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Introduction




1. Chapter 1l

1.1. Cancer

Although some promising developments hdveen achievedhanksto anintensive medical and
pharmaceutical research, cancer remains one of the leading causes of mortality worldwide.
There were an estimated 14.1 million cancer cases around the world in 2012, of these 7.4 million
cases were in men and 6.7 million in womehisThumber is expected to increase to 24 million by
20352

The word "cancer” derives from the father of medej Hippocrates, who used the Greek word

karkinos(crab or crayfish) to describe solid malignant tumalue to the appearance of the cut

— - == surfaceof them with "the veins stretched on all sides as
Management of Breast Cancer has been

; . o the animal the crab has its feet, whence it derives its
described by ancient Egyptlans in the

“Edwin Smith aPYrUS swasc—— name”. The Roman physician, Celsus-82BBC), later

translated the Greek term inteancer the Latin word

for crab3 The earliest known descriptis of cancer

appear in seven papyri, discovered and deciphered late

in the 19th century. Two of them, known as the "Edwin
Smith" and "George Ebers" papyri, contain descriptions

of cancer written around 1600 B.C., and are believed to date from sourceshasae2500 B.C.

Cancer is the general name for a group of more than 100 diseases. Although there are many kinds
of cancer, all cancers start because abnormal ce ~ senomoncs

REDUATION

grow out of control In most cases, the cancer cell @

form a tumor. Over time, théumours can invade

nearby normal tissue, crowd it out, or push i |
ﬂl F o HOGl e
aside. Some cancers, like leukemia, rarely fo m/@ %‘“
. 0 TN .
tumours butthese cancer cells involve the bloo( & & 5" " g B,
Owges | TPERNET G v 90
and bloodforming organs and circulate through &, gx e | > R L0 2n
2 @ =]
. |Mn-'o >a? ’?\ THFMIE GAVG0L
other tissues where they grahCancers may be| =’ — wo ot |8 V\OQ o
causedin one of three ways, namely incorrec—— .
[F e T @
diet, genetic predisposition, and via the AL

1a) S. Sednidyew Approaches to Natural Anticancer DrugpingerBefs in Pharmaceutilcal Science & Drug Developni5 b) A.
Jemal; F. Bray; M. M. Center; J. Ferlay; E. Ward; D. FoBA&ancer J. CliR011, 61, 69; c) R. Siegel; D. Naishadham; A. Jeddal,
Cancer J. ClirR012 62, 10.

2 J. Ferlay; |. Soerjomataram; M. Ervik; R. Dikshi. Eser; C. Mathers; M. Rebelo; D. M. Parkin; D. Forman; F. Bray
Cancer Incidence and Mortality Worldwide International Agency for Research on,Q8tder

¥ R. WMoss,Galen on Cance2004

4 http://www.cancer.org/cancer/cancerbasics/whdg-cancer




environment. As many as 95% of all cancers are caused by life style and may take as leB@ as 20
years to develop.The transformation of a normal cell into a cancerousisdbelieved to proceed
through many stages and one of the most important mechanism contributing to this process is
considered to be oxidative damage to the DNA. If a cell containing damaged DNA divides before
the DNA can be repaired, the result is likilybe a permanent genetic alteration constituting a

first step in carcinogenesis. This stage may remain dormant, and the subject may only be at risk
for developing cancer at a later stage. The second stage, called promotion, occurs very slowly over
a perial ranging from several months to years. During this stage, a change in diet and lifestyle can
have beneficial effect so that person may not develop cancer during his or her lifetime. The third
and final stage involves progression and spread of the disease.

Assignificant feature of tumour cells is their abnormal cell growth and, basich#ycanventional
chemotherapymostlytargets one or more process involved DNA replication and cell division. That
is why thesecompoundshave high toxicity even with th@ormal cells, therefore a massive
fraction of current research in this arda now moving towards molecular therapeutic agents
targeting the key molecular abnormalities that drive malignant transformation and progression of

tumours(e.g., kinases relatei cell cycle progression or signal transduction)

1.2. Natural sources as potential artancer agents

Natural products have been the most significant source of drugs and drug leads in hRanys,

in particular, have formed the basis of sophistizh traditional medicine systems, with the
earliest records, dating from around 2600 B.C., documenting the uses of approximately 1000
plant-derived substances in Mesopotamidhese include oils o€edrus specietcedar) and
Cupressus sempevire(sypress)Glycyrrhiza glabrdlicorice), Commiphora speciggnyrrh), and
Papaver somniferur{poppy juice), all of which are still used today for the treatment of ailments
ranging from coughs and colds to parasitic infections and inflammafitre ancient medical
literature reports that the surgery was a common practice, however the physicians also
recommended the use of some natural prodyetspeciallyarising fromplants. For example, the
extensive use of traditional Chinese medicine has been documented oveetttaries® with the

first record dating from about 1100 B.C. (Wu Shi Er Bing Fang, containing 52 prescriptions). Even
from the ancient Western world, Dioscorides, a Greek physician (100 C.E.), accurately recorded

the collection, storage, and use of medicinal herbsi his travels with Roman armies

5 A. Bhanot; R. Sharma; M. N. Nodlipf Phytomed2011, 3, 9.

6 L. Reddy; B. Odhav; K.Bhoola;Pharm.& Therap, 2003 99, 1.

7 K-H Altmann; Jurg GertscNat. Prod. Rep2007, 24,327.

8 G. Tan; C. Gyllenhaal; D. D. Soej&tay. Drug Target2006 265.

9J. K. BorchardBrug New Perspe¢R002, 15, 187.

0 K. C. Huanghe pharmacology of Chinese Herbs, 2nd>&C Pres$990
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throughout the "known world", whilst Galen (18200 CE.) a practitioner and teacher of
pharmacy and medicine in Rome, is well known for his complex prescriptions and formulae used
in compounding drugs.

Plants have a g history of use in the treatment of cancers reported by Hartwell in his review

of 1982 where he lists more than 3000 plant species that have reportedly beeragsaust this
diseas€e' To note that inmanyreports, the word "cancer" is undefined, orefated to conditions

such as "hard swellings", abscesses, warts, calluses, polyps or tumours, to name a few. Such
symptoms would generally apply to skin, "tangible" or visible conditions, and may indeed
sometimes correspond to a cancerous condition, butngnaf the claims for the efficacy of such
treatment should be viewed with some skepticism because cancer, as a specific disease entity, is
likely to be poorly defined in terms of folklore and traditional mediciieverthelesspature

has played an impormnt role as a source of effective anticancer compasi Craggat al., in their
well-known publication 0f2012 demonstrateas only the 20,2%of the 128 anticancer drugs
approved or in clinical trials from 01/1981 to 12/20&€e classifiable into the "tothl synthetic

drugs" (S) categonyfhe residual 79.8% are either genuine natural products or are based thereon,

or mimicked natural products in one form or anoth&igure 1)

4,20, 104,

N, 27, 13%
SNMIE 9
|

NE, 1, 0%

&AL 2T

ND, 57, 28%

BE aN ENE mND O §F o SNM w5t s gONN w1

Figurel: N: Derived from an unmodified natunatoduct source; ND: derived from a natural product source (e.g.,
semisynthetics); NM: natural product mimic S: Exclusively from a synthetic source; S*: From a synthetic source, but
originally modelled on a natural product parent; B: Biologics (monoclostalsderived from mammalian sources); V:
vaccines; NB: natural product botanical (botanical "defined mixture").

In the same review it is possible to fimdhuge list (filled up to 2012) of anticancer compounds

arising fromnatural sources, which normally are classified in plant, marine or microorganism

11 J.Hartwell;Plants Used Against CancArSurvey Quarterman Pub., Incorporate#982

12G. M. Cragg; M. R. Boyd; J. H. Cardellina II; D. J. Newman; K. M. Snader; T. G. Btb@ahatany and drug discovery: The
experience of the US National Cancer Institute, in: D.J. Chadwick, J. Marsh (Eds.), &threotibthe search for new drugs, ciba
foundation symposium, John Wiley & Sons, Inc., New York9®¥'185, 178,

13D, J. Newman; G. M. CradgNat. Prod2012 75, 311.




sources.It worth to note the incredible diversity and complexity of some molecstanctures
associated withseveral different mechanisms of actiam cancer cells. In theollowing section
the most famousclasses of anticancarompounds there will be listeddividedon the basis of
their source (plant, marinelerivedor microbialagents)

1.2.1. Plant as source d@nti-cancer agents
Discovery and development of the vinca alkaloigsre the start of the history of plant as source
of anti-canceragents (earnest 19505 Vinblastine and vincristine, belonging tinca alkaloid
family, wereisolated from the Madagascar periwinkle, Catharanthus rosmualso known as
Vinca roseaRegardheir general mechanism of action, they bind specificallig-tabulin blocking
its ability to polymerize witha-tubulin into microtubules and therefore prohibiting thaitotic
spindle formation.}* This leads to the killing of actively dividing cells Ryikiting progression
through mitosis.Vincristineis largely used in the treatment of haematological alythphatic
neoplasm a well as afeveral solidumours (vinblastine in breast, testicular cancer edgigure
2).15

Vincristina: R = CHO
Vinblastina: R = CH3

Figure2

Thevinca alkaloids are dimeric asymmetrical compounds consisting of two-rimgéid subunits,
vindoline and catharantine, linked by a carboerbon bridgeFrom structural modifications of
vinblastine derive thdirst new secondgeneration vinca alkaloid, vinorelbine Specifically, the
carboxylic ester group of vinblastine at position 16 was converted to amide 5 in a reaction with

refluxing ammonia (Eli Lilly patent) (Schemé®1).

14R. L. NobleBiochem. Cell Bipll99Q 68, 1344
15V. T. DeVita; A. A. Serpick; P. O. Carbane;Intern. Med, 197Q 73, 881.
16 Eli Lilly Company)E Patent 22415980974
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Schene 1
Wall and ceworkers in 1971 reported for the first time the structure adghitaxel (Taxol®; Figure
3), an high cytotoxic moleculkextracted from the bark oTaxus brevifoliavhich represent today

the mostexcitingplant derived anticancer drudiscovered in recent years.

Paclitaxel

Figure3

Its mode of actionwasdiscoveredby Schiff and Horwitin 1979who reported in1980its ability
by inhibiting mitosis through enhancement of thmlymerization of tubulin and consequent
stabilization of microtubule® Thelackof availability oftaxol (yield of extraction: 0.14 g/Kd)ave
prompted extensive searches for alternative sources, such as semisynth@sis chemical
synthesig® and celllar culture production? In particular the commercialsemisynthesisf
paclitaxel (byBristoFMyers Squiblh developed byRobert Holton in 1989 starts fom 10
deacetylbaccatin 1B (easily extracted with yield 1 g/kigom the fresh leaves of English yew tree
T. baccatdl.) is based on tail addition of the salledOjima lactamCto its free hydroxyl group

(Scheme 23*

7M. C. Wani; H. L. Taylor; M. E. Wall; P. Coggon; A. T. MdPAail; Chem. Sp&971, 93, 2325.

18 P, B. Schiff; S. B. HorwiBrpc. Natl. Acad. Sci. U.$398Q 77, 1561.

193) K. C. Nicolaou; Zang J. JLiu; H.Ueno; P. GNantermet; R. KGuy; C. FClaiborne; JRenaud; E. ACouladouros; KPaulvannan;
E. JSorensenNature, 1994 367, 630 b) R. AHolton; CSomoza; H. BKim; F.Liang; R. Biediger D.Boatman V. Shindo; C. GSmith;
S.Kim; H.Nadizadeh; YSuzuki C.Tag P.Vu; S.Tang P.Zhang K. KMurthi; L. SGentile J. HLiu;J. Am. Chem. Spt994 116, 1597.
20 S Kusari; S. Singh; C. JayabaskaFeends in Biotechnolog2014 32, 6.

2LR. A. HoltonMetal AlkoxidesU.S. Patent]1993 5, 274,124,
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C B 80% overall yield
Scheme 2
Taxol®vas approved for clinical use against ovarian cancd©9BR and against breast cancer in
1994. The success of paclitaxel spawned extensive studie the synthesis of analogues:
docetaxel (Taxotere®; Figure)4the first one to be developedwas obtained from 10

deacetylbaccatin IB.

Taxotere

Figured

Paclitaxel and docetaxel are hydrophobic compounds characterized by a taxane ring core and
unusual fourth ring at the -@,5 position. The taer, together with a complex ester group at the C

13 position, is essaial for their biological activity.

In the 1950s, the extraction of the Chinese tf@amptotheca acuminatked to the isolation of an

high cytotoxic extract active against several solid tumours and leukaemias, but only in 1966 the
active component of the extract, campthoteginas identified and characterizéd Camptothecin

(as its sodium salt) was dropped &ftit was found to be really toxicedpite promising ati-
tumour activityin the clinical trialsMany years lateririnotecanand belotecantwo semisyithetic
camptothecin analoguefiecamethe three clinicallyactive agents against colorectal and ovarian

cancer(Figure 5§°

22 M. E. Wall; M.C. Wani; C. E. Cook; K. H. Palmer; A. T. McPhail, GJAABINGhem. Sot966 88, 3888.
2 H. Malonne; G. Atasgknticancer Drugsl997, 8, 811.
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Camptothecin Irinotecan Belotecan

Figure5

Camptothecirand itsderivatives have a bas#tructure based offive-ring moiety structure with a
Sconformationchiral centre in the terminal lactoneng. Theconfiguration of stereocenter and
the hydroxyl group which it is attached afandamentalfor biological activity Camptothecins
cause DNA damage by stabilizing the covalent topoisomerB¥¢Al complex, thus preventing
religation?*

1.2.2. Marine organisms as soce of anticancer agents
Covering more than 70% of the earth's surface, the world's oceans represent a huge resource for
the discovery of new anticancer compounddarine organisms, such as sponges, bacteria or
algae, are a unique reservoir fbioactive natural products, with structural features not generally
found in terrestrial plant metabolite®. The marine organisms produce #ge compounds to
protect themselvesgainst predators, communicate and reproduce. In the last decade, more than
3000 new compounds have been discovered in marine environments and, among these, a
number of novel marine compoundigve beerisolated and tested for anticancer activity.
In Septenber 2007 the complex alkaloigsolated from the colonial tunicateEcteinasciai
turbinata, ecteinascidin 743, was approved under the name Yondelis® for the treatment of soft
tissuesarcomas (Figure 6Moreoverit is also currently in a number of clinical trials for breast,
prostate, liposarcoma and paediatric sarcom@ise issue ofcompound supply was solved with
the development of a semisynthetic route from the microbial guot cyanosafracin B18¢50]

(Figure 6§’

24Y.H. Hsiang; R. Hertzberg; S. Hecht; L.Rl.IBiplChem, 1985 260, 14873.

2 W. R. Sawadogo; R. Boly; C. Cerella; M. H. Teiten; M. Dicato; M. Diedetatyles2015 20, 7097.
26 H.M. Sarfaraj; F. Sheeba; A. Saba; S.K. Moldégn J. GeMar. Sci, 2012 41, 27.

27C.Cuevas; A. Francesdtiat. Prod Rep, 2009 26, 322.
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Ecteinascidin 743 Cyanosafracin B
Figure6
Another exampleof anticancer agentextracted from several marine sponges, and approired
November 2010 by FDA for the treatment of refractory metastatic breast caisdealichondrin B
(Figure 7¥8

Halichondrin B Eribulin

Figure7

The total synthesis ofthe complex polyether structure was a hard challangdor the drug
production but fortunately total synthetic studies revealed that the right hand half of
halichondrin B(eribulin, Figure 7}etained all or most of the potency of the parent compall
Therefore a largescale synthesiof this bioactive moleculewas developed providinghe
necessary amount of eribulin for the clinical tri#fl&ribulinis a microtubule dynamics inhibitor
that, despite tharother known clases of tubulifargeted agentgtaxanes, epothilonesand vinca
alkaloid) suppresses microtubule polymerization sequestering tubulin into -fumctional
aggregates?®

Bryostatin 1 (Hgure 8),the moststudied member of the familyf Bryostatins, wasoriginally
isolated in the 1960sby Petit and his collaborators from the invertebrate marine bryozoan,

Bugula neritinataken from California coast. This marimetabolite is a complex macrolide

28 M. J. Y4; Y. Kishi; B. A. Littlefieldnticancer agents from natural produc®aylor and Francis; Boca Raton, 205 241.

23/ 2NISAT WP hQ{KIdzAKySadaeT 5 [25a0KT Wod [ . fdzYT [ V. ¢
Vladimirov; F. Cardoso; H. Koh; P. Bougnoux; C. E. Dutcus; S. Seegobin; D. Mir; N. Meneses; J. Wardesst &hcey@011, 377,

914.

30 A l. Spira; N.Olannotti; M.A. Savin M. Neubauer N.Y.Gabraij R.H.YanagiharaE.A.Zang P.ECole D.Shuster A.Das;Clin.Lung
Cancer2012 13, 31.
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lactonethat, thank to itsability to interact with protein kinase C isozymes, it shows an excellent
anticancer activity against various cancer cells lines, including lung, breast, ovarian, melanoma,

sarcoma, lymphoma, and leukemia cell lidks.

Bryostatin 1

Figure8

The major problem for making it an available drug is the compound supatyesting them from
the naturallyavailablebryozoan is impractical, and thewtal chemical syntheseare really long
The first total synthesis of bryostatin developed byGaryE. Keck and coworkers of the University
of Utahin 2011consists of 58 step¥.

1.2.3. Microorganisms as source of aigncer agents
Some of the most important drugs of the pharmaceutical industigeafrom microorganisms, an
incredibleproductive source of structurally diverse bioactive metabolfes.
Antitumor antibiotics isolated from variousStreptomycespecies, represent amongtte most
important family of the cancer chemotherapeutic agents. Between them, noteworthy e
anthracyclines, which their historygoes back more than 50 years, when the Italian company,
Pharmitalia Research Laboratoriésund a red pigmentexpressingantibacterial propertiedrom
microorganismdivingin the soil near the Adriatic Seghis pigment wapurified and studiedand
becamethe first recognized anthracycline antibiotic. The first anticancer anthracycline to be
approved for clinical useas daunomycin in the late 1960Bhis compounds still widely used in
the treatment of gveralforms of laukemia. A second anthracycline, derived fr@tmeptomyces
peucetius var. caesiwnd calleddoxorubicin remains a therapeutic milestorfer the treatment

of lymphoma, breast canceand most forms of sarcon{&igure 9§*

31 D, J Newman;Anticancer agents from natural products. 2ylte and Francis; Boca Raton, 012, 199.
%2 G. E. Keck; Y. B. Poudel). CummingA. Rudra;) A. Coveld. AmChem. So¢2011, 133 744.

33 G, M. CraggD. J. NewmanBiochim Biophys Act2013 1830 3670

34 M. S. Ewer; M. D. JDa; D. D. Von HrffS. BenjamjrHeart Failure Clin2011, 7, 363.
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Daunomycin Doxorubicin
Figure9
Other very important membes of antitumor antibiotic family are, for example,bleomycirs,
actinamycirs, the enediynesand the staurosporine¥.

In 1978 Bakere co.reported a new potential antifungal agent produced Bjreptomyces

hygroscopicusthe 3xmembered macrocyclic rapamycin (Figure ¥0).

Rapamycin macrolide

Figure10

Although the failure of rapamycin as antifungal agent, further studies highlighted its antitumour
activity against several cancer cell lines. Thus the rapamycin basic structunese@ss base for
further modifications, leading to the development of a wide range of anticancer adents.

