3,4-tetraydroacridin-9-amine (89)
o Coupling of compoun®8 (0.170 g, 0.66 mmol) and01
O (0.144 g, 0.66 mmol) with phenol (0.560 g, 9 equigs
O/

O performed according to the general procedure dmesitri
HN
m above. Yellow solid, 0.15 g, 0.34 mmol, 52% yieldH
N NMR (CDCk, 400 MHz)4: 1.85-1.88 (m, 2H), 1.93-1.99

(m, 2H), 2.73 (t, J=6.2Hz, 2H), 2.83 (s, 4H); 3(L5)= 6.4 Hz, 2H), 3.77 (s, 6H), 5.82
(br, 1H, -NH-), 6.31-6.34 (m, 3H, aromatic), 6.&%4 = 8.4 Hz, 2H, aromatic), 7.02 (d,
J= 8.0 Hz, 2H, aromatic), 7.32 (t, J= 7.6 Hz, 1kynaatic), 7.59 (t, J= 7.6 Hz, 1H,
aromatic), 7.76 (d, J= 8.4 Hz, 1H, aromatic), A®8J= 8 Hz, 1H, aromatic}*C NMR
(CDCls, 100 MHz)5: 22.6, 23.0, 25.5, 34.3, 37.0, 38.5, 55.4, 9808, 2, 117.1, 122.9,
123.0, 123.3, 124.9, 128.7, 129.0, 129.3, 134.2.714143.6, 144.4, 147.6, 160.0,
160.9; MS (ES)): m/z: 439 [M + HJ.
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N-(4-(3,5-dimethoxyphenethyl)phenyl)-7-methoxy-1,3,4-tetrahydroacridin-9-
amine (90)
Coupling of compoun®8 (0.100 g, 0.39 mmol) an@i02
(0.096 g, 0.39 mmol) with phenol (0.328 g, 9 equigs
0/ performed according to the general procedure dsestri
0 HN\ above. Brown solid, 0.096 g, 0.13 mmol, 33% vyield.
\©\)Nj© NMR (CDCI3, 400 MHz)5: 1.84-1.88 (m, 2H), 1.92-1.96
(m, 2H), 2.74 (t, J= 6.4 Hz, 2H), 2.83 (s, 4H),13(1, J= 6.4 Hz, 2H), 3.66 (s, 3H), 3.77
(s, 6H), 5.70 (br, 1H, -NH-), 6.30-6.34 (m, 3H, matic), 6.63 (d, J= 8.4 Hz, 2H,
aromatic), 6.98 (d, J= 2.8 Hz, 1H, aromatic), 1@3J= 8.0 Hz, 2H, aromatic), 7.24 (m,
1H, aromatic), 8.89 (d, J= 9.2 Hz, 1H, aromattéf: NMR (CDCE, 100 MHz)s: 22.9,
23.1, 25.5, 33.9, 37.0, 38.5, 55.38, 55.44, 98)0,8, 106.7, 117.0, 121.3, 123.4, 123.8,

129.3, 130.4, 134.1, 142.6, 143.6, 144.3, 156.8,219.60.9; MS (ES): m/z: 469 [M +
H]".

N-(4-(3,5-dimethoxyphenethyl)phenyl)-6-methoxy-1,3,4-tetrahydroacridin-9-
amine (92)
o~ Coupling of compoun®9 (0.170 g, 0.66 mmol) and
« O > 100(0.168 g, 0.66 mmol) with phenol (0.248 g, 4 efuiv

" ‘ was performed according to the general procedure
/@\)\/O described above. Yellow solid, 0.140 g, 0.29 mmol,
ol N" 45% yield.'H NMR (CDCk, 400 MHz)$: 1.86-1.90

(m, 2H), 1.94-1.98 (m, 2H), 2.75 (t, J= 6.2 Hz, 2B)14 (t, J= 6.4 Hz, 2H), 3.83 (s,

6H), 5.87 (br, 1H, -NH-), 6.38 (t, J= 2Hz, 1H, amtic), 6.64-6.69 (m, 4H, aromatic),

6.89 (d, J= 16 Hz, 1H), 7.01 (d, J= 16.4 Hz, 1H2577.28 (m, 3H, aromatic), 7.37 (d,