In recent yearsthe rise of paclitaxetesistant tumours in patients exuraged the researchers to
look for new microtubule stabilizing agents for cancer therapy. The accurate investidyaton
myxobacterialed to the discovenpf epothilones, some of the most interesting natural product

base structuregor the development épowerful anticancer drugFigure 11§’

% L-A. Giddings; D. J. Newmah Ind. Microbiol. Biotechn@013 40, 1181.
3 H. Baker; A. Sidorowicz; S. N. Sehgal; C. Vézifatibiot, 1978 31, 539.

%7 D. M.Bollag P. AMcqueney J.Zhu O.HensensL.Koupaj J.Liesch M. Goetz E.LazaridesC. MWoods;Cancer Res1995 55,
2325.
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Epothilone A: R=0,R'=H
Epothilone B: R = 0, R" = CHj4
Ixabepilone: R = NH, R' = CH,4

Figurell

In the mid to late 1980the 16membered macrolidegpothilones A and B wetiéentified in the
extracts of the myxobacteriurBorangium cellulosun€lassical fermentation and manipulation of
the biosynthetic cluster have given significant quantities of different epothilonesiaratidition,

semi and total syntheses are being performed by a number of research groups affording
modified macrolide rig. Epothilone Blor patupilone)showedbetter antineoplastic activitthan
epothilone A in preclinical trials, therefore it has subsequently advanced to further stages of
clinical development However, reducedn vivo efficacy wasrecognizel because of itspoor
metabolic stability and pharmacokinetic properti€dincethe easy hydrolysis of lactone function

by esterases was a major obstacle for clinical utilgpothilone Bwas modified ina lactam
(ixabepilone) The azaepothiloneBwas approved for agash metastatic breast cancer by the FDA

in 2007, and is currently in many trials from Phase | to Phase Il against a variety of caréhmomas.
The last example of a microorganism metabolite reported in this context reggptbphycins
Cryptophycinsare a &mily of macrocylicic depsipeptidegstly isolated from cyanobacteria
Nostocsp. ATCC 53789 in 1990. Cryptophycin 1, the main antitumor activity responsible of the
bacteria extract, and cryptophycin52, the highly bioactive synthetic derivative, display

remarkable cytotoxicity even against mudiiug resistace (MDR) cancer cel(§igure 12).

=
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Cryptophycin 1: R'=Me, R?=H
Cryptophycin-52: R' = R? = Me

Figurel2

Their bioactivity is based on their interaction with thesubunit ofa/b-tubulin dimersinducing

apoptosis due to inhibition of the microtubule dynamics. The & cyptophycin 1 and

3 G. Hofle H.ReichenbachAnticancer agents from natural products. Tayand Francis; Boca Raton, #0112 513.
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cryptophycin52 show 100 to 1000fold increasedn vitro activity compared to paclitaxel &finca
alkaloids. Howevein vivothey display high cytotoxicity, therefore numerous synthetic analogues
have been designed for structuractivity relationship (SAR) studies to improve the cancer cells
selectivity.Norbert Sewald and eworkers in 2013 published a comprehensive review reigg

modified cryptophycing®

2. Chapter 2

2.1. Biosynthesis principles

The life of all living organisms is ensured by continuous transformation and modification of a wide
number of organic compound$he metabolic pathway is the term used to indicate the patisy
in which an integrated network of enzyameediated and regulated chemical reaction works for
this purpose. There are twkinds of metabolisms:
U primary metabolismwhich describeshe processes involgkthe formation of the crucial
important molecules blife (carbohydrates, proteins, fats and nucleic acids);
i secondary metabolism, which concerns the production of compounds with more limited
distribution in nature
Despite the incredible varied features of living organisms, the primary metabolites aeeagenh
essentially through the same pathways, apart from minor variations. In contrast, the secondary
metabolitesare found in only specific organisms, or group of organisms, and are expression of the
individuality of species. The function of these compasiis not always clear, but it is logical to
assume that all of them do play some vital role of the producer. Most optiemacologically
active natural products belong in the area of secondary metabolites.
Surprisingly,only few molecules are used by haal products biosynthesis processes as main
building blocks For instance, interediates of acetyl coenzyme A, shikimic acid, mevalonic acid,
and kdeoxyxylulose fhosphate, which are furnished frorhe primary metabolisniScheme 3
In addition to trese, other building blocks based on amino acids are frequently employed in

natural product synthesis.

3 C. Weiss; B. Sammet; N. Sewdldt. Prod. Rep2013 30, 924.
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GLYCOLYSIS
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glucose 6-P
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rCOOH j
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: glyceraldehyde 3-P
glycine l COOH
T / [ j NH,
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HS /YCOO'_L_ H O/Yc00H - j

NH, NH, PO @\ COOH
L-cysteine L-serine 3-phosphoglyceric acid OH

3

HO™ ™ H,
2 HO
l T OH
L-tyrosine
SHIKIMIC ACID \
HOOC__ (OP
)\rCOOH \” COOH
~
NH
2 phoshpoenolpyruvate NH NH,
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COOH OH L-tryptophan
HOOC._O
NH, -~ \f — op

L-alanine O OH
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\r\rCOOH / Deoxyxylulose 5-P
NH, J

HO,
L-leucine CoAS.__O g
\f HOOC

OH
ACETYL-CoA MEVALONIC ACID

Scheme 3

The follow scheme shows the most frequently basic units that it is possible to encountetthighen
carbon andnitrogen skeleton of eacimatural product is dissecteth a retrosyithesis process
(Scheme 4).
Briefly:
0  Gunit may be supplied by acet@loA;
i G is the secalled "isoprene unit" and it is formed from mevalonate or deoxyxylulose
phosphate
i GGis obtained from the carbon moiety of either-phenylalanine or tyrosine and it is
referred to a phenylpropy! unit;
i GGNunit has the same origin ofGG unit, but carboxylgroup of the amino acid is
removed;
U indole.GCNunit arises from {ryptophan;
0  CNunitis produced from the noiprotein amino acid {ornithine andit is usually found
as a pyrrolidine;
0  GN unit, found as piperidine, is produced in the same way as ainitve but using L

lysine instead oE-ornithine.
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COOH
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COOH ©/\
NH, /
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COOH CeCs \3 ©/
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COOH COOH
NH, NH, N
L-Phe = ©/\ N [ — N
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H H
COOH
CgCoN L-Trp indole.C,N
NH
HO 2

L-Tyr

HZNWCOOH = e~ — O
N

NH,

L-Orn CyN
Hi 000 N~ O
NH, N
L-Lys CsN
Schemet

Throughout the biosynthetic processes, the formation of new castambon bonds occur
generally withAldol and Claisen condensatignism most cases, betweemoenzyme A esters;
otherwise some earrangements are possible, such as Wagidgerwein rearrangement. The
formation of GN bonds is frequently achievegither by condensation reactions between amines
and aldehydes or ketonaffording Schiff base®r in other casedy Mannich reactionsAlso
oxidation and reductiorenzymemediated reactiors are impotant for reaching the elaborate
final product, even if these processes are not alwayspletely understood’

Accordingto the biosyntheticstrategies for their assembiy the producer organismsherefore
sharingthe same scaffolcelements, natural products can be divided into several structural

classesmainly inpolyketides(PKSs)nonribosomal peptides (NRPs), terperes alkaloids

40P, M. DewickMedicinal Natural Products: A Biosyntheiisproach Wiley
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Polyketides constitute darge family of microbial and planderived bioactive natural product
including linear, polycyclic, and macrocyclic structural forms. These secondary metabolites display
various molecular weight and functional group modification and, moreoery show a wide

range of bioactivity such as antibiotic, antiparassitic, antiviral and antitumor actwdye details

are described in thehapter?7.

Nonribosomal peptides (NRPade a structurally diverse class of peptides with various functions,
such as cytostaticinmunosuppressive, antibacterial, or antitumoperties produced by a large
multidomain enzymatic machineries called nonribosomal peptide synthetases (NRRE&sg.
megaenzymes is formed bgatalytic domains which catalyseomplex regiospecific and
stereaspecific reactions to assemble structurally and functionally diverse pepitidas iterative
chain elongation proceg§igure 13! Furthermore, aside from the common amino acids, a larger
variety of chemical groups, such asdnino acids, fatty acids eg is found in these bioactive
compounds. They contribute to structural versatility of NRPs and are known to be important for

bioactivity.

(b) Module 1 Module 2 Module 3 Module n

[initiation T Elongation T Modification [ Termination |

NH,

° Ay
\E/ENH o
Nl\N y N\\S
HQNWO oHoﬁ\[(NﬁNH N/\{/

/N# OHo k/MS
0 o
/

HoN NH,

H +
&—
o N\/\\

Ho QH

Z Iz

&>

N
OH OH H
NH.

Oy OCONH,

Bleomycin A2
Blenoxane - antitumor

a) b)
Figure 13: a) Simplified mechanism of nonribosomal peptide (NRP) synthesis. (1) The amino acid is activated as
aminoacyAMP by the adenylation domain. (2) Transfer of the amino acid onto the PCP domain. (3) Condensation of
PCPoound amino acids. (4) Possibility of amiacid modifications, for example by epimerization domains. (5)
Transesterification of the peptide chain from the terminal PCP onto the TE domain. (6) TE catalyzed product release by
either hydrolysis or macrocyclizatiom+) Example of nonribosomally assbled, clinically approved antitumour
peptide.

Terpenes or isoprenoidsonstitutethe mostchemicallydiverse class afatural productsThey are
found in almost allliving organismswhere they have amyriad of different vital or novital
functions(cholestero] carotenoid3d. Most terpenoids are deriveffom successive condensations
“tail-to-tail* or "headto-tail" between the G units dimethylallyl diphosphate(DMAPE and
isopentenyl diphosphate (IPRJading to mone (Go), sesqui (Gs), di (Go), sester (Gs), tri- (Go),

41 M. Strieker; A Tanovic; M. A. Marahi€lyrrent Opinion in Structural Biolg@01Q 20, 234.
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tetra- (Ci), and poly (Gn (n = >8)) terpenes(Scheme 5¥ The ability of the precursorto

dzy RSNH2 @I NR2dza sl & 2F OeOtAlldAz2y |yR &dzaSlidz
diversity of terpenoids. For ewsple Baccatin Ill, the diterpenoid part of the wkliown

anticancer drug paclitaxel, is a monocyclic diterpenoids with-aatBon macrocyclic ring called

cembrang(compoundB, Scheme 2).

All terpenes are formed through the reactions of IPP and DMAPP

Stereospecific
)\/\ )\f/’/\/l’\/\ S ) proton loss )\/\)\/\
oPp —— oPP — o oPP ——> OPP ———» Monoterpenes
H"H

DMAPP geranyl PP (GPP)

Repeat several times:

N X X OPP —_— Sesquiterpenes
farnesyl PP
X X X N-"opp - Diterpenes
geranylgeranyl PP
X X X X X A —_— Triterpenes (Steroids

squalene

Scheme 5

¢ KS Y2 RS NJYfor fhé Wigeratidh dvefisifyclass ofalkaloids has beengiven by S. W.
Pelletier, saying:
"An alkaloid is a cycliorganic compound containing nitrogen in a negative oxidation state
which is of limited disibution among living organisms*®
For this class ohatural compoundsit is really difficult to find amlzy A US R O fdueitéitheU O ( A 2
incredible differences between the membersherefore they are grouped intmany classes
based on their origin and the nature of the nitrogeantaining moiety Also the biosynthesis
pathway ofalkaloidscould be very different between eacbther: commonlythey are originated
from the amino acidsbut theyare also known tarise from mixed biosynthetiqorocessesthe
most important of which include terpenoid and steroidal alkalditi®ue to their huge

differences, herein | will not explain more in detail their biosynthesis.

2.2. Design and synthesis of analogues of natural products
Duringtheir biosynthesis, natural produc{diPs)interact with biosynthetic enzymes and proteins.
Thus they have already interacted with different biological systems, such asnesizgnd

proteins, and that is why, essentially, all natural products have someptecbinding capacity

42 E. Oldfield; FY. LinAngew. Chem. Int. E@012 51, 1124.
43S. W. PellettierAlkaloids: Chemical and Biological Perspectives, 1st E@i@0f,
4 E. Poupon; B. NaWileyvch Verlag GmbH & CkGaa2011
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and they are so attractive for the drug discovery wdfi@omparing a synthetic molecule with a
second metabolite, it is noticed thahére are a number of structuraubstantiallydifferences
between NP<rom synthetic one$®Jon Girdy and Christopher Walsh in their paffetescribe
the key futures of these diversities, briefly summarized in the following list:
U alarger fraction of spcarbons(most of the rings are partly or completely saturated);
U more stereogenic centreften arising from € bond formationreactions (aldol
condensations) or stereoselective reduction of a carbonyl group;
0 relatively more carbon, hydrogen and oxygen, agtInitrogen and other elements;
U have more fused, bridge, and spiro rings
0 molecular nasses in excess of 500 daltons and high paar{greater water solubility)n
those cases, theyiolate Lilk Y & { A Qa WNIHzf Sbasedfon dakuedXopedtiess &
that normally help to rationalize and improve the profile of putative synthétimgys
When some interesting compound is identified through the High Throughput Screening (HTS) and
it is extracted from the original natural source, chemists start to study a possible chemical
synthesis of it in order to mimic its bioactivity. In fadtyery often happens that it is hard
challenge obtaining a renewable supply of active compounds from biological sobimesver,
the high level of their complexity structurecan limit the total synthesis and/orthe essential
chemical modificationsf the natural scaffoldo optimize their therapeutic use.
The chemistry oNPs as well as medicinal chemistry, has made massive progress about the
reproduction of natural compounds in laboratory, developing a collection of typical reactions to
achieve theirrespective target compounds. Regarding medicinal chemistry, a set of their common
transformations used in this topic is enclosed into a medicinal chemist's toolbox". Indeed a
"process chemist's toolbox" has been described to identified the typical reactised during the
scale up of the synthesis of potential new drugs arising from medicinal chemistry studies. Finally,
the description of a "toolbox of a NPs chemist" was reported by Natalia Vasilevich & co ift2012.
In this paper they compared the three toolboxes in a clear table, herein showed, where there are
the main reactions used to reach the complexity of ks compounds (Figure 14). On the basis
of this analysis, there are many different issues between thena the authors conclude saying:
"¢ KS SYNAROKYSYy(l 2F aiGKS (22t062E 2F YSRAOAYI ¢
of natural product may enable us to hit such difficult drug targets that have emerged in recent

years".

45 E.Kellenberger; A. Hofmann; R. J. Quiet; Prod. Rep2011, 28, 1483.

46 K. Grabowski.G.SchneiderCurr. Chem. BigR007, 1, 115.

47J. Clardy; C. WalsNature, 2004 432, 829.

48N. I. Vasilevich; R. V Kombarov; D. V. Genis; M. A. KirpiclBeiég. Chem2012 55, 7003.
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% of total in

NPs synthesis medicinal process
reaction type reviewed chemistry, % chemistry, %

oxidation 14.6 1.9 4.9
reduction 13.1 7 114
addition of C-nucleophile to 12.0 22 22

carbonyl yielding alkene or

sec-alcohol
acylation of N, O, § 6.8 2833 15.6
alkylation of N, O, § 6.1 29.23 239
Pd-catalyzed coupling 3.8 9 3.8
nucleophilic substitution 32 12 2.8
enolate alkylation 29 0.5 or less
elimination to double bond 2.6 03 1.2
metathesis 19
epoxide opening 1.9
electrophilic substitution 1.9
acetal, ketal, and hemiacetal 1.9

formation
Diels—Alder reaction 1.05
hydroboration 1

Figurel4

Besides single trasformations, chemistry related to NPs also provides many synthetic strategies.
The first one that herein will be discyssthe divergent strategy approach.

Divergent strategy in natural product synthesioal the construction ofarray of compounds
-@—Q0—%
build a detailed structureactivity relationship, which 3 >Cl—> Q >_>*

divergent synthesis

with small structural differences. When they ar e syniesis
D

evaluated, they couldffer preciousinformation useful tO  convergent synthesis

would not be available from a sing#fot scrutiry of a

Common
certain molecule®? -

D = Q ——
Diversityoriented synthesids ane of the mostfamous e
divergent strategy Originally proposed by Schreihét is involvedthe synthesis of library of
diverse small moleculesovering a large portion of chemical spaceulti-dimensional molecular
descriptor space, where descriptors are characteristics of the compounds such as molecular
weight) for biological screeningThusDOS libraries can be used to identify new ligands for a
variety of targets®
Very relatedwith DCS there is the concept 88 A S NI SR (i #DIS). it wadpioposed B/a A & Q
Danishefskynd it is concerned thpreparation of a natural produdike compound library by the
derivatization of a versatile synthetic intermediafehe story of Ixabepilon@rigure 11), the only

epothilone that has been approved by FDA so ffepresens one of the most famous cases of

“R. W. Huigens; K. C. Morrison; R. W. Hicklin; T. A. Flood; M. F. Richter; P. J. Hergeato®ieem.2013 5, 195.
50M. D. Burke; S. L. Schreibangew. Chem. Int. EQ004 43, 46.
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diverted total synthesi§® Its structure has been originated from several SAR stug@iesctureg
activity relationship)made on many semisynthtic epothilone analogsand all of them are
semisynthetic derivativederiving from thekey intermediate Epo B.

In the DTS field, theaseof pironetin analogues is another important exampl&ronetin is an
antitumor agent that exerts its activity by binding 'tetubulin, therefore it inhibits the assembly
of tubulin to microtubulesMarco et al. simplifying the syntheses significantBynthesized four

analogwes of the NP pironetin removirtgpe alkyl groups at C4, C8 and Higure 15%.52

four analogues of the NP pironetin

O O

5 8
: o]
pironetin M
8
Figurel5

Through thebiology-oriented synthesiéBIOS), &P core scaffold of ieadbioactivecompound $
taken & privileged structurdor the creation of a novetompound collectionBasically, the idea is
that the same core scaffold could maintain the match with many target ligand, sitesefore it
could have a similar bioactivity. Noscapine is a fammuggh suppressardnd more recently it
was discovered an excellent antitumour activity as microtubule inhibitor (Figure %6)g tthis
synthetic approach18 compounds based on the tetrahydroisoquinoline scaffold were prepared

and, not surprisingly, 7 of them interfere twimicrotubule polymerizatiofi®

6]
< N Ry >
0 Y "Me i;[ ? 2z N
_ R
+ X
e) f— Z N\R ‘ ’
! o) R1
MeO  buve
18 compounds prepared
noscapine core structure 7 were thive prep

Figurel6

51K-H. Altmann; F. Z. Gaugaz; R. Schidss;Diversity 2011, 15, 383.

52M. Carda; J. Murga; S. Dfaltra; J. GarciRla; J. Pafios; E. Falomir; C. Trigili; J. F. Diaz; |. Barasoain; J. AWaic@rgChem,
2013 1116.

%3 S. Rizzo; H. Waldmar@hem. Rey2014, 114, 4621.
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In order to create new bioactive moleculédisis also possibldo combine partial or whole
" structures of moleculeghis concept is well explained by the
term "hybrid molecules® There arethree categories of
hybrid moleculesa) both parts act on the same targeh)
each part acts on a different target) both parts bind to one
target at closely related binding sités An interesting

example, from the synthetic point of viewgthe synthesis of

"muzAA l'i
c)

- an hybrid between epothilone B and I6embered
macrosphelide derivative, which are able to induce apoptosis
in human lymphoma U937 ceft§The formed compound showed significantly higher apoptosis

inducing activity than the parent macrosphelides (Figure 17).

macrosphelide epothilone B

ﬂ hybridization

more active in inducing apoptosis
Figurel7

Finally, in many casedetailed knowledge of the whole biosynthetic process about one particular
metabolite, can be employ for the synthesis of NPs analogues through a process called
mutasynthesis As already mentioned abovein bacteria and fungi several moleculese
biosyntresized through particular megaenzymes, such asibimsomialpeptide gnthase and
polyketide synthase. Exploiting the mutasynthesis concept, a mutant organism could batgene
modifying or deletingone or more genes responsible for important steps thromgh the
biosynthesis pathway of a bioactive natural product. Therefore it is posgbtbtain a new

natural compound direity from a microorganism that by total synthesis would not be available so

%K. SuzukiChem. Reg201Q 10, 291.
55B. MeunierAcc. Chem. Re2007, 41, 69.
56Y. Matsuya; T. Kawaguchi; K. Ishihara; K. Ahmeld; Zhao; T. Kondo; H. Nemorg. Lett, 2006 8, 4609.

26



efficiently. Geldanamycin isa benzoquinone ansamycin dpibtic that manifests antcancer
activity through the inhibition of HSPQfhaperone functionKirschning and his group have been
able to prepare a range of its derivativeseding various @minobenzoic acids to themutant
strain of S. hygroscopicus which the synthesis of the natural starting unit was blocked (Figure
18)57

two example of geldanamycin derivatives

OMe
R
(0]
geldanamycin ” |
MeQ |
MeO
OH \ O

Figurel8

57S. Eichner; H. G. Floss; F. Sasse; A. KirscBhigrg, BioChem, 2009, 10, 1801.
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The present work is focusechahe design synthesisand biological evaluatioof several new

potential anticancer compoundsased on natural product scaffolds.

N, —

The third chapterwill be describedhe synthesis and the biological evaluation o)
of a 1,7,8,8detrahydro-3H-oxazolo[3,4a]pyrazin6(5H)-one seriesin which Nj\

the basic scaffold should mimtbe privileged structureoxazolepiperazine R

unit present in several biological active compounBglogcal tests showed

that the obtained compounds are endowed with an interestangtitumor activity against two
human thyroid cancer cell lines, namely FIIZ3 and 8305C, by promoting the apoptotic pathway
and DNA fragmentatiori®

Develop of two synthetic approaches to obtain the racemic mixture and the pure enantiomers of

OMe boehmeriasin A is the central topic ohapter 4 Boehmeriasin A ia
phenanthroquinolizidinealkaloid isolated fromBoehmeria siamensis
Craib and it showed strong cytotoxic activityt the nanomolar range

OMe against different cancer cell linesTopoisomerases and SIRT2 are

identified as biological targets and the experimental data has been
(R)-boehmeriasin A

supported by docking studiég.

In the chapters 5and 6 will be discussed the results regarding the design and synthesisvof
microtubuleinhibitors.
In the first one jronetin and dumetorine core are takeras natural o)

o : . : R
privilegedscaffold for making &ybrid molecule able ta@ovalently lind N~ OX O |
the a-tubuline. The novel built molecule can exist in 8 different

) hybrid compounds

stereoisomers due to the presencetbfee sereocenters, therefore all
of them wee synthesized and evaluated tmeir ability to interfere with microtubuleassembly in

vitro.

Later, following the "diverted total synthesis" approacthe synthesis of epothilone derivative
was planned in order to reach a neanticancercompound
having a triazole ring instead of aamide group. The

microtubue stabilizing ability of epothilones is very attractive

either for the consequenthigh cytotoxicity showed against

8. Chiacchioy. Barbera; R. Bonfanti; G. Broggini; A. Canfpisgazzol&. Parenti; G. RomeBjoorg. Med. Chem2013 21, 5748.

%9 M. S.Christodouloy F.CalogeroM. BaumannA. GarciaArgaiez S.PieracciniM. Sironj F.DapiaggiR.Buccj G.Broggini; SGazzola;
S. LiekensA. Silvanj M. LahtelaKakkonen N. Martinet, A. NoneltCanals E. SantamariaNavarrg |. R.Baxendale L. Dalla ViaD.
PassarellgEur. J. Med. Chen2015 92, 766.
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cancer cells or for its demonstrate neuroprotective effect in Parkinson's disease thanks to its

ability to crosghe bloodbrain barrier®®

Chapter 7gives an account ahy researchproject carried out irmy first foreign experience in the
laboratories of Prof. Manuela Tos{iWarwick University, UKT.he Tosin's group has d&oped a
chemical strategy for the isolation of biosynthetic intermedigpesduced by polyketide synthase
megaenzimesijn order to achieve a deep knowledge biosynthetic processs of important
bioactive natural products, such as antibiotics or anticancer compoudaodscombinatorial

chemistry or mutasynthesis purpouskasalocid As

HO._O ~

a polyketideproduced bytype 1 polketide synthase HO

(PKS1) irs.lasaliensighat belong to the wide fanily
of polyether antibiotis. These bioactive natural
. . o Lasalocid A
compounds are active against severalcritical

infectious diseaseand, further, some of them have thability to selectively kill cancer stem cells.
A detailed investigation of Lasaloicid A biosyntkesias performedn order toi) identified and
isolate all polyketide bisynthetic intermediates and) to study new chemical functionalizations

in vivoon polyketide intermediates, affording novel putative bioactive molectfies.

60D, Cartelli F.CasagrandeC. LBusceti D.Buccj G.Molinaro; A. Traficante D.PassarellaE.Giavinj G.Pezzoli G.Battaglig G.
Cappelletf Sci Rep2013 3, 1837
61E. Rival. Wilkening S.GazzolaA. W. ML L.Smith P. FLeadlayM. Tosin Angew. Chem. Int. EQ2014 53, 11944.
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Chapter 3

Synthess and biological evaluation of
novel oxazole-pyrazine based derivatives

as antbanceragents
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3.1.Introduction

Due to their biological propertiesnitrogen and oxygercontaining heterocyclic compounds
constitute a huge group of organic moleculpeesent in the majority of clinically approved
drugs® Compounds currentlynvestigatedas natural potent drug candidates incorporate many
variants of fiveand sixmembered rings, including piperazsand oxazoles.

The piperazine scaffolds occur frequently in complex natural productsasmdeported to elicit a

“ broad spectrum of pharmacological activities like antibacterial, antifungal and
[ ] anticancer activity®
N
piper';zine One of the most famous commerciable available anticancer drug containing the

piperazine ring ismatinib Figure 19, marketed byNovartisasGleeveqCanada, South Africa and
the USA) oGlivec(Australia, Europe and Latin AmericH)is a potent inhibitor of the tyrosine
kinase activityused in the treatment of multiple cancecd the BCRABL1 oncoprotein, as well as

that of several receptor tyrosine kinas&s

Imatinib
Figure19

Imatinib was developed in the late 199Bg rational drug design after the "Philadelphia

chromosomé mutation and hyperactive'bcr-abl' protein were discovered, the investigators

through highthroughput screeningdentified 2phenylamimmpyrimidineas lead compoundAfter

previous tests, it wasnodified by the introduction of methyl antdenzamidegroups to give it

enhanced binding properties, resulting in imatifith

Like piperazinespxazole containing compoundse very common in natural produsstand they
0 play an important role in medicinal chemistsiowing a broad spectrum of biological

EN/I activity such asntimicrobial,antitumor, analgesics and aritiflammatory agent$®
oxazole

For example, dlomestatin (Figure 20)sia potent telomerase inhibitocurrently in

clinical trials,containing linked oxazoles witathiazoline unit.

62 M. Sainsburytleterocyclic Chemistry, Basic Concepts in Chemistry, Wiley Interscience and Royal Society of Chemi&®pBristol
8 Chapter 5; piperazines, Pharm. |i997, 25, 148

84P. W. Manley; F. Blasco; J. Mestan; R. AichBiarg.Med. Chem.2013 21, 3231.

65J. Zimmermann; E. Buchdunger; H. Mett; T. Meyer; N. B. LBimrg. Med. Chem. Leti997, 7, 187.

667. JinNat. Prod. Rep2009 26, 382.
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Figure20

Inhibiting the telomerase activity o€ancer cells, tlomestatin induces apoptosis once the
telomeres are too short to be transcribedndeed, from literature it is easy to figure the
pharmacological importance of oxazole derivatives out when it is presgotthe prospective
pharmaceutical candidatetypically an improved of O2 Y LJ2 dzy RQa occurg fwhité A t A (i &
maintairing hydrogen bondacceptors, as well as aenhancement ofO2 Y LJ2 dzy RQa NAX 3 A
Furthermore,oxazoleprovidesmanyd A 1 S& F2NJ LR GSYy dAl t ostagkRg y3I A Y
with a biological target’

Noteworthy natural compounds containing the oxazole ring fused intpigerazine core aré-)-
quinocarcinand (-)-tetrazomine.(-)-Quinocarcins an alkaloid that was isolated by Takahashi and

Tomita in 1983 from the culture broth dBtreptomyces melunoVinucetidt exhibited potent

antitumor activities against a variety of mor cell lines above of all against lymphocytic

leukemia) The structurally related-Y-tetrazomine is an antitumor antibiotic that displayed similar

T
OH O

activity (Figure 21)

Quinocarcin Tetrazomine
Figure21

In both molecules seems that the oxazole ring exeffisr@amentalrole in the bioactivity, in fact
it has been suggested that their cytotoxic activdyises fromthe expression of multiple
mechanisms including the mediation of oxidative damage to DN#heiaeduction of molecular
oxygen to superoxide by the autoredox disproportionation of the fused oxazofitline.

From the biological point of view, in anticancer drug discovemallemolecularweight

compounds that are able to activatemany proteins bysignal transduction cascadefave

attracted significant scientific interest due to the medicinal, biochemical and biological

67 G. Haberhauer; E. Drosdow, T. Oeser; F. Romifigagghedron2008 64, 1853.
68 K. Takahashi; K. ShimiduAntibiot, 1983 463.
89Y-C. Wu; M."l. Liron; J. Zhi;; AmChem. Sog2008 130, 7148.
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implications ofimportant molecular recognition events. Thesgentsoccurwhen an extracellular
signallingnolecule activates a sgific receptor located on theell surface or inside the cell and,
in turn, this receptor triggers a biochemical chain of events inside the cell, creating a response

(Figure 22)

Extracellular Fluid Cytoplasm
1. Reception
— . —_— — . —_— Cellular
Response
Relay molecules
Sighaling — Plasma Membrane
Molecule

Figure22

Depending on the cell, the responakters the cell'snetabolism, shapegene expressioand thus

it couldinduce theprogrammed cell death (apoptosis).

3.2.Aim of this work
As part of our medicinal chemistry program aimed at the discovery of potential anticancer agents,
we have addressed owattention to the synthesis of a novel series of derivatives containing the
oxazolgpiperazine pharmacophore2 through a selective palladivtatalyzed double

intramolecular domino process of alkenylureas (Scheme 6).

Ar<
NH O
A | A= j\
0 NH Pd-catalyst
_—

. L

(0] (0]
1 2

P4

Schemeb
Thanks to previous computational studies, these "small molecules” have been ttaced
commercial available drug sunitiniatyrosine kinase inhibitorsised in the treatment of various

thyroid cancer(Figure 23.

S (
NH \
N
A
F /N
o}
N
H Sunitinib
Figure23
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Therefore allbicyclic productswere evaluated for their antitumor activity ommuman follicular
(FTEL33) and anaplastic (8305C) thyroid carcinoma cell lines, as representatives of two

aggressive types of thyroid cancer.

3.3.Chenmistry

In the field of our ongoing interestegarding the construction dfietero-polycyclic compounds
through palladium catalysi&)we have recently reported theselective double intramolecular
aminooxygenation and diamination reactions of alkenylureagietd bicyclic products containing

a piperazinone ringScheme 7j*

A o)
r\ §<
PdCl,(MeCN), (5 mol%) N Nj\

CuCl, (3 eq) %N\
Arg R

NH DMF, 150 °C, 30min o

04[\ | MW

Ar
INH PdCl,(MeCN), (5 mol%) W

K[( ‘R CuCl, (3 eq), KpCO3 O/A/Nj\
o DMF, 150 °C, 15min

MW KITN\R

Scheme 7

These Pd(Hgatalyzed protocols under microwave irradiation prowddselectivdy 3-arylimino-
oxazolo[3,4a]pyrazin6-one and 2arykimidazo[l,5a]pyrazin3,6-dione derivatives in few steps
from readily available precursord.he isomeric oxazole and imidazepiperazinonestructures
were definedthanks to*C NMR spectra, where the resonance of the methyleoegof the five
membered ringesultedto be less shielded for the oxazole ring compared with the imidazole one
(65-70 ppm vs. 446 ppm), consistentwith the literature data’

The aminooxygenation process, whitdn also be carried out in satisfactory yield by conventional
heating was usedto prepare 1,7,8,&tetrahydro-3H-oxazolo[3,4a]pyrazines 2a-d, target
compounds forlater biological studies Firstly, the reaction betweerN-Bocglycine 3 with
cyclohexy or phenytallylamine4, activated byDCC and DMARfforded te N-allylamides of
Bocglycine5. Thesantermediateswere conveted to the corresponding allsmides6 by removal

of the t-butoxycarbonyl group, anthen treated with the respectivearyl isocyanated. Finally,
the double cyclization ahe alkenyl ureasla-d was performed using PdVeCN) as catalyst

and CuGlI(3 equiv) as oxidant in THF under reflux fohbRrs with high yield§Scheme 8)

70 G. Broggini; E. Borsini; A. Fasana; G. Poli; F. Einonj. Org. Chen2012 3617.
1 G. Broggini; V. Barbera; E. M. BecdallGhiacchio; A. Fasana; S. Galli; S. GaZmblaSynth. Catal2013 355, 1640.

23) T. H. Kim; G. J. LéeOrg. Chem1999, 64, 2941; b) F. Saczewski; J. Saczewski; M. Gd@hiem. Pharm. BulR001, 49, 1203; c)
T. H. Kim; N. Lee; G. J. Lee; J. N. Kétrahedron2001, 57, 7137.
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DMAP R DCM, rt, 1 h
O O
3 4 5

°>NH °°>NH H
DCC
H(OH + HN/\/ — K[(N _— [

- 5 CuCl, (3 eq) N
N-r THF, 60 °C, 12 h S(N R

THF, 1t, 18 h
2a: Ar = Ph; R Cy (85%)

2b: Ar = Naph; R = Cy (69%)

2c: Ar = Pyrenyl; R = Cy (65%)

2d: Ar = Pyrenyl; R = Ph (67%)

Ary Ar
> o)
N=C=0 N | PdCl,(MeCN), (5 mol%) Ar
Ay n=

H
O
1

Scheme 8

In mechanicistic point of viewhé aminooxygenatioproduct could arise from an intramolecular
nucleophilic attack by the oxygen atom of the urea on thalkylcomplexA (Scheme 9)In
particular, CuG would inhibit the palladiunb-hydride elimination favouring the loss of the Pd
species throughhe formation of a he¢robimetallics-Pd/Cu complex3 The process generates

the intermediateB and the elimination of Hfurnishes the produc2ad.

A
N | Ay PAC
O)\NH H . 07 N
N.
R H(N\R

(0] O
1a-d
Cl
Cll'l‘d/ é - 7o 0o
u Ar.
i / Al L
AF\N N .' | 2 N E—— N
H H N.
R N.g R
R
o) o ©
A B 2a-d
Scheme 9

S For the concept of a heterobimetallicPd/Cu complex, see: a) P. Szolcsanyi; T. Giaezahedron2006 62, 8498; b) D. Zargarian;
Organometallics1991, 10, 2914; c) THosokawa; T. Uno; S. InuilSMurahashi;). Am. Chem. So&996 118, 3990.
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3.4.Biological evaluation

3.4.1. Cytotoxic effect of the compounds
The synthesized finaproducts 2a-d (Figure 24)were tested to investigate their potential
antitumor activityon two cancer cell lines, FTX33 and 8305C, as representative of follicular and

anaplastic thyroid human cancer, respectively.

0 Coy
Q/%b( - 439 - SN
J I ) KgNO

2a 2b

Figure24

Thecell viabilitywas monitored byMTT assays
The MTT colorimetric assayuses thetetrazolium yellow dye 3(4,5dimethylthiazoi2-yl)-2,5
diphenyltetrazolium bromide(MTT) to quantify the metabolic activity of cells. In fact this
molecule iseasily reduced by NAD(P)Hlependent cellular oxidoreductase enzymes to its
insolubleformazan which has a purpleolour(Scheme 10)
AQ/S\JN\,T‘;N \>_® Mithochondrial reductase AQ/S\JN\H’N%@
©/N:N_ ©/N:N
Br

MTT formazan

Scheme 10

Rapidly dividing cellike tumour cellsexhibit high rates of MTT reductipthat is why this assay
can be ustl for measuringcytotoxicity (loss of viable cells) or cytostatic activity (shift from
proliferation to quiescence) of potential medicinal agents and toxic materials.

In preliminary experiments, FIX33 and 8305C cell line cultures were exposed ifter@nt
concentratiors (5100 mM) of the synthesized compoundsad. Usingthe respective untreated
cell cultures as controlsit was found that 50mM is the optimal concentration for having a
significant reduction in cellular viability in both FI& and 8305C cell linesfter 24 h of
treatment. Analysing thdGovalues $0% cytotoxic inhibitory concentratipmeported n Table 1

it is evident that & compounds displayed cytotoxic effects on the both cell lines, at
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concentrations ranging from 44 to 88M and that FTCL33 @lls were more susceptible to
treatment with compound®a-d, than the 8305C cells.

Table 1 ConcentrationsrM) of compounds 2al that induced 50% decrease {dJ0n FT€133 and 8305C
cell proliferatior?

Cell lines Untreated 2a 2b 2c 2d
cells
FTG133 >100 50.03+3.90 44.79+4.27 48.32+2.98 74.21+3.93
8305C >100 70.66+2.13 61.03+3.71 68.45+3.71 80.28+4.52

aFTE133 and 8305C cell lines were incubated with drug compounds in concentration ranging from 5l HdB7
°C in a 5% GQ@tmosphere for 24 h. Viability was determined by the MTT assay. Each data represents mean = SD from
four independent experiments, performed in triplicate.

3.4.2. Evaluation of the apoptotic pathway activation
In mammalghe apoptosis can be initiated by threkfferent pathways, each of these converges

to a common execution phase of apoptosis that requires

A totic tri r Binding of
poptotic trigge death ligand ¢

proteolytic activation of caspasel a gsteineaspartic
protease from its inactivegproenzymes (Figur2s).’”
To investigate whether the new compounds could
activate the caspase8 dependent apoptotic pathway
process in the treated cancer cells, the amount of
o caspase3 was evaluated after 24 h of cell incubation at
Cell death 50 mM concentration of 2ad using fluorescent
microscope analysisSignificant enhancement of caspe&ositive cells was detected after 24
hoursof treatment in FT@33 and8305C cell lines, when compared to the untreated control. The
effect appeared more evident in FIG3 cell lines, with compoun2d showing the lowest activity

with respect2a-c (Figure 5).

2b 2c 2d

Control 2a
Figure25: Fluorescent microscope analysis of caspasteavage inX) FCT133 and B) 8305C human thyroid cancer
cell lines, untreated (control) and treated with 58 2a-d for 24 h. Scale bars = 5.

74 S.Ghavami; M. Hashemi; S. R. Ande; B. Yeganeh; W. Xiao; M. Eshraghi; C. J. Bus; K. Kadkhoda; E. Wiechec; A. J. Halayko; M. Los; J. Med. Genet.,
2009, 46, 497.
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Table 2show he quantification andstatistical analysis of caspa8eémmurolabelingin FCE133
and 8305C human thyroid cancer cell line cultures untreated (Control) and treated witkl 20-
dfor 24 h.