J= 8.0 Hz, 2H, aromatic), 7.70 (d, J= 8.8 Hz, 1Hynaatic), 7.99 (d, J= 2.0 Hz, 1H,

aromatic).3*C NMR (CDCE, 100 MHz)s: 22.7, 22.8, 25.4, 34.2, 55.5, 99.8, 104.6,
117.0, 121.5, 123.8, 125.0, 126.1, 126.8, 127.98.712130.4, 134.8, 139.8, 143.4,
144.0, 148.1, 161.15, 161.22; MS (BSh/z: 471 [M + HJ.
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(E)-N-(4-(3,5-dimethoxystyryl)phenyl)-1,2,3,4-tetrlaydroacridin-9-amine (93)
o Coupling of compoun®9 (0.176 g, 0.69 mmol) anti01
(0.100 g, 0.46 mmol) with phenol (0.390 g, 9 equigs
\ O o~ performed according to the general procedure ds=tri
above. Orange solid, 0.093 g, 0.21 mmol, 46% yitt.
©\)j© NMR (CDCk, 400 MHz)3: 1.86-1.90 (m, 2H), 1.95-1.99
§ (m, 2H), 2.76 (t, J= 6.2 Hz, 2H), 3.17 (t, J= 6.8, RH),
3.82 (s, 6H), 5.93 (br, 1H, -NH-), 6.37 (s, 1H, raatic), 6.63-6.70 (m, 4H, aromatic),
6.89 (d, J=16.4 Hz, 1H), 7.01 (d, J= 16Hz, 1H3377.38 (m, 3H, aromatic), 7.61 (t, J=
7.6 Hz, 1H, aromatic), 7.79 (d, J= 8.8 Hz, 1H, aatn), 8.02 (d, J= 8.0 Hz, 1H,
aromatic).'*C NMR (CDCk, 100 MHz) §: 22.8, 23.0, 25.6, 31.0, 34.1, 55.5, 99.8,
104.5, 110.2, 116.8, 123.2, 125.3, 126.5, 127.8.9,2129.0, 130.1, 139.9, 144.3,
144.5, 160.2, 161.2; MS (ES$1 m/z: 437 [M + HI.

(E)-N-(4-(3,5-dimethoxystyryl)phenyl)-7-methoxy-1,23,4-tetrahydroacridin-9-
amine (94)
Coupling of compoun®?9 (0.268 g, 0.69 mmol) anti02

i (0.174 g, 1.05 mmol) with phenol (0.590 g, 9 equirgs
0/ performed according to the general procedure de=tri
0 HN\ above. Brown solid, 0.106 g, 0.23 mmol, 32% vyiék.
KINIJ NMR (CDCk, 400 MHz)&: 1.85 (m, 2H), 1.83-1.87 (m,
2H), 1.91-1.95 (m, 2H), 2.75 (t, J= 6.2 Hz, 2H1B(t, J= 6.6 Hz, 2H), 3.68 (s, 3H),
3.80 (s, 6H), 5.77 (br, 1H, -NH-), 6.35 (t, J= M2, 1H, aromatic), 6.62-6.65 (m, 4H,
aromatic), 6.86 (d, J= 16.4 Hz, 1H), 6.98 (d, B-Rz, 1H, aromatic), 6.99 (d, J= 16.4
Hz, 1H), 7.24-7.27 (m,1H, aromatic), 7.34 (d, J& Bz, 2H, aromatic), 7.89 (d, J= 9.6
Hz, 1H, aromatic)}*C NMR (CDCk, 100 MHz)s: 15.4, 22.9, 23.0, 25.5, 33.8, 55.50,

55.53, 66.0, 99.8, 101.7, 104.5, 106.9, 116.6,3.21124.1, 126.3, 127.8, 128.9, 129.7,
130.25, 130.32, 139.9, 144.3, 157.1, 161.2; MSYES8I/z: 467 [M + HT.
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5-(4-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylaminophenethyl)benzene-1,3-diol (91)
o Compound88 (0.500 g, 1.06 mmol) was dissolved in
anhydrous DCM (12 mL). The mixture was cooled to -

O oH 78 °C and a 1M DCM solution of BB(4.2 mL, 4.2

mmol, 4 eq) was added dropwise underainosphere.