TR % Caspase3 positive FT@33 cell lines % Caspas8 positive 8305C cell lines
Treatment 24 h 24 h
Control 2511 3.22+1
2a 88.68+1 75.88 1
2b 90.56 £ 2 78.56 £ 2
2c 89.24 £ 2 68.30 £ 3
2d 29.30+3 18.24+2

3.4.3. Evaluation of DNA fragmentation amdolecule/DNA labeling
The apoptosis process involves also DIRA fragmentation The synthesized compounds were
testedto prove theDNA fragmentation and the eventual molecule/DNA labeling in untreated and
treated FTE133 and 8305C thyroid cancer cell Bn&Ve observed that all the molecules tested,
and prevalently2a-c compounds, were able to induce DNA fragmentation in treated cancer cell
lines. The effect appeared more evident in B3 cancer cell lines. Furthermore, to assess the
molecule/ DNA labetig, gel electrophoresis was performed in absence or in presence of SYBR
Green |, a welknown fluorescent dye that binds specifically to doubteanded DNAKRigure 26.
Molecule/DNA labeling was detected only in presence of the fluorescent dye. The exbiddtia

show that all the molecules induced DNA fragmentation at a different degree.

Figure 26 DNA fragmentation in untreated or treated FIB3 (left) and 8305C (right) cells with 881 of 2a-d for 24 h.
Gel electrophoresis was performed in presence of SIBER Green |. Glyceral@gingdphate dehydrogenask
(GAPDHL) gene was used as a reference gene to normalize target gene expression.
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3.5.Conclusion
In summary, with this work we developed afficient synthesis of a series of oxazolof3,4
alpyrazin6(3H)-ones througha procedure based on a double intramolecular domino process
catalyzed by PdggMeCN) CuCi performed on different alkenyl ureas.
Biological tests indicate that the obtained cpounds have an interesting antitumor activity
against two thyroid human cell lines, by activating casggaskependent apoptotic pathway and

DNA fragmentation with a prevalent action on follicular type.
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3.6. Experimental part
3.6.1. Synthesis

Flash colummrchromatography was performed employing 28@00 mesh silica gel. Analytical thin
layer chromatography was performed on silica gel 60 F254. Melting points were measured with a
Blchi B540 apparatus and are uncorrected. IR spectra were recorded on a N&EsdeFTIR
spectrophotometer. Nuclear magnetic resonance spectra were acquired on Varian instrument at
200 or 500 MHz fotH NMR and 125 MHz fd#C NMR.XC spectra weréH decoupled and
multiplicities were determined by the APT pulse sequence. El mastrapvere recorded at an
ionizing voltage of 6 KeV on a VG7MEQ. Elemental analyses were executed on a Rgtkirer

CHN Analyzer Series Il 2400.

General procedure for the preparation of alkenyl ureas

B | | Ar\N—c—o AN
°°~NH TFA NH, g Py |
N - N z 0% “NH
‘R DCM, t, 1 h ‘R THF, rt, 18 h H(N

0] 0]
5 6

R
o]

1

Trifluoroacetc acid (3 mL) was add to a solution of allygmide5 (1 mmol) in CECE (3 mL). The
mixture was stirred at room temperature for 1 h. The solvent was evaporated to dryness and the
residue was taken with a 1 M solution of NaOH up to pH 13. The mixtureextacted with

CHCE (3 10 mL) and the organic layer was dried oveiS@a Concentration at reduced pressure
gave a colourless oil, which was dissolved in THF (5 mL) and treated with the appropriate
isocyanate7 (1 mmol). The solution was stirred at motemperature overnight and then the
solvent was evaporated to give a crude residue that was chromatographed on silica gel column.

N-Allyl-N-cyclohexyt2-(3-phenylureido)}acetamide(l1a)

1a
Eluent: light petroleurgAcOEt 3:2. White solid; yield 82%, mg99°C. IR (nujoly= 3301, 1750,
1654 cm'. *H NMR $00MHz, CD@| mixture of two rotamers in 7:6 ratio) major rotamet1.07¢
1.82 (m, 10H), 3.91 (d,= 4.8 Hz, 2H), 4.13 (s, 2H), 4846 (m, 1H), 5.066.26 (m, 2H), 5.7
5.87 (m, 1H), 6.45 (br s, 1H), 7cGM3 (M, 1H), 7.24.28 (m, 2H), 7.3%.36 (m, 2H) 7.64 (br s,
1H)ppm; minor rotamer:d1.07¢1.82 (m, 10H), 3.48.59 (m, 1H), 3.94 (d= 5.1 Hz, 2H), 4.23 (s,
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2H), 5.065.26 (m, 2B 5.725.87 (M, 1H), 6.45 (br s, 1H), 7cBM3 (M, 1H), 7.24.28 (m, 2H),
7.37.36 (m, 2H), 7.64 (br s, 1Hpm; *C NMR 125 MHz, CDG) major rotamer:d 25.3, 25.5,
29.7,44.7,46.1, 52.4, 117.5, 118.5, 121.1, 128.8, 129.1, 137.7, 155.5pf64 #inor rotamer:
d25.3,25.4,29.3,445, 46.1, 47.6, 116.8, 118.5, 121.1, 128.8, 129.1, 138.3, 155.6pir6ANE:
m/z 315 (M+). Anal. Calcd foisksN:Oz: C, 68.54; H, 7.99; N, 13;32ound C, 68.72; H, 7.73; N,
13.41.

N-Allyl-N-cycloheyl-2-(3-naphthalen-1-ylureido)-acetamide(1b)

07 "NH H
S(N
N0
1b
Eluent: light petroleumAcOEt 3:2. Beige solid; yield 75%, mpcll73 °C. IR (nujol)n = 3287,
1745, 1656 cm. 'H NMR (500 MHz, CRGhixture of two rotamers in 4:3 ratio) major rotamet:
1.0%1.79 (m, 10H), 3.74 (d,= 4.8 Hz, 2H), 4.11 (s, 2H), 4482 (m, 1H), 4.9%5.16 (m, 2H),
5.56c5.72 (M, 1H), 6.73 (br s, 1H), 76250 (m, 3H), 7.63 (br s, 1H), 7886 (m, 2H), 8.08.13
(m, 2H)ppm; minor rotamer:d 1.02¢1.79 (m, 10H), 3.393.45 (m, 1H), 3.81 (d, J = 5.4 Hz, 2H),
4.20 (s, 2H), 4.9%.16 (m, 2H), 5.56.72 (m, 1H), 6.81 (br s, 1H), 750 (m, 3H,), 7.67 (br s,
1H), 7.827.86 (m, 2H), 8.088.13 (m, 2Hppm; *C NMR (128/Hz, CDG) major rotamer:d 25.3,
25.5, 29.6, 42.6, 44.8, 54.3, 114.1, 116.9, 121.3, 122.0, 125.2, 125.8, 126.0, 128.3, 128.5, 134.1,
134.3, 157.0, 169.6pm; minor rotamer:d25.3, 25.4, 29.2, 42.4, 44.3, 56.4, 114.1, 116.1, 121.1,
121.9, 125.1, 125.58,25.9, 128.3, 128.5, 133.7, 134.5, 156.9, 16 MS: m/z 365 (M); Anal.
Calcd for &H7N3Ox: C, 72.30; H, 7.45; N, 11;%®und C, 72.09; H, 7.61; N, 11.73. 4.1.3.
N-Allyl-N-cyclohexyi2-(3-pyren-1-ylureido)-acetamide(1c)

l l NH

0~ "NH J
H(N
)
1c
Eluent: light petroleurgAcOEt 3:2. Brown solid; yield 70%, mpg®F °C 'H NMR (200 MHz,

CDQ): d 1.01.79 (m, 10H), 3.583.69 (m, 1H), 3.94.02 (m, 1H), 4.44 (d, 1H), 4.53 (d, 1H),
5.10; 5.37 (m, 2H), 5.%5.90 (m, 2H)7.34 (br d, 1H), 8.28.24 (m, 9H), 8.70 (d, 1ipm; °C
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NMR (125 MHz, CRd 24.9, 25.8, 29.2, 29.7, 43.1, 46.0, 52.5, 118.4, 121.4, 122.8, 124.5, 124.8,
125.0, 125.3, 125.9, 126.5, 127.3, 127.5, 128.0, 129.0, 129.7, 131.0, 131.3, 131.7, 132,1, 140.
157.0, 169.3pm; MS: m/z 439 (M); Anal. Calcd for &8HN;Oz: C, 76.51; H, 6.65; N, 9.58und

C, 76.39; H, 6.88; N, 9.59.

N-Allyl-N-pheny}t2-(3-pyren-1-ylureido)-acetamide(1d)

l l NH

O” NH J
HrN

N0

1d
Eluent: light petroleumgAcOEt 3:2. Brown solid; yield 67%, mp 0% °C;'H NMR (200 MHz,
CDG): d 3.81 (d,J= 4.4 Hz, 1H), 4.15 (d= 6.3 Hz, 2H), 4.98.99 (m, 2H), 5.65.74 (m, 1H),
6.30 (br s, 1H), 7.@¥.05 (m, 2H), 7.23.27 (m, 4H), 7.81 (br 4H), 7.988.05 (m, 3H), 8.1%B.30
(m, 6H)ppm; 3C NMR (125 MHz, CB)Ctl 24.9, 25.8, 29.2, 43.1, 45.8, 52.5, 118.4, 121.2, 122.8,
124.7, 124.7, 125.0, 125.3, 126.0, 126.5, 127.2, 127.5, 128.0, 128.6, 129.8, 130.9, 131.3, 132.1,
140.2, 156.9, 169.apm; MS: m/z 433 (M); Anal. Calcd for &H3sNsO»: C, 77.58; H, 5.35; N, 9.69;
Found C, 77.76; H, 6.11; N, 9.92.
General procedure for synthesis of-&ylimino-1,7,8,8atetrahydre3H-oxazolo[3,4a]pyrazin
6(5H)-ones2acd
A™NH | PdCly(MeCN), (5 mol%) Ar, §<O
O)\NH H CuCl, (3 eq) N Nj\

S(N‘R THF, 60 °C, 12 h kffN\R

(0] O

1a-d 2a: Ar = Ph; R = Cy (85%)
2b: Ar = Naph; R = Cy (69%)
2c: Ar = Pyrenyl; R = Cy (65%)
2d: Ar = Pyrenyl; R = Ph (67%)

A solution of the appropriate alkenyl urea-d (1 mmol) in dry THF (3 mL) was added to a
suspension of Pd{MeCN) (13 mg, 0.05 mmol) and Cu@02 mg, 3.0 mmol) in dry THF (3 mL).
The reaction was heated at 6C for 12 h. After addition of brine, thmixture was extracted with
CHCE (3 10 mL). The organic layer was dried oveiS@and the solvent was evaporated under

reduced pressure to give a crude product that was purified by silica gel column chromatography.
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Cyclohexy3-phenylimino-1,7,8,8&-tetrahydro-3H-oxazolo[3,4a]pyrazin-6(5H)-ones(2a)

o,
P

2a

Eluent: light petroleumAcOEt 3:7. White solid; yield 85%, mp 4856 °C. IR (nujol)n= 1757,
1585 cnt. *H NMR (500 MHz, CRCH 1.25¢1.82 (m, 10H), 3.15 (dd= 11.1, 9.3 Hz, 1H), 3.28
(dd,J= 12.0, 3.8 Hz, 1H), 3@287 (m, 1H), 3.88 (d= 17.8 Hz, 1H), 4.02 (dik 8.6, 4.4 Hz, 1H),
4.43 (dd,J= 8.6, 7.4 Hz, 1H), 44652 (m, 1H), 4.53 (d= 17.8 Hz, 1H) 6.86.98 (m, 1H), 7.05
(d, J= 7.6 Hz, 2H),.20c7.24 (m, 2Hppm; *C NMR (125 MHz, CB)CH 25.3, 25.4, 25.6, 29.3,
29.6, 43.6, 46.4, 51.6, 52.6, 67.9, 122.5, 123.4, 128.5, 146.6, 150.9pp64.BIS: m/z 313 (M).
Anal. Calcd for&H:3Ns0s: C, 68.98; H, 7.40; N, 13;#bund C, 69.09; H, 7.17; N, 13.66.
7-Cyclohexy3-(naphthalen1-ylimino)-1,7,8,&-tetrahydro-3H-oxazolo[3,4a]pyrazin-6(5H)-
ones(2b)

.
M&
H(N
0

2b
Eluent: light petroleurgAcOEt 3:7. White solid; yield 69%, mp 4756 °C. IR (nujol)n = 1753,
1581 cmt. 'H NMR (500 MHz, CREId 1.05¢1.82 (m, 10H), 3.24 (dd= 11.3, 10.6 Hz, 1H), 3.34
(dd,J=12.0, 3.9 Hz, 1H), 36298 (m, 1H), 4.02.07 (m, 2H), 4.47 (dd= 8.7, 7.2 Hz, 1H), 453
4.60 (m, 1H), 4.75 (d,= 18.3 Hz, 1H), 7.£9.21 (m, 1H), 7.3.45 (m, 3H), 7.52 (d,= 8.2 Hz,
1H), 7.2€7.32 (m, 1H), 8.1®8.22 (m, 1Hppm; *C NMR (125 MHz, CBCH 25.3, 25.4, 25.6,
29.3, 29.7, 43.6, 46.6, 51.7, 52.6, 67.8, 117.4, 122.6, 124.1, 124.9, 125.7, 125/8,12973,
134.3, 142.8, 150.9, 164ppm; MS: m/z 363 (M); Anal. Calcd for &sNsO»: C, 72.70; H, 6.93; N,
11.56 Found C, 72.63; H, 7.19; N, 11.80.
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7-Cyclohexy3-(pyrenykl-ylimino)-1,7,8,8-tetrahydro-3H-oxazolo[3,4a]pyrazin-6(5H)-ones
(2c)z

Eluent: light petroleurgAcOEt 3:7. Yellow bright solid; yield 65%, mpcl32 °C.*H NMR (500
MHz, CDG): d 1.05¢1.82 (m, 10H), 3.34 (dd= 11.3, 10.6 Hz, 1H), 3.40 (da&; 12.0, 3.9 Hz, 1H),
4.0%4.07 (m, 1H), 4.1&.12 (m, 2H), 4.564.60 (m, 2H), 4.85 (d,= 18.3 Hz, 1H), 7.£9.21 (m,
1H), 7.367.45 (m, 3H), 7.52 (d= 8.2 Hz, 1H), 7.29.32 (m, 1H), 8.1k®.22 (m, 2H), 8.45 (d, 1H)
ppm; 3C NMR (125 MHz, CR)CH 25.3, 25.4, 25.6, 29.3, 29.7, 43.7, 46.7, 51.95,528.0, 120.4,
123.6, 124.1, 124.2, 125.0, 125.4, 125.5, 125.7, 126.2, 127.0, 127.4, 131.6,185428] 164.4
ppm; MS: m/z 437 (M; Anal. Calcd for &H7NzO»: C, 76.86; H, 6.22; N, 9.;60ound C, 77.05; H,
6.07; N, 9.87.
7-Phenyt3-(pyrenyt1-ylimino)-1,7,8,8-tetrahydro-3H-oxazolo[3,4a]pyrazin-6(5H)-ones(2d)

.
So¥

H(N
PO
2d
Eluent: light petroleumAcOEt 3:7. Light yellow solid; yield 67%, mpd®3C.'*H NMR (500 MHz,
CDG): d 3.583.66 (m, 2H), 3.88.94 (m, 1H), 4.081.09 (m, 2H), 4.52.55 (m, 2H), 5.04 (d=
18.8 Hz, 1H), 7.32 (d, 2H) 7.44 (t, 2H) 7.88%d7.9 Hz 1H), 7.8.01 (m, 4H), 848.06 (m, 3H),
8.49 (d,J= 9.2 Hz, 1H)pm; *3C NMR (125 MHz, CB)Ctl 29.7, 31.6, 46.7, 46.9, 51.52.8, 67.7,
96.1, 120.3, 123.6, 124.1, 124.3, 124.7, 125.0, 125.1, 125.5, 125.7, 125.8, 126.2, 126.3, 127.0,
127.4, 127.5, 127.6, 129.4, 129.5, 131.5, 131.6, 140.9, 141.9, 150.8pp€%5.0I1S: m/z 431 (M)

Anal. Calcd for&H>1N:Oo: C, 77.94; H, 4.91;,9.74 Found C, 78.01; H, 4.76; N, 9.48. 4.3.
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3.6.2. Biological assay
Materials: 5 dzf 6 SO002Qa Y2RAFASR 91 3fS YSRAdzY 65a9a0 |
O2yGrAYyAy3 w Ya Dftdzilal!l - oDL./ho0oZX I IFYQa CwmH
inactivated Fetal Bovine Serum (FBS, GIBCO), Normal Goat Serum (NGS, GIBCO), Streptomycin and
penicillin antibiotics, TrypsgEDTA 0.05% solution were from Invitrogen (Milan, Italy)-tL&b{ »
Chamber Slides I, -@,5dimethylthiazot2-yl)-2,5-diphenyltetrazolium bromide salts (MTT),
agarose, and other chemicals of analytical grade were obtained BamaAldrich (Milano,
Italy).
Mouse monoclonal antibody against casp&sewvas from BectogDickinson (Milan, Italy).
Tetrarhodamine isothiocyanate (TRIA0hjugated antimouse IgG polyclonal antibody, were
from Chemicon (Prodotti Gianni, Milan, Ital)lAamp DNA Mini kit was from Qiagen.
Cell cultures FTEC133 and 8305C cell lines were suspended in appropriate medium and plated in
flasks at a final density of2106 cellsorinLab S {1 n / Klldesd & MJinél density 0.5105
cells/ well. Spetically the medium for FFC33 cell lines was: DMEM containing 2 mM Gluta
MAX, 10% FBS, streptomycin (BmL), penicillin (5@/mL); whereas the medium for 8305C cell
lines was: MEM containing 2 mM GIlu##AX, 10% FBS, streptomycin (@mL), penicillin (50
U/mL), and 1% nonessential amino acids. Cell lines were then incubated°@t iB7humidified
atmosphere containing 5% ¢@nd the medium was replaced every 2 or 3 days. When the
cultures were about 880% confluent, cells were trymsied by 0.05% trypsin and 0.53 mM
EDTA at 37C in humidified atmosphere containing 5%.€&®5 min. Trypsinization was stopped
by adding 20% FBS, resuspended and plated in flasks fed with fresh basic complete media. Cells
were seeded again at 1:4 dengiratio and incubated at 37C in humidified atmgshere
containing 5% CO
Treatment of the cellsFTG133 and 8305C were replatedonto kS { 1 / KI YO SNJ { f ARS
final density of 1 104 cells/well, and fed in fresh complete medium. In prelimingrgriexents,
we exposed the both cultures in the absence or the presence of different concentrati@asdof
(5, 10, 25, 50, 75, 108M) for 12, 24 h, in order to establish the optimal concentrations and their
exposure times to all synthesized compounds. #os purpose, MTT test and morphological
characterization were utilized. We found that for the both cultures the optimal concentration of

all synthesized compounds was B8l and the optimal exposure time was 24 h.

5 A.CampisiD. Caccano; G.Racitj G.CannavoV.Macaione M. Currg S.Macaione A.Vanella R.lentile; Brain Res2003 978, 24.
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MTT bioassayCell survival analysis waperformed by MTT reduction assay, evaluating
mitochondrial dehydrogenase activityCells were set up 6 105 cells per well of an@dtiwell,
flat-bottomed, 200 L microplate, and maintained at 3T in a humidified 5% GO5% air
mixture. Atthe end oftreatment time, 20ni of 0.5% MTT in (pH 7.4) PBS were added to each
microwell. After 1 h of incubation with the reagent, the supernatant was removed and replaced
with 200nL of dimethyl sulfoxide (DMSO). The optical density of each well was measured with a
microplate spectrophotometer reader (Titertek Multiskan; Flow Laboratories, Helsinki, Finland) at
570 nm.

Immunocytochemistry Expression of caspasein FTE€33 and 830€& cells was identied by
immunocytochemical procedures. Untreated 2&d treated FTEL33 and 8305C were fixed by
exposing to 4% paraformaldehyde in 0.1 M PBS for 20 min. Then, cells were washed three times
with PBS and incubated for 1 h at 37 in humidied air and 5% CQvith 1% NGS in PBS to block
unspecific sites. The cells were successively incubated overnight’&ti&@humidified air and 5%

CQ with mouse monoclonal antibody against casp&s€l:200). Finally, the slides were washed
three times with PBS, mounted in PBS/glycerol (50:50), and analyzed on a Leica fluorescent
microscopy (Germany). No nonspecific staining of hMSCs was observed in control incubations in
which the primary antibody was omitted.

DNA labelling assayDNA extraction from ki untreated and treated FFC33 and 8305C cells

with 75nM of 2ad ¥ 2 NJ vn K gl & LISNF2NXYSR I OO0O2NRAy3 (G2 GF
separates DNA fragments by size in an 2% agarose gel. DNA is visualized by including in the gel an
intercalaing dye, SYBER Green |. GARZA4 housekeeping gene was used.

Statistical analysisdata were statistically analysed using eway analysis of variance (omey
ANOVA) followed by post hoc HajBidak test to estimate significant differences among groups.
Data were reported as mean = SD of four experiments in duplicate, and differences between

groups were considered to be significant at p < 0.05.

763) A. Campisi; D. Caccamo,; G. LiVolti; M. Curro; G. Parisi; R. Avola; A. Vanella; REEStilet2004 578, 80; b) A. Campisi; M.
Spatuzza; A. Russo; G. Raciti; A. Vanella; S. Stanzani; R. ReditiesciRes, 2012 72, 289.
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Chapter 4

Boehmeriasin A as new lead compound
for the inhibition of topoisomerases and
SIRT2
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4.1.Introduction

Since the first isolation of tylophorine in 1935 from the perennial climbing @lgtdphoria indica
the class of phenanthroizidine alkaloids has grown considerably. The main future of these
pentacyclic plantderived small molecules is thegsence of a highly oxygenated gstanthrene

ring fused to a saturatetl-heterocycle(Figure 27.

Phenanthroindolizidines n=1
Phenanthroquinolizidines n =2

Figure 27

Historically, he plant extractshave been used in herbal medicine and the isolated compounds
have displayed a rge of promising therapeutic activity such as antal, antiinflammatory and
anti-cancer activiy. The phenanthroindolizidines are much more prevalent in natural sources than
the corresponding quinolizidines. In fact, cryptopleurine, which was isolatedhdy as 1948 from
the bark ofCryptocaryapleurosperma, wasonsideredfor a long time to be the sole example of
this rare class of alkaloid$his family wagater enriched by isolation other derivatives, among

whom Boehmeriasin And B (Figure 28

OMe OMe
(S)-cryptopleurine Boehmeriasin A Boehmeriasin B
Figure 28

The structural difference between phenanthroindolizidine and phenanthroquinolizidine alkaloids
lies in the size of the -Bng. The presence of the sgmembered ring in the
phenanthroquinolizidine skeleton led to a significant increase in cytotoxicity ampadson to
phenanthroindolizidine skeleton, which has a fimembered ring.Despite their therapeutic

potential, no compounds in #seclaseshave fully passed clinical trisd® far, due to their main

77D. Dumoulin; S. Lebrun; A. Couture; E. Deniau; P. Grandcldtuiod;, Org. Chen201Q 1943.
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drawbacks includinglow in vivo anticancer activi, central nervous system toxicity and low
natural availability’®

Boehmeriasin Aand B were isolated from the aqueous ethanolic extracBoéhmeria siamensis
Craib by Luo et al. in 200@. vitrotests showed that boehmeriasin A possesses a strong cyitoto
activity, more potent than Paclitaxehgainst 12 different cancer cell lines withi@hlues inthe
range 0.25 ng/mL for all but one cell lines. Boehmeriasin B showed lower acfivity

As a consequence of igomising biological profilecoupledwith its low natural abundance and
unusual architecture, Boehmiasin A continues to be targdbr synthesis, modification, and
structure-activity relationship (SAR}udieswith the hope that a new drug will emergRecently,
few synthetic methodology have been developed for the elaboration of the
phenanthroquinazolidine scaffolaf BoehmeriasinTwo importantexamples are shown to follow.
In 2010 A. Couture at al. reported the first asymmetric synthesis of Boehmeriasin A intlanich
key intermediate with the piperidine templatewas achieved throughwo alternative and
elaborate synthetic pathwaysA subsequent acylation/oxidation/aldol condensation/radical
cyclization sequence completed the assembly of the tRecpnfigured natural produc{Scheme
11).”7

OMe
H MeO

OMe
OMe

Key intermediate

Scheme 11

Afterward, both enantiomers of boehmeriasin A were synthesized by Georg in seven steps each
using a chiral pool approach. Key steps in the syntheses were -Haske twostep protocol to
generate the quinolizine core and a -8B functionalization reaction between

tetrahydroquinolizinones and an aryltrifluoroborate (Scheme®2).

82) S.R. Chemle€urr. BioactCompd, 2009 5, 2.
a) Y. Luo; Y. Liu; D. Luo; X. Gao; B. Li; G. Fang Med, 2003 69, 842; b) J. P. Micha®at. Prod. Rep.2005 22; 603.
80M. W. Leighty; G. I. Geor§CS MedChem. Lett.2011, 2, 313.
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Scheme 12

4.2 Aim of this work

In this context, we planned two synthetic approaches to obtain the racemic mixture and the pure
enantiomers of boehmeriasin A which, in spite of previous reported preparations, present an
increased efficacy and simplicity, relevant features for legge synthesis and analogue

preparation.

OMe
COOH O
A O
oM

e ;\path A
OMe
Grignard H
Aryl addition OMe
lation g OMe
OMe acyaten
O H . “\ | OX. arylation (@)
(] AL |
ke . B Br
HO. O P O Pd-coupling C{L
i ‘ OMe
OMe mf]ZZ} . intram. o
ype cond.  OMe
OMe OMe
ﬂ 7a (R)-boehmeriasin A M OMe
OMe OH
g )
| HoOC O
MeOOC O - OMe N-Boc
OMe OMe (R)-8a
OMe
Scheme 13

Further, we wanted to test their biological activity and identify the biological tangtt the help

of virtual screening (Hurakan tool) and docking studies.
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4.3 Chemistry

As shown irthe retrosynthetic plan irScheme 13, thdirst step would be theformation of the
phenanthrene nucleus and thethrough a further cyclizationthe quinolizidine ring (path A) or
(path B). This would permit the generation of the nitrogen camitey bicyclic system in a
stereospecific way by an intramolecular aldol type reaction followed by an intramolecular
arylation reaction.

4.3.1. Racemic preparation
First of all,Boehmeriasin A was prepared mesemicmixture with a simple and robust synthetic

pathway, which has been allowed to prepageam quantities of the desired natural product
(Scheme 14)

OMe OMe OMe
/( ] 1) E3N, Acy0, O O
OHC . VELN, Aoz FeCls

120 °C, 30 h | , ‘
2) MeOH, H,SO0,, DCMdry, it,5h  x
HOOC MW, 125 °C, 90 min MeOOC O O
OMe
OMe OMe OMe
OMe OMe
10 11:70 - 75% 12: 60 - 75%

Perkin reaction: LiAIH, 12 X = COOMe

performed at > 100 mmol scale 13 X =CH,0OH
HCI, DCM E14 X = CH,CI

COOK OMe OMe

— (L 2. (X

NaOH, iPrOH, N 90 °C, 5 h N

40°C, 14 h O O
OMe OMe

15.879%  OMe 16:70% OMe

1) LiAIH, 16 X=CO
2) Et3SiH, L, 7a,b X = CH,
TFA

22% overall yield
Scheme 14

The synthesis started with a Perkin reaction between commercially available 4
methoxybenzaldehyde and 3,4-dimethoxyphenylacetic acid0. This reaction can be easily
performed at >100 mmol scale. Next, a microwassisted Fischer esterification delivered the
corresponding estefll in quantitative yieldand thenthe quinolizidine ringl2 was obtained
through aferrous chloride mediated oxidative biaryl couplilglsothis transformation can be
performed on multigam scale in an efficient wayven if the generation of stoichiometric
amounts of insoluble inorganisecondaryproducts requires close reaction miboring and
specific workup strategies in order to achieve a reproducible reaction outcofftee ester

functionalitywas reducedising LiAlkland chlorodehydroxylation of the resulting benzylic alcohol
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13 with concentrated HCI cleanly affords the benzydidoride 14. A selectivenucleophilic
substitution was performedwith the potassium salt of racemic pipecolic acid, furnishing the
desired adductl5. A FriedetCrafts acylation in neat polyphosphoric acid was usegrepare the
pentacylic scaffold16 of boehmeriasin Ain good yield This reaction afforded an instable
material under basic conditionsherefore wa necessary to maintaithe pH during the agueous
work-up below 8.Finally, removal of the ketone functionality was accomplished in asi®p
fashion firstly using LiAlHollowed by dehydroxylation under TFA/triethylsilane conditions. In
summary, this sequence allowed the preparation of racemic boehmeriagmbdn a short 7 step
sequence and in 22% overall yield.

Indeed,the resolution ofthe racemicnatural product by chiral HPLC was evaluafex.analytical
purposes a short chiral HPLC column (AD, 5ierdjrect phase (10% ethanol and 90% hexane)

wasused in order to achieve resolution of the racemic boehmeriagifigure 29.

Result Filg ; COHPLCTAileen Chirald 'MBaumann 10Eh 90Hex_2014__ 07 _01_003.rst
Sequence File ; C:HPLC1\Alleen|.ChiralAD\ July1d seq

Pesponsa fmiv]

Figure29

The successful resolution let us to be ddaft regard the possibility to separatéhe two
enantiomers alsmn a preparativescale using a larger AD columrowéver,we firstly preferred
to carry out an asymmetric synthesis of bo8r @nd R)-boehmeriasin A.

4.3.2. Enantioselective synthesis
In this second approach we developed an enantioselective synthesis using enantiopure
piperidinethanol8 as the starting material, which can be produced at gram sttaleugh an

enzymatic procesgScheme 159-enantiomer showh 8!

81 M. Angoli; A. Barilli; G. Lesma; D. Passarella; S. Riva; A. Silvani; B.JD@nglihem, 2003 68, 9525.
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BrMg
(s Soue R T L T
cHO . OMe TMSCI
'}‘ THF,-78 °C to rt '}' DCM, rt,1 h MeOH, 0°Ctort H2
Boc Boc Boc cl

OMe

17: 90-92% 18: 83% 19: 95%
OOH
OMe Br |HATU, DIPEA
O THF, rt, 1h
OMe KOH, EtOH
-
Pd(OAC),, O reflux, 2 h
K,CO3, DMA, OMe
PhDavePhos| reflux, 5h
22: 85% OMe 1. 80
OMe
LiAlH4 (S)-Boehmeriasin A
- .
THF, reflux, 2 h 7b: 80%
OMe
Scheme 15

After oxidation of the alcohoBb, the aldehyde wasreated with 4-methoxyphenyimagnesium
bromide affording the secondary alcohdl7 in high yield. DesMartin periodinane was used as
excellent oxidanto generate the intermediatel8, and the deprotection of the Boc groupl9)

and N-acylation with he easily prepared-Bromo-4,5-dimethoxyphenylacetic aci{R0) afforded

the compound21 in 63% (3steps). An intramolecular aldoltype condensation in the presence of
KOH furnished the desirable intermediat22 as mixture of atropisomers (85%, 1:1 ratidp
obtain the phenanthroquinolizidine skeleton a palladium catalysed intramolecularliogupas

investigated(Table 3)

Table 3:
OMe
Pd(OAc), O
K,CO3
PhDavePhos N
DMA O
© OMe
OMe
22 23
Pd(OAQ) Ligand KLCQ _ Temperature _
entry Time (h) Yield (%)
(mmol) (mmol) (mmol) (°C)
1 0.05 0.1 2 16 h 125 -
2 0.05 0.1 2 5 125 29
3 0.05 0.1 2 5 155 11
4 0.24 0.3 2 5 125 60

The reaction carried out with Pd(OA&)s catalyst, 2(diphenylphosphineN,N' -dimethy} (1,1*-
bipheny}-2-amineas the ligand and K Qin dimethylacetamide at 125 °C for 5 h, furnist&gin
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60% yieldFinally, aredudion with LiAlH completed the gnthesis of boehmeriasin with 80% of
yield.
HPLC analysis confirmed that the purity of both enantiomers was in accordance with the e.e. of

the starting materials.

4.4 Biological evaluation

4.4.1. Anti proliferative activity
With the enantiomers of boehmeriasin #nd the racemic mixturen our hands, we wanted to
evaluate their anti proliferative activityrothree selectedcancer cell lineshuman lymphoblastic
leukaemia (CEM), human cervical carcinoma (HelLa) and mousédgwic leukaemia (L1210)
cells) andon two endothelial cell lineshiman microvascular endothelial cells (HMBCand
bovineaortic endothelial cells (BAECThe chose reference compounds has been combretastatin
A4P (CAIP), that is avasculastargeting agent which inhibits the proliferation tife tumour cells,

and endothelial cells with ivalues around 80 nM and 3 nM, respectively (Table 4).

Table 4 Anti-proliferative activity of Q- and §-boehmeriasin A in comparison with combretastatin A4P.

Tumor cell lines Endothelial cell lines
Compound
(ICsol@l [nM]) (ICsol@l [nM])

HelLa CEM L1210 HMEGL BAEC
(R)-7 66+56 185+ 156 19+10 74+1.1 23+13
(9-7 182+ 164 201+127 111+11 82+ 66 23+6
rac.-7 76+52 119+71 71+23 29+8 9.0+2.1
CA4P 79+3 95+ 6 82+12 2.9+0 3.9+0.1

[a1 50% inhibitory concentration. GAP: combretastatin A4P. CEM: human lymphoblastic leukemia. HelLa: human
cervical carcinoma. L1210: mouse lymphocytic leukemia cells. HME@nan microvascular endothelial cells. BAEC:
bovine aortic endothédl cells.

In accordance with other results reported in the literatifeooth enantiomers showed potent
cytostatic activity against the different tumour cells, withsol@alues in the nanomolar range.
Interestingly (R-7 proved to be significantly morpotent than the §-enantiomer against HeLa
and L1210 cells. Both compounds also inhibited the proliferation of endothelial cells, w4th IC
values of 23 nM in BAEC and 82 nM for tRe &nd §-enantiomers in HMECL, respectively.
Together, these dataonfirm the inhibitory activity of - and §-boehmeriasin A against both
tumour and endothelial cells, theRf-enantiomer being up to Xfold more potent than the $-
enantiomer in selected cell lines. The aptoliferative activity of the racemic mixte was
comparable to the activity of theRj- enantiomer, being equally active in HelLa cells, abeigi@

more active in CEM cells and BAEC andf8edless active in L1210 cells and HMEC
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The specific cellular

4.4.2. Virtual screening

target of

theBoehmerasin A,

as well as of the others

phenanthroquinolizidine alkaloids, is stilhknown For developing and optimizingpis scaffold

into therapeutic drugsthe identification of the biological target is fundamental to have a starting

point to identify the ewentual and proper alterable region of the molecule throwgtucture and

activity relationship studie$SAR

The use of a virtual screening would have helped us to identify the biological thagetould

justify the antiproliferative activity on diffeent cell linesHurakansoftware®? is a 3D liganebased

virtual screeningtool that compares the input molecule with the structures present in the

reference databaseln particular Hurakan uses ChemblffBis a reference databaswhich

contains molecules, targets and biological activitidanany compoundsnd thus it is able to

compare the behaviour of the molecules instead of comparing their structurethis way,

Hurakan predicts the biological profile of an input molecule anthé&caseof Boehmeriasin Ait

predicted 13 proteins for th&enantiomer and 15 proteins for th&enantiomer (Table 5).

Table 5:Target proteins forR)- and §-boehmeriasin A

entry (R-Boehmeriasin A (9-Boehmeriasin A
1 Proto-oncogene €JUN Proto-oncogene €JUN
2 DNA polymerase eta Serotonin 2a (81T2a) receptor
3 Aryl hydrocarbon receptor nuclear
NN Aryl hydrocarbon receptor nuclear translocatc
4 Hypoxiainducible factor 1 alpha Alphala adrenergic receptor
5 Chromobox proteirnomolog 1 Hypoxiainducible factor 1 alpha
6 Cruzipain Acetylcholinesterase
7 Sphingomyelin phosphodiesterase DNA topoisomerase Il alpha
8 Arachidonate 18ipoxygenase, type Il DNA topoisomerase Il beta
9 DNA d&dU-editing enzyme APOBBE DNAtopoisomerase |
10 Lysinespecific demethylase 4A Acetylcholinesterase
11 Peptidytprolyl cistrans isomerase NIMA
: : DNA dedU-editing enzyme APOBEBE
interacting 1
12 Nonstructural protein 1 Lysinespecific demethylase 4A
13 Nuclear factor erythroi@-related factor 2 DNA polymerase eta
14 Nuclear factor erythroid 2elated factor 2
15 Cholinesterase

82E, Santamartdlavarro; A. NonelCanals; Hurakan, Ligahadsed 3D Screening Softwa2§13 Available at: www.mindthebyte.com.

83 A.P. BentoA. Gaulton; A. Hersey; L.J. Bellis; J. Chambers; M. Davies; F.A. Kruger; Y. Light; L. Mak; S. McGlinchey; M. Nowotka; G.

Papadatos; R. Santos; J.P. Overingtargleic Acids Re2014 42, D1083.
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Among all these probably target proteins, topoisimeraga#ry 7-9, §-boehmeriasinjttracted
our attention, since nany famouschemotherapydrugs calledtopoisomerase inhibitorswork by
interfering with eukaryotic topoisomerasasdinducingthe apoptosis.

Topoisomeraseare enzymes that regulate traverwinding or underwinding dNA. The winding
problem of DNA arises due to the intertwih@ature of
its double-helical structure. During DNA replication and

spenined traNscription, DNA becomes overwound ahead of a

circle
(negative

wercais)  replication fork. If left unabated, this tension would

eventually stop the ability of the enzymeéavolved in

s these mechanismdo continue the replication process.
"™ In order to prevent and correct these types of

topological problems caused by the double helix, topoisomerases bind to either-singheled

or doublestranded DNA and cut the phosphate backbone of thé\FfN

Based on this scenari we were driven toevaluate the effect of both enantiomers of

boehmeriasin A on topoisomerases.
4.4.3. Topoisomerases inhibition

We tested theeffect of R)- and §-boehmeriasin A on the relaxation of supercoiled plasmid DNA,
that is an enzyme that relaxasipercoiled DNA giving rise to a series of topoisomremesenting
differently relaxed forms (Topo II)

The test compounds were assayed at 10, 25 andidOconcentration, whilem-AMSA, taken as
reference drug, was used at D®1. In Figure 31 is evidemiat both enantiomers of boehmeriasin

A exhibit a comparable and dosiependent effect on enzymatic activitgt 10mM both (R- and
(9-enantiomers are unable to exert a significant inhibitory activity, while atrBl) the higher
concentration taken int@account, the topoisomerasmediated relaxation isompletely inhibited
(Figure 3.