HN I

X
The reaction mixture was stirred at the same

temperature for 0.5 h and then at rt for 20h. lve then
aqueous NaOH 10% were added and the mixture waaceed with DCM (1x10 mL)
to remove impurities. The alkaline aqueous phasg agdified with HCI 6N, and a

/

Cl N

yellow precipitate was formed. The precipitate viisred and washed with water and
diethyl ether and then purified by flash chromaagdry (DCM/MeOH 98:2). Yellow
solid, 0.440 g, 0.98 mmol, 93% yieltd NMR (CD;OD, 400 MHz)$ 1.81-1.82 (m,
2H), 1.90-1.92 (m, 2H), 2.62-2.70 (m, 4H), 2.748&(ih, 2H), 3.02-3.05 (m, 2H), 6.05-
6.09 (m, 3H, aromatic), 6.63-6.64 (d, 2H, aromattcd7-6.99 (d, 2H, aromatic), 7.25-
7.27 (d, 1H, aromatic}: 7.78-7.81 (m, 2H, aromaticy>C NMR (CD30D, 100 MHz):
d: 23.5, 26.5, 33.4, 38.1, 39.2, 101.2, 108.1, 12024.1, 122.0, 125.3, 126.4, 127.3,
130.4, 136.6, 137.3, 142.8, 145.3, 146.7, 148.9,318.60.6; MS (ES): m/z: 445 [M +
H]*.

(E)-5-(4-((6-chloro-1,2,3,4-tetrahydroacridin-9-y)Jamino)styryl)benzene-1,3-diol
(95)
Compound92 (0.400 g, 0.85 mmol) was dissolved in
1 anhydrous DCM (12 mL). The mixture was cooled to -
O X ‘ on 78 °C and a 1M DCM solution of BB(3.39 mL, 3.39
HN mmol, 4 eq) was added dropwise underalinosphere.
/@\)jij The reaction mixture was stirred at the same
° § temperature for 0.5 h and then at RT for 20 h. Agse
NaOH 10% was added and mixture was extracted WIDAE (3 x 20 mL). Combined
organic phases were dried over sodium sulfate aragpazated. Crude product was
purified by flash chromatography (petroleum eth&d/&c 50:50). Yellow solid, 0.090
g, 0.20 mmol, 31% yieldH NMR (CD;OD, 400 MHz)5: 1.80-1.84 (m, 2H), 1.93-1.96
(m, 2H), 2.71 (t, J= 6.4 Hz, 2H), 3.07 (t, J= 6.4,12H), 6.14 (t, J= 2.0 Hz, 1H,
aromatic), 6.42 (d, J= 2.0 Hz, 2H, aromatic), §&,7J= 8.4 Hz, 2H, aromatic), 6.81 (d,
J=16.4 Hz, 1H), 6.94 (d, J= 16.4 Hz, 1H), 7.2%7(®, 3H, aromatic), 7.84-7.86 (m,
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2H, aromatic)*C NMR (CD:OD, 100 MHz)$: 23.6, 26.7, 34.5, 102.8, 105.9, 118.1,
122.9, 125.1, 126.6, 126.9, 127.1, 127.5, 128.8,212131.4, 135.5, 141.2, 145.6,
146.4, 148.5, 159.7, 162.6; MS (EBIm/z: 443 [M + HJ.

4-(3,5-dimethoxyphenethyl)aniline (98)

o~ A solution of (E)-1,3-dimethoxy-5-(4-nitrostyryl)beened7
O (0.2 g, 0.70 mmol) in EtOAc (20 mL) was reducedaonH-
O 0"  Cube® flow hydrogenator using a Palladium catalyst
HoN cartridge 10% Pd/C, with the following conditiorfall H2
mode, T= r.t.; P(B= 1 bar; flow rate: 1.0 mL/min. Volatile compongntvere
evaporated in vacuum to give the crude 4-(3,5-diwmetphenethyl)aniline as brown
oil. 98 was used in the coupling step without further pcaition. 0.17 g, 0.65 mmol,
93% yield.!H NMR (CDCk, 400 MHz)$ 2.81 (s, 4H), 3.77 (s, 6H), 6.31 (t, J= 2.4Hz,
1H, aromatic), 6.35 (d, J= 2.4 Hz, 2H, aromatic$36(d, J= 8.0 Hz, 2H, aromatic), 6.99
(d, J=8 Hz, 2H, aromatic).