7R 78 &

10 uM

10 0 10 25 30

~ _,,.--/I
(N~ '___--”‘

relaxed
DNA ~— ° ) B '
supercoiled ' .. ‘ . -

DNA —> -

Figure 30

84J. J. ChampouRnnu. Rev. Biochen2001, 70, 369.
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Similar experiments were performed to assay the effect on topoisomerase | relaxationyactivit
and the results indicate aigher inhibitory effect compared tahe data obtained on
topoisomerase Il. Indeed, at i O 2 y OS y i NB)- éarid Byboebnieiiakin Adcompletely

inhibit the relaxation mediated by topoisomeras@-igue 31).

7R 7S
goe\ ‘.——‘/’1 /]
O 405 1 6 1005 1 5 10 M
ona — | SRS
4 bt
supercoiled “ “

DNA —
Figure 31

The topoisomeraseenzymescan be inhibitat different stageof their activity. Some arti
proliferative agents, called topoisomerase poisons, interfdsg stabilizing a biological
intermediate into a lethal agent This intermediate is called "cleavable complex" and it is a
biochemical species arising fratine cut of DNAstrands, and subsequent formation of covalent
bonds between each protein subunits and the newly formeghssphate ends of the DNA. This
complex isconsidered”cleavable", since removal or disruption of the protein would result in a
permanent doublestrand break. The stabilization preventshe resealed of the breaks and the
release of the topoisomerasésExperimentally, theoccurrenceof cleavable complex can be
demonstrate bythe enzymedependent formation of linear (topdl) or nicked (topd) DNA from
supercoiled DNATo verify whetheboth enantiomers of behmeriasin would be involved in the
stabilization of cleaveble complefitst a biologicalassaywas performed on toposomerase Il in
the presence of 100M of (R- and §-boehmeriasin A and 16M m-AMSA used as reference

becauseas a welknown topoisomerase |l poisdfigure 32

85\W. B. PrattThe Anticancer drug©xford University Press994
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The results show that both derivatives do not stabilize the formation of thavelge complex,
although tested at a significantly higher concentration compared to that of the reference drug.
Otherwise, as expecteth)-AMSA, induces the formation ofdetectable amount of linear DNA
Consideringopoisomerase |, thbioassayeported inFigure 34usingthe topoisomerase | poison
camptothecin (CPTas reference compoundalso show the inability of bothRf- and ©-
boehmeriasin A to act as a poison at the considered concentratiomi@)5By contrastjn the
same experimentiaresults camptothecin induces the formation of thmrresponding nicked DNA
(Figure 33).

& «JP\ R s & osuM

nicked
DNA

supercoiled
DNA .

relaxed —,

Figure 33

Thepolycyclic structuref Boehmeriasin Awhichcontains a phenaiirene moietythat could act
as a DNA intercalanalong with the lack of poisoningffects suggestghat the ability of R- and
(9-boehmeriasin A to interfere with topoisomeraseediated relaxation activitgould come from
the capacity of the compounds to form a molecular complex with DNA.

To gain better insight into the interactionsetween boehmeriasin A and the topoisomerases,

molecular dockings studies were carried out.
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The structure of topoisomerase I/DNA complex has been crystallised in complex with
camptothecin, whiletopoisomerase tbeta/DNA has been obtained in complex wémsacrine,

both welkknown topoisomerase inhibitors, which are bound into the enzyme mediated DNA
cleavage site intercalating between DNA base pairs.

The pockets formed by camptothecin and amsacrine upon binding to DNA in complex with
topoisomerase | andll, respectively have been chosen as the putative binding sites of
boehmeriasin A. Botl{R)- and (§- enantiomers have been dockedocking simulations on
topoisomerase | showed that both boehmerasin enantiomers display good binding affinity to the
target. Cluster analgis showed two major clusters, comprising %0and 36% of the docked
structures of the (9- enantiomer and two minor clusters. All these clusters are almost

isoenergetic, with binding energy arountl4 kcal/mol(Figure 34). The (R-boehmeriasin A on

the other hand, displayed one dominant cluster, comprising 98% of the docking dg€igyse
34b).

Figure 34a) Docked structure of§-boehmeriasin A. The best fit structure of the principal cluster is depicted in orange,
while the best fit structure of secondary cluster is green. Boehmerasin is intercalated between DNA bases of the nucleic
acid double helix complexed with topoisomerdsk) Docked structure ofRf)-boehmeriasin A (blue molecule).

Cluster analysis of the docking results on the topoisomerase Il showed only one cluster(f+ the
enantiomer, with thephenantrene moiety stacked between the DNA bagégure 38). The(R-
enantiomer showed two distinct clusters: the principal one populated by 66% of the docked

structures and the secondary one containing 34%efdocked structures (Figure Bb
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Figure 35 a) Docked structure of §-boehmeriasin A (orange molecule). The phenanthrene moiety is intercalated
between base pairs of the DNA in complex with topoisomerad® tocked structure of Q-boehmeriasin A. The best

fit structure of the principal cluster is depicted in red, whe best fit structure of secondary cluster is in blue. A very
similar binding energy corresponds to these structurally different poses.

A slight preference toward topoisomerase Il can, on the other hand, be inferred on the basis of
the docking resultst lis worth noting that in all of the docked conformations bd®- and (R)-
enantiomers of boehmeriasin 8o not display any signifant contact with either one of the
topoisomerase isoforms that have been tested, but seem to mainly interact with the D&l s
through stacking interactions.

4.4.4. Sirtuins inhibition
The similar structure of boehmeriasin A with known sirtuin inhibitodsove us to study its
activity against sirtuins.
Sirtuins areNADdependent protein deacetylasef which there are seven isofms (SIRT).
Theyare fundamental for thanodulation of multiple and diverse biological processes such as cell
cycle control, microtubulelynamics, cell differentiation and so oRecently, multiple research
groups have pursued the identification and demment of smalmolecule compounds that
modulate sirtuins, which can also be potentially useful as therapeutic agents because upregulated
SIRT1 has been described in canééhsdeed, sirtuin 2 (SIRT2)has been shown tde akey
regulator of cell divisio and differentiatiort®
Both enantiomers were screened in vitro against SIRT1 and SIRT2 @#28@hcentration For
SIRT1R)- and §-boehmeriasin A showed no inhibition. Interestingly, for SIRJ-Bdehmeriasin
A gave ~65% inhibition, wheregS}boehmeriasin A gave only 41% inhibiti@rable §.

8 D. Rotili; D. Tarantino; V. Carafa; E. Lara; S. Meade; G. Botta; A. Nebbioso; J. Schemies; M. Jung; A.G. Kazantsg¥).F. Estell
Fraga; L. Altucci; A. M&@hemMedChen2010 5, 674.

87T, Liu; P.Y. Liu; G.M. Marsha@lincer Res2009 69, 1702.

88T, Kozako; T. Suzuki; M. Yoshimitsu; N. Arima; S. Honda; S.\8oledajes2014 19, 20295.
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Table 6 Evaluation of (Rand (Shoehmeriasin A against SIRT1 and SIRT2

Compound SIRT1 SIRT2
(R-7 12+1.4 65+1.6
(9-7 10+4.2 41+0.56

anhibition % at 200rM inhibitor concentration.

Docking studies were performed also for the interaction between boehmeriasin A and SIRT1 and
SIRT2.

In SIRT1, both enantiomers of boehmeriasin A were docked into the place of the nicotinamide
moiety (so called Qocket in sirtuins) showing-interactions with His363 or Phe273 but they

could not adopt a good orientatioim the binding pocket (Figure R6

Figure36: (RYBoehmeriasin A (green) in the putative binding site of SIRT2t (fkiok) and EB27(purple) is also
presented based on their position in SIRT1.

As for SIRT2R(-boehmeriasin A was docked into thepG@cket having an interaction of the
phenytring with 1le169 and showed good complementarity with the binding site. Wise@®a
boehmeriasin A had no interactions with SIRT2, but showed also complementary WiRidjage

37). Based on the modelling there was no clear difference in the putative binding modes of the

enantiomers.
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binding site of SIRT1.
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4.5 Conclusion
In conclusion two efficient and innovative approaches were performed for the synthesis of both
enantiomers as well as of racemic boehmeriasin deéd biological assays confirmed the high
anti-proliferative activity in three endothelial and two cancer cell lines of the two enantiomers.
Thanks to biological assays, accompanied by virtual screening and docking studies, we could
identify the interaction between with DNA and SIRT2 and boehmeriasin that presumably are the
responsible for their biological activity. These results offer new suggestions for the design and
practical synthesi of new topoisomerase and SIRihhibitors based on the boehmeriasi

scaffold.
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4.6 Experimental part
4.6.1.Synthesis

Racemic preparatiomf Boehmeriasin A
(B-Methyl 2-(3,4-dimethoxyphenyl}3-(4-methoxyphenyl) acrylatg11)

OMe OMe
/©/ 1) Et3N, Ac,0, O
OHC 120 °C, 30 h

9 — |

2) MeOH, H,S0;  MeOOC
HOOC MW, 125 °C, 90 min
OMe OMe

OMe OMe
10 11:70-75%

4-Methoxybenzaldehyd® (13.6 g, 100 mmol) and 3,4imethoxyphenylacetiacid 10 (19.6 g,

100 mmol) were dissolved in a mixture of triethylamine (10 mL) and acetic anhydride (20 mL) and
heated at 120°C for 30 burs After the reaction mixture was cooled to room temperatpue¢hyl
acetate (150 mL) was added leading to precipitation of a yellow solid. After filtration and drying
this material was charged into 20 mL microwave vessels (~4 g each), filled with 7 mL methanol
and 0.1 mL conc. sulphuric acid and sealed with the apfatgpcap. Each of these samples was
heated in a Biotage Microwave Synthesizer for 90 min at i25 Upon cooling taoom
temperature the desired ester product precipitated as pale yellow solid and was isolated by
filtration.

Yield (over 2 steps) 74nd 75%; mp 106.7% 107.9°C H NMR 400 MHz,CDG): d 7.77 6, 1H,

7.02 (dJ=8.8 Hz2H), 6.89 (dJ=8.0 Hz 1H), 6.78 (dd,J)=8.0, 1.6Hz 1H, 6.73 (dJ=1.6 Hz 1H),

6.69 (d,J=8.8 Hz 2H, 3.92 (s3H, 3.80 ¢, 3H, 3.78 (s3H, 3.75 (s3H); 3C NMR 100 MHz,
CDG): d 52.3 55.2, 55.8, 55.9111.4, 112.8, 113.7, 122.1, 127.3, 128.6, 129.6, 1324214
148.6, 149.1, 160.3, 168.%S: m/z 351.8 [M+Na], HRMS: calculated for H:0s: 329.1389,

found 329.1393.

Methyl-3,6, -trimethoxyphenanthrene9-carboxylate (2)

OMe OMe

O FeCls R ‘O

MeOOC | O DCMdry, rt, 5h MeOOC O
OMe OMe

OMe OMe
1 12: 60 - 75%

(B-Methyl 2-(3,4-dimethoxyphenyB3-(4-methoxyphenyl) acrylate1q) (4 g, 12.2 mmol) was
dissolved in DCM (40 mL) atom temperature To this solution anhydrous FeC3 g 31 mmol)

was added portiorwise. The resulting reaction mixture was stirredrabm temperature for 3
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hours after which more anhydrous Fe@l g, 6 mmol) was added. After a total reaction time of 5
h, complete consumption of substi@ was achieved (motired byH NMR). Methanol~80 mL)
was added to this crude mixture resulting in a homogeneousbregivnish solution, which was
subsequently extracted with DCM/water giving the desired phenanthrene product as dark brown
foam after evaporation of theolvents. Filtration of the dried organic layer over a plug of silica gel
(10 g) prior to solvent removalyields the desired product as light brown foam.

Yield commonly varied from 60 to 75% (>90% puriti).NMR (400 MHZCDG): d 8.64 6, 1H,

8.43 6, 18, 7.85 (s1H), 7.84 (dJ=8.8 Hz 1H), 7.79 (dJ=2.4 Hz 1H), 7.20 (ddJ= 8.8,2.4 Hz

1H), 4.10 §, 3H, 4.08 §, 35, 4.02 (s3H), 4.01 (s3H)ppm; *C NMR 100 MHz,CDG): d 52.0,
55.5, 55.8, 55.9, 103.2, 103.7, 106.9, 116.0, 121.621225.0, 125.2, 131.3, 131.8, 133.4, 148.9,
149.9, 160.2, 168.ppm; MS: m/z 327 [M]*; HRMS: calculated for £H:40s: 327.1232, found
327.1240.

(3,6,7)Trimethoxyphenanthren9-yl)-methanol (13)

OMe OMe

O LiAIH, ‘O

MeOOC | O THF dry,0°Ctort,230h  HoH,C O
OMe OMe

OMe OMe
12 13: 95%

Methyl 3,6, 7trimethoxyphenanthrened-carboxylate 12) (3.26 g, 10.0 mmol) was dissolved in
THF (20 mL) and cooled td®©. To this vigorously stirred solution, LiAIBB0O mg, 25 mmol) was
added in small portions over a period of 10 min. After 30 min the ick hats removed allowing
the reaction mixture to warm toaom temperature where it was maintained for 2 h. Upon
guenching of the reaction mixture with sat. MH (2 mL) a greyish slurry was obtained which was
filtered over a plug of silica (eluent DCM). Tdesired reduction product was obtained after
removal of the volatiles as a pale yellow amorphous solid.

Yield95%.H NMR 700 MHzCDG): d 7.79 6, 1H, 7.73 (dJ=2.1 Hz1H), 7.69 (dJ=9.1 Hz 1H),
751 (s1H, 7.45 §, 18, 7.15 (ddJ=9.1, 1.2 Hz 1H, 5.01 §, 2H, 4.06 §, 3H, 4.01 §, 3H, 3.99
(s,3H,), 1.92 (br.,s1H ppm; *C NMR 175 MHz,CDGQ): d 55.5, 55.8, 55.9, 64.6, 103.7, 103.9,
104.8, 115.4, 124.4, 124 .8, 125.5, 125.7, 130.1, 131.1, 131.3, 148.7, 149.3pABBKAS: m/z
2810 [MOHF; HRMS: calculated for fHi70; (MOH) 2811178, found 281.1186.
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10-(Chloromethyl}2,3,6trimethoxyphenanthrene (14

OMe OMe
O HClI ‘O

HOH,C | O DCM, rt,2 h CIH,C O
OMe OMe

OMe OMe
13 14: 98%

To a vigorously stirred solution of (3,6tfmethoxyphenanthrerd-yl-methanol (3) (30 g, 10

mmol, in DCM) was added conc. HCI (37%, 5 mL) changing the colour of the initial pale yellow
solution to dark brown. After 2 h atoom temperature the reaction is directly extracted
(DCM/HO) giving the title compount4 as brown solid after remal of the solvent.

Yield 984 *H NMR (400 MHZLDG): d 7.76 (s 1H, 7.70 (d)=2.4 Hz 1H), 7.66 (dJ=8.4 Hz 1H),

7.51 (s 1H, 7.40 (s1H), 7.14 (ddJ=8.4, 2.4 Hz 1H), 4.92 (s2H), 4.05 (s3H), 4.04 (s3H), 3.96

(s, 3H ppm; *C NMR (100 MHz CDG): d 46.1, 55.5, 55.9, 55.9, 103.8, 104.7, 115.6, 125.0,
125.1, 125.2, 126.8, 127.9, 127.9, 130.4, 131.7, 148.9, 149.4, gp&aVS m/z 3161 [radical
cation]; HRMS: calculated for gH:s0sCl 317.0944, found 317.0931.

Potassiuml-[(3,6, 7-trimethoxyphenanthren9-yl)methyl] piperidine-2-carboxylate (19

OMe OMe
O COOK COOK O
| NH
o N

HOH,C O NaOH, iPrOH, O

OMe 40°C, 14 h OMe

OMe OMe
14 15: 87%

A suspension containing r@ipecolic acid (750 mg, 5.8 mmol) and potassium hydroxide (1.0 g,
17.9 mmol) in ispropanol (6 mL) was stirred at rooramperaturefor 30 mirutes. To this mixture
10-(chloromethyl}2,3,6- trimethoxyphenanthrene 14) (1.6 g, 5 mmol) waadded portionwise
over 30 mingeneraing alight brownslurry. Tke mixture wa stirred at 40FC for 14 lours before
cooling to rt. Filtraibn and washing of this crude material, with a minimal amountcold
isopropanol (3 mL), yieldethe title compound15 as light brown solid which wa used in the
subsequent step without further purification.

Yield 87%'H NMR (700 MHzf-DMSQ: d 8.81(s, 1H, 7.94 br s, 2H, 7.73 (dJ=8.4 Hz 1H),
7.39 (s1H, 7.11 (dd,)=8.4, 2.8 Hz 1H), 4.58 (d,J=12.6 Hz1H, 3.97 (s3H), 3.96 (s3H), 3.92 (s
3H), 3.03 (d,J=12.6 Hz 1H, 2.54 (m 1H, 2.49 (m 1H, 1.681.73 (m 2H, 1.561.58 (m 2H),
1.251.30 (m 1H, 1.161.18 (m 2H)ppm; 3*C NMR 175 MHz, 8DMSO)d 24.6, 25.9, 30.9, 51.4,
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55.9, 56.1, 56.7, 60.5, 71.8, 103.8, 104.2, 109.6, 115.9, 124.5, 125.5, 126.0, 127.8, 130.0, 131.0,
131.3, 149.0, 149.2, 158.1, 17 p@m.
3,6, 7~Trimethoxy12,13,1414a-tetrahydro-9H-dibenzolf,hJpyrido[1,2-blisoquinolin-15(11H)-one

(16)
OMe
COOK O
L -2
_— >
N O 90 °C, 5 h
OMe

15 OMe 16: 70% OMe

Potassium (3,6, #trimethoxyphenanthrer-yl)methyl) piperidine2-carboxylate 15) (900 mg,
2.0 mmol) wasadded to polyplsphoric acid (~3 g) and stirred at 90 for5 h. Within 30 mipa
thick black solution was obtained which svenaintained at this temperature until full conversion
of the substrate (monitoredby LGMS). The reaction mixture wathen cooled to gom
temperaure and carefully quenched by addition of methalftiie temperature cannot rise above
40°0). The resulting solution veathen neutralized by careful addition of a saturated solution of
potassium carbonate. Extractive weukp of this material with DCM/#D gavea crude product
whichwaspurified by column chromatography (15% EtOAc/Hex) providing the title compbéind
as a pale yellow solid.

Yield 706.2H NMR (700 MHLDG): d9.26 (d,J=9.8 Hz 1H, 7.24 (s1H, 7.72 (dJ=1.4 Hz 1H),
7.22 (1H, ddJ=9.8 1.4 Hz), 7.11 (41, 4.36 (dJ=15.4 Hz1H, 4.07 (s3H, 4.01 (s3H, 3.97 (s
3H), 3.65 (dJ=15.4 Hz1H, 3.19 (d,)=10.5 Hz 1H, 2.77 (dJ=10.5 Hz1H), 2.47 (dJ=13.3 Hz
1H), 2.40 (tJ=13.3 Hz1H), 1.96 (dJ=13.3 Hz1H, 1.701.77 (m 1H), 1.66 (tgJ= 13.3,2.8 Hz
1H), 1.60 (qJ=13.3 Hz1H, 1.45 (tqJ=13.3 2.8 Hz 1H)ppm; 2*C NMR175 MHzCDG): d 23.9,
24.9, 27.4, 54.8, 55.3, 55.8, 55.9, 56.0, 68.9, 103.7, 104.3, 115.6, 122.7, 123.0, 123.1, 92.3, 12
130.9, 139.3, 149.5, 151.0, 157.8, 19PpAm; MS: m/z 3920 [M]"; HRMS: calculated for
GaH60sN 392.1861, found 392.1855.
3,6,7-Trimethoxy11,12,13,14,14a,hexahydre9H-dibenzo|f,h]pyrido[1,2-bJisoquinoline

(Rae7)
OMe
1) LiAIH,, THF O
0°Ctort,2h ‘
2) TFA/Et;SiH N
DCM, 40 °C, 4 h O
OMe

Rac-7: 82%
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To a solution ofl6 (391 mg, 1.0 mmol) in THF (5 mL, cooled 8&CPLiIAIH (100 mg, 2.6 mmol)

was added portionwise. After 10 min the mixture was allowed to warmotanT temperature
where it was stirred for 2durs, prior to careful quenching by aditin of aqueous NECI solution.