(E)-4-(3,5-dimethoxystyryl)aniline (99)

o~ (E)-1,3-dimethoxy-5-(4-nitrostyryl)benze®& (0.2 g, 0.70
O mmol) was dissolved in EtOAc (30 mL). 6 equivaleats
O N o7 Tin (1) chloride dehydrate (0.95 g, 4.20 mmol) exdded
HoN and mixture was refluxed for 7h. Than other 2 ealgints
(0.32 g, 1.42 mmol) were added and the mixture ngdlaxed for other 5h. Saturated
aqueous sodium bicarbonate was added to achieaénaik Precipitate was formed.
The mixture was filtered and the filtrate was estied with EtOAc (3 x 10mL), than
evaporated to obtain the product as brown solige ddmpound was used in coupling
step without further purification. 0.17 g, 0.65 m@8% yield.'*H NMR (CDCk, 400
MHz) &: 3.83 (s, 6H), 6.36 (t, J= 2.4 Hz, 1H, aromat&)}4 (d, J= 2.4 Hz, 2H,
aromatic), 6.68 (dd, J= 2.0 Hz, 6.4 Hz, 2H, aromat6.85 (d, J= 16.4 Hz, 1H,
aromatic), 7.00 (d, J= 16.4, 1H, aromatic), 7.38 (&= 2.0 Hz, 6.8 Hz, 2H, aromatic).
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CONCLUDING REMARKS

The totality of my PhD research has been direaetheémical manipulation of synthetic
building blocks in order to obtain biologically aa molecules, useful as tools both for

drug discovery and chemical biology.

The main project (Part 1) of my PhD programused on the synthesis of structural
analogs of the LDH-A inhibitor galloflavin (GF). 18ie the poor chemical
manipulability of GF did not allow an easy accessynthesis of analogs, a structural
simplification was performed which led to the idéoation of a natural
dibenzopyranone, urolithin M6 (UMB6).

An efficient and versatile synthetic procedure bdain UM6 has been developed and
preliminary biological test showed it reproduced sGBehaviour, making it a newit
suitable for our investigations. The synthetic eouteveloped for UM6 has been
exploited for the synthesis of a small library oMB structural analogs bearing the
same dibenzopyranone scaffold or phenanthrene iphéryl scaffolds, proving to be a
convenient strategy in term of high vyields, shoghation times and versatility.
Furthermore, a small number of dibenzopyranonedibenzopyrane derivatives were
obtained through some of the previously reportedgaures for urolithins synthesis.
Biological evaluation of the new derivatives allah& SAR assessment for this class of
compounds. UM6 and the new active compounds areemily under further
investigations to a deeper knowledge of their giytoinhibitor activity. These studies,
in parallel with docking studies, could allow a ther optimization of the active
compounds toward more potent inhibitors.

Part IlI, related to the research activity @rout during the six-month placement
under the supervision of Professor Angela RusstlDapartment of Chemistry
(University of Oxford), focused on the developmeitsmall molecules useful as
chemical tools to investigate pathways involvech@urogenesis and neural stem cell
(NSC) fate.

A series of derivatives including alkyne-tagged laga of the recently discovered
proneurogenic compound OX02672 have been syntlteBizesubsequent development
into fluorescent and affinity probes by “click” gagation with azide-containing

reportersSome of the alkyne-tagged analogs were therefangigated with a simple
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azide and a rhodamine-azide-derivative throughk alicemistry, proving this strategy
can be useful for the development of OX02672 itdorescent probes. With the same
approach, alkyne-tagged derivatives could be deeeloalso as affinity probes by
conjugation with biotin-azide-derivative in theatlireactionThese probes can be used
in chemical proteomics and other chemical biologthrods to assess the localization in
NSCs and to identify the target protein(s). Thistunn may help to understand the
mechanism of action of OX02672 and to gain a bdttewledge of the signaling

pathways that control adult neurogenesis.

Finally, a side project (Part Ill) was carriedt in collaboration with the group of
Professor Maria Laura Bolognesi. It involved theorgal design and synthesis of a new
series of multi-target-directed ligands (MTDLS) exgh Alzheimer's disease (AD).

By using afusingstrategy, a new series of tacrin-resveratrol ldghave been designed
and synthesized. New derivatives showed interestinfji-target profile against target
proteins involved in AD pathogenesis and low tayi@n primary neurons. However, a
general hepatotoxicity was evident for all the comnpds, probably due to the presence
of tacrin fragment. In this regard, is importantkeep in mind that toxicity issues
should be addressed very early in a drug discopenject. Our findings added new
layers of information to multi-target drug discoyemd may be useful for approaches

aimed to the development of hybrid compounds.
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Appendix A