After aqueous extraction with DCM the combined organic layers were dried over anhydrous
NaSQ and evaporated under reduced pressure to give the intermediate aminoalcohol product as
yellow oil which was not purified furtheithis crude material was redissolved in DCM (2 mL) and
combined with TFA (0.3 mL) and®H (0.3 mL). After stirring for 4 h at 4D the reaction had
reached completion (monitored by IMIS) and was quenched by addition of aqueous NaHCO
solution. The crde product was isolated after aqueous extraction as yellow foam. Final
purification was accomplished by flash column chromatography furnishing racemic boehmeriasin
A Rac7) as solid after evaporation of the solvents.

Yield: 82%. IR (neat):2931.1 16104, 1511.5, 1467.9, 1253.9, 1201.9, 1138.6, 1038.%.dvt8

m/z 377.9(M*); HRMS: calculated for LHxsOsN 378.2069, found 378.2055

HPLC conditions(AD 5 cm, EtOH: Hexane 1:9, 1 ml/min,°@2 can be used in order to achieve

resolution ofracemicboehmeriasin A.

Enantioselective synthesis of Boehmeriasin A
1-(4-Methoxyphenyl}2-(1-tert-butoxycarbonypiperidin-2-yl)ethanol (17)

(oo ™ 0w (12
N _CHO OMe I}l
Boc
OMe

Boc THF, -78 °C to rt

17a,b: 90-92%

To a solution of aldehyde(0.34 g, 1.5 mmol) in THF (13 mL) at 78, (4
methoxyphenyl)magnesium bromide (6 mL, 3 mmol) was added, and the new solution was stirred
for 10 min at 78C and then overnight abomtemperature After the completion of the reaction,

the solvent was evaporated in vacuum, sat..8Hwas added ahthe aqueous layer was
extracted 3 times with EtOAc. The combined organic layers were washed with water and brine,
dried with NaSQ, filtered and evaporated. The residue was purified by flash column
chromatography (Hex/EtOAc 7:3) to provide the two déasbmer alcohold7 as oils

17a (RCOH) and 7b (SCOH)

Yields 92e95%:17a (RCOH): &]o = +35.9 €0.90 in CHE), 17b (SCOH): §]o =- 36.6 £0.92 in
CHG); 'H NMR 400 MHzCDG): d 7.32 (d,J=8.4 Hz 2H), 6.90 (d,J=8.4 Hz 2H), 4.61rf, 1H),

4.41 (m 1H, 4.04 (m 1H, 3.82 (s3H, 2.80 (t,J=11.6 Hz 1H), 2.20td, J= 14.0,2.0 Hz 1H),
1.781.47 (m 8H, 1.52 (s9H)ppm; *C NMR (100 MHLDG): d 19.9, 26.2, 29.1, 29.9, 40.2, 40.9,
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47.4, 56.0, 70.2, 81.1, 114.4, 127.5, 136.9, 15558.0 ppm; HRMS: calculated for H:oNQ:
336.2175, found.7a 336.2156 HRMS foundl17hb; 336.2179

17a(SCOH) and 7b (RCOH

Yields 92e95 %l 7a (SCOH){alo =+ 71.9 €1.06 in CHE), 17b (RCOH): &]po=-73.3 €0.98 in
CHG); 'H NMR (400 MHLDG): d 7.32 (d,J= 8.4 Hz, 2H), 6.89 (dz 8.4 Hz, 2H), 4.71 (mH]},

4.38 (m, 1H), 3.94 (m, 1H), 3.82 (s, 3H), 2.82J@d13.2, 1.6 Hz, 1H), 2.12 (dt 14.4 Hz J ¥, 6.8

Hz, 1H), 1.85 (dt]= 14.4 5.6 Hz 1H), 1.621.51 (m 6H), 1.48 (s9H), 1.431.40 (m 1H ppm; :*C

NMR (100 MHzCDG): d 19.8, 26.0, 29.2, 30.4, 40.2, 40.9, 49.3, 56.0, 73.0, 80.4, 114.4, 127.7,
137.6, 156.2, 158.ppm; HRMS: found17a336.2160 HRMS: found17b336.2158.

1-(4-Methoxyphenyl}-2-(1-tert-butoxycarlbonylpiperidin-2- yl)ethanone (19

oH DMP @ 0

N DCM, rt,1 h N )ﬁ

Boc OMe Boc OMe
17 18a,b: 83%

To a solution of alcohdl7 (0.22 g, 0.65 mmol) in DCM (8.4 mL), EMsstin periodinane (0.34 g,
0.78 mmol) was added and the new mixture was stirred for 1 loammrtemperature After the
completion of the reaction, the solvent was evaporated in vacuum, 1{@@kKvas added and the
aqueous layer was extracted 3 times with EtOAc. The combined organic layers were washed with
water and brine, dried with N&Q, filtered and evaporated. The resie was purified by flash
column chromatography (Hex/EtOAc 7:3) to provide ketb8as oil.

Yield 83%18a: [a]o = - 34.2 € 0.95 in CHG), 18b: [a]o = +35.6 ¢ 1.00 in CHE)t *H NMR (400
MHz, CDG): d 8.00 (d,J= 8.8 Hz, 2H), 6.96 (@)= 8.8 Hz, 2H), 4.82 (m, 1H), 4.05 (m, 1H), 3.89 (s,
3H), 3.18 (dd)= 14.0, 6.4 Hz, 1H), 3.12 (db; 14.0, 6.4 Hz, 1H), 2.90 (ttk 13.0, 2.3 Hz, 1H),
1.64 (m, 5H), 1.41 (s, 10dpm; 3C NMR (100 MHLDG): d 18.9, 25.3, 28.1, 28.4, 39.0, 39.4,
484, 55.5, 79.6, 113.8, 130.1, 130.6, 154.8, 163%.0ppm; HRMS: calculated for GHsNOy
334.2018, found.8a334.2009; HRS: found18b 334.2006.

1-(4-Methoxyphenyl}2-(piperidin-2-yl)ethanone hydrochloride (19)

(0]
TMSCI .
N
MeOH 0°Ctort Hocl
OMe

18a,b 19a,b: 95%
To a cooled solution at T of ketonel8 (0.31 g, 0.94 mmol) in MeOH (7.5 mL), TMSCI (0.59 mL,
5.7 mmol) was added and the solution was stirred overnightoainT temperature After the

completion of the reaction, the solvent was evaporated in vacuumydoige ketonel9 as oil.
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Yield 95%19a [a]o = +17.5 € 1.14 in CHQ), 19b: [a]o = - 18.5 € 1.25 inCHG); *H NMR 400
MHz,CDG): d 9.73 (s 1H, 9.30 (s 1H, 7.92 (d,J=8.0 Hz 2H), 6.86 (dJ=8.0 Hz 2H), 3.84 (s
3H), 3.78e3.72 (m1H), 3.70e3.64 (m1H, 3.55€3.47 (m2H, 2.97e2.91 (Mm1H, 2.00e€1.80 (M
5H), 1.58e1.50 (M1H ppm;*C NMR (100 MHLDG): d 22.8, 23.1,29.1, 41.6, 45.8, 54.7, 56.2,
114.6, 129.7, 131.4, 164.7, 19%@m.
2-(2-Bromo-4,5-dimethoxyphenyl}1-(2-(2-(4-methoxyphenyl}2-oxoethyl)piperidin-1-
ylethanone (23}

COOH

Br o
MeO i N
o OMe
N+ 20 (0] OMe
Ha or = B
OMe HATU, DIPEA
THF, rt, 1h MeO
19 OMe 21:80%

To a solution of romo-4,5-dimethoxyphenylacetic acid0 (0.25 g, 0.90 mmol) in THF (23 mL),
HATU (0.39 g, 0.99 mmol) and DIPEA (0.31 mL, 1.8 mmol) were adddu areut mixture was

stirred for 30 min at rt. Then, the solution was cooled &4€0and a solution of compouri® (0.24

g, 0.90 mmol) in THF (12 mL) and DIPEA (200 mL) was added and the new solution was stirred for
1 h at rt. After the completion of the re#ion, the solvent was evaporated in vacuum, satsGlH

was added and the aqueous layer was extracted 3 times with DCM. The combined organic layers
were washed with water and brine, dried with }2, filtered and evaporated. The residue was
purified by fash column chromatography (Hex/EtOAc 3:7) to provide comp@uras oil.

Yield 80%21a: [a]p=- 1.2 (c 0.82 in CH{I21b: [a]p = +1.3 (c 0.86 in CH{EI*H NMR (400 MHz,

CDGC), amide rotamers 1:1): rotamer @8.05 (d,J=8.8 Hz 2H, 7.03 (s1H, 6.97 (dJ=8.8 Hz

2H), 6.83 (s1H, 5.335.28 (m 1H), 4.00 (dJ=16.0 Hz1H), 3.90 (s3H, 3.87 (s3H), 3.85 (s3H,
3.783.72 (m 2H, 3.26 (, d)=6.8 Hz 2H), 3.233.20 (m 1H, 1.781.56 (m 5H), 1.461.30 (m 1H)

ppm; rotamer bd 7.93 (d,J=8.8 Hz 2H), 6.96 (s1H, 6.95 (dJ=8.8 Hz 2H), 6.83 (s1H, 4.78

4.74 (m 1H, 4.6%4.64 (m 1H, 3.87 (s3H, 3.85 (s3H), 3.81 (s3H, 3.783.72 (m 2H, 3.183.09

(m, 2H, 2.70 (td,J=13.0, 2.4 Hz 1H, 1.781.56 (m 5H, 1.461.30 (m 1H)ppm; *3C NMR (100

MHz CDG): rotamer ad 200, 26.3, 30.0, 39.6, 41.5, 42.7, 47.4, 56.2, 56.7, 114.0, 115.3, 116.0,
128.1, 130.5, 131.5, 149.0, 149.2, 164.5, 170.4,5.ppm; rotamer bd 19.3, 26.2, 27.9, 38.3,
39.2,41.1, 504, 56.113.5, 114.6, 115.0, 116.0, 127.7, 130.3, 131.0, 149.0, 149.2, 164.3, 170.1,
1964 ppm; HRMS: calculated for GHoBrNG 490.1229, found21a490.1215 HRMS: found21b
490.1210.

72



3-(2-Bromo-4,5-dimethoxyphenyl}2-(4-methoxyphenyl}1,6,7,8,9,9ahexahydroquinolizind-one
(22)

o OMe
N g
o OMe KOH, EtOH Nyl OMe
Br reflux, 2 h ) O
Br OMe
MeO
OMe 21 22: 85%

A solution of compoun@1 (0.37 g, 0.76 mmol) in 5% ethanolic KOH (15.8 mL) was refluxed for 2
hours. After the completion of the reaction, the solvent was evaporated in vacwsan, NHCI

was added and the aqueous layer was extracted 3 times with DCM. The combined organic layers
were washed with water and brine, dried with }2, filtered and evaporated. The residue was
purified by flash column chromatography (Hex/EtOAc 4:§)rtvide atropisomer compounda2

as oils.

Yield 85%22a (mode 1):[a]o = +57.6 € 0.89 inCHG); 22b (mode 1): [a]o =- 58.4 € 0.62 in

CHG); *HNMR (400 MHzCDG): d 7.01 (d,J=8.4 Hz 2H), 7.00 (s1H, 6.70 (dJ=8.4 Hz 2H),

6.46 (s 1H, 4.56 prd, J=13.6 Hz 1H, 3.86 (s3H, 3.76 (s3H, 3.68 (m 1H, 3.65 (s3H), 2.86

2.69 (m 3H, 1.951.84 (m 3H, 1.581.44 (m 3H)ppm; **C NMR (100 MHLDG): d 23.9, 25.4,

34.1, 38.3, 43.5, 54.1, 55.8, 56.6, 56.7, 114.0, 115.5, 115.6, 116.1, 129.6, 131.2, 131.3, 132.2,
146.3, 148.7, 149.3159.8, 166.8pm; ES-MS 392: [MBr]; HRMS: calculated for LH,7BrNQ
472.1123, foun®2a472.1110 HRMS:found 22b472.1109

22a(mode 2:[a]po=-39.2 £1.09 in CHE); 22b (mode 2):[a]p = +40.4 £1.10 in CHE); *H NMR

(400 MHz CDG): d 7.04 (d,J=8.8 Hz 2H), 6.99 (s1H), 6.71 (dJ=8.8 Hz 2H), 6.50 (s1H, 4.62

(br d, J=13.6 Hz 1H), 3.85 (s3H), 3.76 (s3H), 3.70 (s3H, 3.673.60 (m 1H, 3.09 (ddJ=17.2

6.4 Hz 1H, 2.692.63 (m 2H, 1.971.92 (m 1H, 1.891.82 (m 1H, 1.761.73 (m 2H, 1.701.59

(m, 2H)ppm, 3C NMR (100 MHZDG): d 24.4, 25.1, 32.5, 36.1, 44.6, 53.5, 55.2, 55.9, 56.1,
113.4, 115.0, 115.2, 115.8, 128.9, 130.4, 130.5, 131.9, 145.7, 148.0, 148.6, 159.pphG6IR

MS: found22a472.1113HRMS:found 22b472.1111.
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3,6, 7-Trimethoxy11,12,13,14,14,15-hexahydro9H-phenanthro[9,18b]quinolizin-9-one 23)

OMe
Pd(OAc),,
KoCO;3,

| PhDavePhos

N OMe
O DMA, reflux, 5 h
o)
Br OMe

22 23: 60%

To a solution of compoun@2 (0.12 g, 0.24 mmol) in DMA (5.3 mL), Pd(@&Lt3 mg, 0.058
mmol), 2-(diphenylphosphine\,N' -dimethy}(1,1-biphenyl}2-amine (28 mg, 0.072 mmol) and
K:CQ (0.066 g, 0.48 mmol) were added and the new mixture was heated at 125 C for 5 h. After
the completion of the reaction, 40 was added and the aqueous layer was extracted 3 times with
EtOAc. The combined organic layers were washed with water and bring, dith NaSQ,
filtered and evaporated. The residue was purified by flash column chromatography (Hex/EtOAc
4:6) to provide compound? as oil.

Yield 60%23a [a]o =- 108.4 €0.44 in CHE), 23b: [a]o = +110.2 £ 0.65 in CHE) *H NMR (CDE!I

400 MH: d 9.41 (s 1H, 8.01 (dJ=8.8 Hz 1H), 7.88 (dJ=3.2 Hz 1H, 7.87 (s1H), 7.23 (dd,J=

9.2, 2.4 Hz1H, 4.74 brd,J=11.6 Hz1H), 4.12 (s6H, 4.05 (s 3H), 3.643.56 (m 1H), 3.52 (dd,

=16.4 4.8 Hz 1H), 3.05 (ddJ=16.0,5.2 Hz 1H), 2.90 (tdJ=13.2 3.2 Hz 1H, 2.01 brd, J=10.0

Hz 1H, 1.931.91 (m 2H, 1.671.48 (m 3H)ppm, *C NMR (100 MHZLDG): d 23.6, 25.4, 33.4,

36.6, 43.5, 53.5, 56.2, 56.5, 56.6, 103.7, 105.1, 109.5, 116.1, 120.3, 123.4, 125.2, 126.4, 127.2,
134.0, 135.1, 149.0, 150.2, 160.2, B8pm; EMS: 391 [M].HRMS calculated for GHeNO,
392.1861, foun®3a392.1850HRMS:found 23b392.1847.

3,6, 7~Trimethoxy11,12,13,14,14,15-hexahydra9H-dibenzolf,h]pyrido[1,2blisoquinoline,

boehmeriasin A7aand 74

7a,b: 80% OMe

OMe OMe

To a cooled at OC suspension of LiAIH0.020 g, 0.49 mmol) in THF (5 mL), a solution of
compound23 (48 mg, 0.12 mmol) in THF (2.5 mL) was added dropwise and the new mixture was
refluxed for 2 h. After the comgtion of the reaction, the reaction mixture was cooled &) and
carefully quenched by addition of 10% NaOH aqueous solution and after the THF was evaporated
in vacuum. Then, the aqueous layer was extracted 3 times with EtOAc. The combined organic

layers were washed with water and brine, dried withJ4S@), filtered and evaporated. The residue
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was purified by flash column chromatography (DCM/MeOH 9.6:0.4) to provide boehmeri&in A (
as solid.
Yield 80%7a: [a]o = - 79.2 € 0.12 in MeOH)7b: [a]o = +80.6 € 0.10 in MeOH)!H NMR (400
MHz CDG): d 7.927.90 (m 3H, 7.22 (ddJ=8.8 2.4 Hz 1H), 7.14 (s1H, 4.64 (dJ=15.2 Hz
1H), 4.12 (s3H), 4.07 (s3H), 4.03 (s3H, 3.58 (dJ=15.2 Hz 1H, 3.30 (dJ=11.2 Hz1H), 3.18
(dd,J=16.4,2.8 Hz1H), 2.94 (dd,J=16.4, 6.0 Hz 1H, 2.4%:2.29 (m 2H), 2.03 (dJ=13.2 Hz1H),
1.921.78 (m 3H, 1.561.45 (m 2H ppm; *C NMR (100 MHZDG): d 25.1, 26.7, 34.4, 35.3,
56.2, 56.7, 56.8, 57.1, 58.2, 103.8, 104.7, 105.3, 115.4, 122499, 125.7, 125.9, 126.6, 130.9,
148.9, 150.1, 158.ppm; HRMS: calculated for &HsOsN 378.2069, found’a 378.2057 Anal.
Calcd for @H7NGs: C, 76.36; H, 7.21; N, 3;Aound7a C, 75.58; H, 7.02; N, 3.36RMS: found
7b 378.2058; Foundb: C,75.53; H, 7.04; N, 3.53.

4.6.2. Virtual screening
(R-And (9-boehmeriasin A were used as input structures for Hurakan running the jobs on default
parameters.

4.6.3. Biological assay

Cell proliferation

91 Endothelial cells.Bovine aortic endothelial cells (BAEC) and human dermal microvascular
endothelial cells (HMED were seeded in 4&ell plates at 10,000 cells/well and 20,000
cells/well, respectively. After 24 h;f6Id dilutions of the compounds were added. The cells
were allowed to proliferate 3 days (or 4 days for HMBGn the presence of the compounds,

trypsinized, and counted by means of a Coulter counter (Analis, Belgium).

91 Tumour cellsHuman cervical carcinoma (HelLa) cells were seeded-iwélbplates at 15,000
cells/well in the presence of different concentrations of the compounds. After 4 days of
incubation, the cells were trypsinized and counted in a Coulter counter. Suspensien cel
(Mouse leukaemia L1210 and human lymphoid Cem cells) were seededwall9lates at
60,000 cells/well in the presence of different concentrations of the compounds. L1210 and
Cem cells were allowed to proliferate for 48 h or 96 h, respectively and ¢bented in a
Coulter counter. The 50% inhibitory concentrations{lGvas defined as the compound
concentration required to reduce cell proliferation by 50%. CombretastatinpAosphate was
added as reference compound.