Experiments performed by Professor Giuseppina Di &fano’s group

Enzymatic assays on purified human LDH-A

Purified LDH-A (from human liver) was obtained frobhee Biosolutions (St Louis,
Missouri, USA). 20 mM stock solutions of compoundwaepared in DMSO. It was
added in scalar amounts (0 — 304 final concentrations) to a reaction mix contagin
100 mM phosphate buffer pH 7.5, 0.015 U LDH / mimM pyruvate and 15@M
NADH. For all the determinations (including thoséheut the compounds), DMSO in
the reaction mix was always kept to 0.6%. The eratyaractivity was measured by
monitoring NADH oxidation for a period of 3 min. Tavoid interference of the
compounds with the UV reading of NADH oxidation, veelopted the procedure
reported by Morafy which measured LDH activity by recording the éase of NADH
fluorescence. The assay was performed in 96-welitewbody plates, using a
Fluoroskan Ascent FL reader (Labsystems). The curet®on of compounds causing
50% inhibition of LDH activity (1Go) was calculated from the second order polynomial

regression of the experimental data, using therPsi$sraphPad software.

Cell culture conditions

Raji cells were grown as a suspension culture iMRE640 containing 10% FBS, 100
U/ml penicillin/streptomycin, 4 mM glutamine and mgemaintained at a concentration
of 1-2 x 10 viable cells/ml. All media and supplements werenfr Sigma. In all
experiments, inhibitors were added to the cultueglimin the presence of 0.6% DMSO.
The same amount of DMSO was always added to thieatpantreated cultures.

Effects of the inhibitors on lactate production

5 x 1@ cells in 1 mL of culture medium were seeded irheaell of a 6-well Nunclon
plate. Scalar amounts of inhibitor (0-2@®1, tested in duplicate) were then added to the
cultures. Lactate was measured in 3 untreated \atlise start of experiment (baseline
value) and 3 h after incubation at 37°C. In eacHi,wee simultaneously measured
released in medium and intracellular lactate: atehd of incubation 100l of 100%
trichloroacetic acid (TCA) solution was added; tledl lysate was collected and the well

was washed with 1 mL 10% TCA. After centrifugatidactate in the supernatant was
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measured according to the method of Barker and Sarson® The amount of
metabolite formed during the 3 h incubation withwathout the inhibitor was calculated
by subtracting the baseline value. The dose of cumg causing 50% inhibition of
lactate production (l6) was calculated from the second order polynonggtession of

experimental data, using the Prism 5 GraphPad acdtw

Effects of the inhibitors on cell growth or viability

To study the effect of the inhibitor on cell preliition, 1 x 1®cells were seeded in 24-
multiwell plates and treated for 24 h at 37°C vatalar doses of inhibitors (0-2Qd,
tested in duplicate). After incubation, cells weoeinted under a light microscope using
a Neubauer chamber and their viability was deteechiny Trypan blue exclusion. The
cell growth was calculated from the difference ledw the number of viable cells
counted at 24 h and that at the beginning of erpat. Data were plotted as cell
growth vs dose of compound. The dose causing 50%biiion of cell growth (cell
growth 1Gso) was calculated by applying the second order potyial regression to the

experimental data.
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Appendix B

Experiments performed by Dr. Julie Davies (Oxford Uhiversity)

Cell culture and in vitro compound screening procedures

DCX-GFP mice with CD1 background strain were sam@d at 3-5 days old. NSCs
from the DG and SVZ, and astrocytes from the cedebortex were dissected and
grown in polyheme coated plates to prevent adheremith neural basal A media
(Gibco), 1% pen/strep, 1% glutamax and 2% B27 sippht (all Sigma). The NSCs
were also grown in the presence of EGF and FGmtowage cell expansion. NSCs
were incubated until secondary or tertiary neuresgd, at 37 °C and 5% CO2 in a
humidified incubator.

384 well plates were treated with poly-ornithineetacourage cell adhesion, left at rt
overnight and the poly-ornithine extracted from phate. Plates were then treated with
laminin for 1 h at 37 °C and the laminin then ecteal. The suspended neurospheres
were removed from the polyheme coated plates, ibeypid at 1200 rpm for 5 min to
form a pellet of cells and the supernatant medmoreed before being triturated to
promote dissociation. The neurospheres were tleatetdl with Accutase® to dissociate
the cells and form a single cell suspension, aed ttentrifuged again. The suspension
was made up in a known volume of media and theto&l counted using a Motics
AE2000 microscope. Cells were seeded onto the d@84 plates at 2000 cells/well in
10ul/well and incubated for 1 h. Compounds were dissdlin DMSO at a
concentration of 10 mM, serially diluted and 4O of a given concentration was added
to the well to give a final compound concentratainl00, 10, 1, 0.1, 0.01 and 0.001
uM. Experiments were repeated in both technical l@intbgical triplicate. Plates were
then incubated for 6 days. Immunocytochemistry thes performed by staining cells
with GFAP, TUJ1, MAP2 antibodies and DAPI nucletirs 5 images of the stained
cells were taken per well using a Perkin Elmer @ftarmicroscope and x20 objective,
and the number DAPI+/TUJI+ cells were counted. Pkeecentage of neurons against
the total number of DAPI stained cells was cal@dat

The number of neurons in a compound-treated web wampared to that in the
normalised, negative control of DMSO and the fdidroge calculated. All-trans retinoic
acid (ATRA) known to induce neurogenesis in vitth (vas used as the positive
control. ATRA gave a dose dependent increasedpthportion of neurons up to ~2.5-
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fold when compared to the DMSO control. At highemneentrations this effect

decreased, attributed to increased toxicity.

(1) Maden, M. Retinoic acid in the development, regati@n and maintenance of

the nervous systemlat. Rev. Neurosc8, 755-765 (2007)

In Vivo experiments with OX02672

Quantification BrdU/NeuN in the anterior and posterdentate gyrus (1 week

treatment)

3 breeding pairs{ Transgenics and? wild types)

8 other J20s

25mg/kg via oral gavage TID for 7 days with BrdUlre drinking water
14 day resting period and then perfused

BrdU (Proliferating cells), NeuN (Mature neurongadaDAPI (Nuclear dye)

Hippocampal staining
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Abbreviations and acronyms

ABP: Activity-based probe

ABPP: Activity-based protein profiling

AKT: Protein kinase B

COSY: Correlation spectroscopy

CUuAAC: Copper(l)-catalyzed azide-alkyne cycloaditti
DCM: Dichloromethane

DCC: N,N'-Dicyclohexylcarbodiimide

DIBAL: Diisobutylaluminum hydride

DCE: 1,2-Dichloroethane

DCM: Dichloromethane

DG: Dentate gyrus

DIPEA: N,N-Diisopropylethylamine

DMA: N,N-Dimethylacetamide

DMAP: Dimethylaminopyridine

DME: 1,2-Dimethoxyethane

DMF: N,N-dimethylformamide

DMSO: Dimethyl sulfoxide

EA: Ellagic acid

ECAT: Endogenous cell activation therapy

EDC: N-(3-Dimethylaminopropyl)-Nethylcarbodiimide
GA: Gallic acid

GF: Galloflavin

GSK-33: Glycogen synthase kinase 3 beta

HIF: Hypoxia-inducible factor

HMBC: Heteronuclear multiple-bond correlation spestopy
HPLC: High performance liquid chromatography
HRMS: High-resolution mass spectrometry

HSQC: Heteronuclear single quantum coherence sjsecipy
HTS: High-throughput screening

IR: Infrared

LDH-A: Lactate dehydrogenase isoform A (tetramer)
LIHMDS: Lithium bis(trimethylsilylyamide
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MTOR: Mammalian target of rapamycin

NAD-: Nicotinamide adenine dinucleotide (oxidized form)
NADH: Nicotinamide adenine dinucleotide (reducechip
NBS: N-bromosuccinimide

NSC: Neural stem cell

NPC: Neural progenitor cell

NIS: N-lodosuccinimide

NMR: Nuclear magnetic resonance

NOESY: Nuclear Overhauser effect spectroscopy
PCC: Pyridinium chlorochromate

PDH: Pyruvate dehydrogenase

PDK: Pyruvate dehydrogenase kinase

PI3K: phosphatidylinositol 3-kinase

PG: Protecting group

SAR: Structure-activity relationship

SDS-PAGE: Sodium dodecyl sulphate - polyacrylangieleelectrophoresis
SGZ: Subgranular zone

SVZ: Subventricular zone

S-Phos: 2-Dicyclohexylphosphind;@-dimethoxybiphenyl
THF: Tetrahydrofuran

TLC: Thin layer chromatography

UMG6: Urolithin M6

UM?7: Urolithin M7

Uro-A: Urolithin A

Uro-B: Urolithin B

Uro-D: Urolithin D

Uro-E: Urolthin E

VS: Virtual screening
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