Analysis ofin vitro sirtuin inhibition - SIRTland SIRT2n Vitro Assay.The compounds were

studied using the Fluor de Lys fluorescence assays which are described in the BioMol product

sheet (Enzo Life Sciences). In assays the BioMol KI177 substrate was used for SIRT1 and the KI179
substate for SIRT2. The determined Km value of SIRT1 for KI177 wit &8d the Km of SIRT2
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for KI179 was 198M.2° The Km values of SIRT1 and SIRT2 werarf@b8nd 547nM for NAD-
reported by BioMol, respectively. Briefly, assays were carried out using theddl_ys acetylated
peptide substrate at 0.7 Km and NABigma N6522 or BioMol Ki282) at 0.9 Km, recombinant
GSTSIRT1l/Znzyme and SIRT assay buffer (KI286)-:S8T1 and GSIRT2 were produceas
described previousl§f The buffer together with Fluotle Lys acetylated peptide substrate, NAD

and DMSO/compounds in DMSO (2.5 mL in 50 mL total reaction volume; DMSO from Sigma,
D2650) were preincubated for 5 min at room temperature. Then enzyme was added to start the
reaction. The reaction mixture was irmated for 1 h at 37°C and after that, Fluor de Lys
developer (KI176) and M nicotinamide (KI283) in SIRT assay buffer (total volume 50 mL) were
added. The incubation was continued for 45 min at°87 Finally, fluorescence readings were
obtained using &Vision 2104 Multilabel Reader (PerkinElmer) with excitation wavelength 370 nm
and emission 460 nm. The Fluor de Lys fluorescence assays of sirtuins are regularly performed
with compounds from our own collections to calibrate data between assay runs.
Toposomerasemediated DNA relaxationSupercoiled pBR322 plasmid DNA (0.25 mg, Fermentas
Life Sciences) was incubated with 1U topoisomerase Il (human recombinant topoisomerase |l a,
USB Corporation) or 2U topoisomerase | (human recombinant topoisomerase |, TopoGen) and the
test compounds asidicated, for 60 min at 37C in 207 reaction buffer. Reactions were stopped

by adding 4 mL stop buffer (5% sodium dodecyl sulphate (SDS), 0.125% bromophenol blue, and
25% glycerol), 50 mg/mL proteinase K (Sigma) and incubating for a further 30 mirtGit B7e
samples were separated by electrophoresis on a 1% agarose gel at room temperature. The gels
were stained with ethidium bromide 1 mg/mL in TAE buffer (0.04 M Triseacetate and 0.001 M
EDTA), transilluminated by UV light, and fluorescence emissisrnvisaalized by a CCD camera
coupled to a Bidrad Gel Doc XR apparatus.

Topoisomerase #mediated DNA cleavagdreaction mixtures (26L) containing 10 mM TriseHCI
(pH=7.9), 50 mM NacCl, 50 mM KCI, 5 mM MgQh mM EDTA, Ifg/mL bovine serum albumin,

1 mM ATP, 0.26g pBR322 plasmid DNA (Fermentas Life Sciences), 10 U topoisomerase Il (human
recombinant topoisomerase Il a, USB Corporation) and test compounds were incubated for 60
min at 37°C. Reactions were stopped by addingidstop buffer (5% SD&.125% bromophenol

blue and 25% glycerol), 3f)/mL proteinase K (Sigma) and incubating for a further 30 min at 37
°C. The samples were separated by electrophoresis on a 1% agarose gel containing ethidium

bromide 0.5nmg/mL at room temperature in TBE buffé3.09 M Triseborate and 0.002 M EDTA),

89 P, H. Kiviranta; T. Suuronen; E. A. A. Wallen; J. Leppanen; T. H. Nyronen; T. Jarvinerd, Md2bsohem2004, 47, 6292.
%P, H. Kiviranta; J. Leppanen; V. M. Rinne; T. Suuronen; O. Kyrylenko; S. Kyrylenko; E. Kuusisto; A. J. Tervo; tSaaniimem; .
Poso; E. A. A. WalleBjoorg.Med. Chem. Lett2007, 17, 2448.
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transilluminated by UV light, and fluorescence emission was visualized by a CCD camera coupled
to a BieRad Gel Doc XR apparatus.
Topoisomerase-imediated DNA cleavagereaction mixtures (261L) containing 35 mM T&HCI
(pH=8.0), 72 mM KCI, 5 mM MgCh mM DTT, 5 mM spermidine, 0.01% bovine serum albumin,
20 ng pBR322 plasmid DNA (Fermentas Life Sciences), 5 U topoisomerase | (human recombinant
topoisomerase |, TopoGen) and test compounds were incubated for 6Gatr87 °C. Reactions
were stopped by adding 4L of stop buffer (5% SDS, 0.125% bromophenol blue and 25%
glycerol), 50ng/ mL proteinase K (Sigma) and incubating for a further 30 min &tC37The
samples were separated by electrophoresis on a 1% agaelssontaining ethidium bromide 0.5
ng/mL (Sigma) at room temperature in TBE buffer (0.09 M Triseborate and 0.002 M EDTA),
transilluminated by UV light, and fluorescence emission was visualized by a CCD camera coupled
to a BieRad Gel Doc XR apparatus.

4.6.4. Doking studies
Topoisomerase(R)- and §-Boehmeriasin A were docked in the enzyme mediated DNA cleavage
site in the crystal structure of the topoisomerase | and of the topoisomeraketd] both in
complex with DNA using AutoDock 4.2 software.
Sirtuins: (R- and ©-Boehmeriasin A were docked in the crystal structure of SIRT1 complex with
Ex527(PDB id 415l) and the homology model of SIRT2 using Schrodinger's Glide software.
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Chapter 5

Synthesis of pironetinrdumetorine hybrids

as new tubulin binders
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5.1.Introduction

Natural compounds that target microtubules have proven to be one of the best classes of cancer
chemotherapeutic drugs available in clinics to ddtelicrotubules (MTs) areylinders of linear
polymers (protofilaments)formed by the polyrarization of he a btubulin heterodimerswhich

are arranged head to tail in a polar fashidtigure 38¥>

Q Q
05 o 2 W
° o W00
i puin quibunie @y

Section of a Microtubule

Figure 38

In eukaryotes, microtubules are one of the major components ofdfeskeleton, andhus they

are fundamentalin manybiologicalprocessessuchas structural support,motility, intracellular
transport, and DNA segregatiofihey are also involved in chromosome separation during the
mitosis because they are the major constituents of mitotic spindhessubcellular structure that
separates chromosomes between daughter cells

Their wide bioactivity in all cells is regulated in large part by tihaiilamic instabilityreferredto

the individual microtubuleability to switch between growing and shrinking phasssthe ends
(Figure 39).

Polymerization

Minus end Plus end

O GTP-a-tubulin
Q@ GDP--tubulin
@  GTP-p-tubulin
Nucleating material ¢ i
® __ Sudeaingmaend Depolymerization Q
Figure 39

91 E. Mukhtar; V. M. Adhami; H. Mukhtarpl Cancer Ther2014 13, 275.
92L. A. AmosQrg .Biomol. Chen2004 2, 2153.
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Cell division isequired for tumour growth, both directly, by cancer cell division, and indirectly, by
endothelial cell division as a step in angiogenesis and tumour vascularisStiome ofthe
discovered natural compounds able interfere with microtubules blocking the cell cycle and
inducing apoptosis act by inhibiting the polymerisation of tubulin, whilethers inhibit
depolymerisatior?®

Alarge numbef drugs are known to be able to bitdtubulin and in this context its possible to
identify three well established drug binding domaimsthe vinca domainii) the taxane site and

iii) the colchicine sit€¢Figure 4054

POLYMERISATION DEPOLYMERISATION
INHIBITORS INHIBITORS
Vinca et sl
binding site M FXFIOD
Taxane
binding site
Colchicine
binding site

Figure 40

By contrast, the number of molecules thatA y R -tubuin ishvery small. The firseported
example is pironetin, a potent microtubule polymerization inhibitorjsolaed from the

fermentation broth of Streptomyces Discodermoliffefollowed, a short time later, by the

Q H
N N\:/ﬁ/COOH
MeN NHMeH o A

PN

peptide-like hemiasterlin familyFigure 41§°

Pironetin Hemiasterlin
Figure 41
This polyketidehas a unique structureontaining the pharmacophoric alkery6-dihydro-2H-
pyran2-one moietyand an alkyl chain, which is simpler than the structure of other M phase
inhibitors. From the analyses of structuaetivity relationship, it was revealed that pironetin

binds to Lys352 ad-tubulin by Michael addition oa,b-unsuturatedpyranone ringln addition, it

%a) N.G. Vindya; N. Sharma; M. Yadav; K.R. EtBiraj Top. Med. Chen2015 15, 73; b)E.C. Breen; J.J. Wal€hrr. Med. Chem
2010 17, 609.

94 K. H. DowningAnnu. Rev. Cell. Dev. Biab0g, 16, 89.

9% F. Sarabia; M. Gare@astro; A. Sanchduiz;Curr.Bioact. Compd2006 2, 269.

9% H. JAndersony). E. Cotean; R. J. Andersen; M. Rober@ancer Chemother. Pharmag@97, 39, 223
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Figure42: a) Schematic model of the cavalent union of pironetin with its binding site aatlebulin sufacep)
secondary structure around the pironetin binding sitearubulin and binding model.

Since it is known that most of the compounds contairdng-unsaturded lactone covalently bind

to sulfhydryl group of cysteine residue of proteins, pironetin is a unique compound which binds

specific lysine residue oa-tubulin. These features of pironetin suggest that it is possible to

create a new drug useful for canciverapy from pironetin as a lead compound. this context,

several efforts have been dorsy J. Alberto Marco and his group in the design and development

of novela-tubulin-binding pironetin analogueduring last yearg®

5.2 Aim of this work

This project wa bornin collaboration with the groupaniele Passarella of the university of Milan,

which in the last years has addressed its attention toward the total synthesispgderidinyl

alkaloids, such as (gumetorine (Figure 43¥ Dumetorine was isolated in 1985 from the tubers

97a)T. Usui; H. Watanabe; H. Nakayama; Y. Tada; N. Kanoh; M. Kondoh; T. Asao; K. Takio; H. Watanabe; K. Nishikawa;.T. Kitahara; H
OsadaChem. Big2004 11, 799; b) H. Watanabe; H. Watanabe; T. Usui; M. Kondoh; H. Osada; T. KkaAatigiot, 2000, 53, 540.

%a) J. Pafios; S. Didftra; M. SanchePeris; J. Garcfala; J. Murga; E. Falomir; M. Carda; M. Redéndicajo; J. F. Diaz; |. Barasoain;

J. A. Mirco;Org. BiomolChem, 2013 11, 5809; b) M. Carda; J. Murga; S. Blétra; J. GarciRla; J. Pafos; E. Falomir; C. Trigili; J. F.

Diaz; |. Barasoain; J. A. MarEar. J. Org. Chen2013 1116; c) J. A. Marco; J. Gaiela; M. Carda; J. Murga; E. Falomir; C. Trigili, S.
Notararigo; J. F. Diaz; |. Baraso&ir. J. Med. Chen2011, 46, 1630.

93a)E. Riva; A. Rencurosi; S. Gagliardi; D. Passarella; M. Ma@hett, Eur. 2011, 17, 6221; b) D. Passarella; S. Riva; G. Grieco; F.
Cavallo; B. Checa; F. Arioli; E. Riva; D. Comi; B. Deetiglhedron: Asymmetr009, 20, 192.
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of Dioscorea dumetorum Paa West African yam whose extracts have found a notable use in folk
medicine and arrow poison§®

Based on this background, we decided to prepare a new pirofigdrcompoundwith the ability

to bind selectivelya-tubulin. The molecule targetvas designd as a hybri®0 between pironetin

and dumetorine given that it is possible to identify a similctonic moiety in both of them.
Indeed, the nitrogen atom of the piperidiniing of dumetorine could mimithe hydroxylic group
bound to C9 in the pironetin, important in terms of hydrogen bonds with tubulin resi¢kigsire

43).

Pironetin CHs (+)-Dumetorine

1 13
ZCT: OR' O | 12
7
3% o 11
4 6 8 10
20
R: Boc, Me, H

R': Me, H
Figure 43

The presence 08 stereocentresopens the way toward 8 stereoisomers that could interact in
different ways with the biological target. UD purpose $ to identify the most bioactive
stereoisomer andas an extension of the projectonnectit to a b-tubulin binder in order to
achieve acytotoxic TBMs with a potential ability to bind to eithar or b-tubulin and produce a

microtubuledestabilizing effect.

5.3.Docking studies

Previous docking studies were performed by ProfessoPieraccinirom University of Milan in
order to support the disegn of theovel compoundFirst of all, they allowed to highlightsamilar
orientation of the hybrid20 compared with pironetin on the binding site aftubulin: the lactonic

ring is direct toward the enter of the binding task, while the piperidinic ring fills the position of the
pironetin alkyl chainAlso, our molecule would seem to form a major number of hydrogen bonds

with tubulin than pironetin, whereby stronger interaction is expectgéigure 44

100D, G. CorleyM. S. Tempesta; M. M. Iwligtrahedron Lett.1485 26, 1615
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Figure 44a) Docked structure of pironetin in the binding taskaefubulin; b) docked structures of hybrioh
the binding task o&-tubulin.

Molecular dockingsf the eightpossiblestereoisaners 38b-45bwere performed Figure 45).

(0] (0] (o) (0]
OMe O OMe O M OMe O
(w (j’H/k/k)j oH 9 °% | @H/l)ij
) N ) N
H H H H
38b 39b 40b

41b
0] (0] O
OMe O OMe O M
\ N N
H H H

42b 43b 44b 45b

O

Figure 45
The dockedcompounds show different orientation and a moderate affinity for the putative
binding site One of the main features in common between most of the docked molecules (except
41b and 45b) is the formationof an Hbond involving the NH group of the piperidinic ring with
either Val260 or with Thr257 backbone oxygen and a hydrophaobic interaction with P{ekite
46).
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O RO
Figure 46 a) Docking pose of compourBb. The piperidine M group forms an ##ond with Thr257 backbone oxygen;
b) Docking pose of compourtDb. N-H group of piperdine forms an-bbnd with Thr257 backbone oxygen. Indeed it
also presents a hydrophobic interaction between piperidine ring and Arad®ocking pose of compound®2band
44b. The docked structures show arbldnd between piperidine N group and Thr257 backbone oxygdpPiperidine
N-H groups of compound39band43binteract with VVal260 backbone oxygen. There is a hydrophobic ictiera
between the lactones and Pro261.

CompoundsAlb and 45b have the same orientation within the binding site and preferentially
exhibit an intramolecular interactio(Figure 47) betweethe carbonyl of the lactone ring and the

amino group of piperidine.

Figure 47.Compoundgllband45bhave a peculiar behaviour, they exhibit an intramolecular interaction between the
carbonyl of the lactone and the-N group of the piperidine.
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Albeit the exhibited affinity of the the proposed pironetine derivativesasimpressivepironetin
binding site seems to be a plausible putative binding siteafbof them due to the flexibility of
the skeleton. Merefore experimental investigations are needed to check the reality and potency

of these interactions.

5.4 Chemistry

As consequence of the computational results, we planned the preparation of the eight

stereoisomers according to the retrosynthetic scheme showed in Scheme 16.

RCM
OMe O { _//
% - CHO
NN )
H NN PG
allylations
Scheme 16

The preparation is based on the reactivityd the versatility of aldehyd2l (previously used as
enantiopure compoundn boehmeriasin A synthesisihe use of allylmagnesium bromide in the
presence of enantiopure DiEF**induces the fomation of the allylic alohols 22a-25a with
O2YLX SGS aGSNB202ydNRBt G / HQ Oydzyof@mdliofidd aeadas
two distereoisomersBy this way the use of){DIRCI furnished the disterecisomeP2a and 23a
while the use of (+PIRClled tothe compound®24aand25a (Scheme 17)

OR OR
(-)-DIP-CI .
N X + N ’//)\/\
Et,O | |
Boc Boc
(0]
. 22a: 41% 23a: 50%

a: R=H
N )LH oA Mgdl b: R=Me 22b: 61% 23b: 74%
|
Boc (+)-DIP-CI O OR OR
21
Et,0 T 2 T X
Boc Boc
24a: 24% 25a: 37%
24b: 36% 25b: 55%
Scheme 17

The hydroxyliggroup of @mpounds22a25a was protected as methyl ether forming@2b-25b
which were treated withozonolysisconditionsin order to achievahe corresponding aldehydes
26-29 (Schemel ).

101 M. V. R. Reddy; H. C. Browh;V. Ramachandra; OrgmetChem, 2001, 624, 239.
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, OMe @
CHO
oxidative conditions
22b-25b

Boc

OMe

/\/CHO
|
26: 43% Boc

27: 51%
CHO
N

Boc 28:47% :

Boc 29: 53%
Scheme 18

The formation of the third stereogenic center is based on thdicaion of the stereocontrolled

allylation reactionable to generate30a-37a. Subsequently the compounds30b-37b were
obtained treating the secondary alcohol with acryloyl chlo@sheme 19)

, OMe OR @ OMe OR
\
O
(-)-DIP-CI 30a: 42% © 31a: 45%
ELO 30b: 72% 31b: 69%
., OMe OR 0 OMe OR
N X
! OoC
32a: 49% 33a: 43%
. R=H 32b: 65% 33b: 76%
26-29 -
R—COCHCH2
OMe OR
N X N~ X
éoc Boc
34a: 54% 35a: 31%
(+)-DIP-CI 34b: 68% 35b: 64%
Et,O
OMe OR
N7 NN X
|
Boc 37
36a: 53%
36b: 71%

37a: 41%

37b: 74%
Scheme 19

The target compound88b-45b were achievedas salt of acid trifluoraceticarrying outring

closing methatesiseactions,in the preseme of HoveydeGrubbsll catalyst, and, then, treating
38a45awith TFAfor the cleavag®f the piperidinic nitrogen (Scheme 20)
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0 0
Q)
N
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44a: 71% 45a: 64%
44b: 89% 45b: 92%

Scheme 20

5.5Biological evaluation

To get an insight into its potential biological activifycompounds38b-45b, we investigated their

ability to interfere with microtubuleassembly in vitro (Figure %8

©w

Microtubules/
tubulin dimers
o w (-3
O —
/O oo+
G I— *

)

208
%,
)

Figure 48 Effects of compound38b-45bon tubulin polymerisation. The histogram represent the ratio between
microtubules and tubulin dimersbtained in control conditions (DMSO), In the presence afiicthiocolchicine
(TioColc), and in presence s mM compounds §8b-45b). *p<0.05 according to ANOVA, Fisher post hoc test.

Thiocolchicine (10riM) was used as reference compound since its ability to inhibit the tubulin
assembly to form microtubulesin comparison, the new pironetin derivativesppear to
moderately impact microtubule formatior88b and 40b significantly increaséhe ratio between

microtubules and tubulin dimersvhereas the42b, 43b and45b inhibit microtubule assembly.
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5.6.Conclusion

In summary, the obtainment of the eight stereoisomers of the target compound has been
completed.The enantiopure grade of them is under analysis by HPh&biological tests showed

a possible influence of the obtained compounds on tubulin polymerization even if with a not
relevant inhibition properties. Thus, the present work could sugtessynthesis of new tubulin
inhibitors based on the desigd hybrid.

Once figure the best candidate out, a future work could be bind it to a-kmeNvn b-tubulin
inhibitor in order to create a bivalent molecule. In fact, due to synergic interagtibfinally caild

be result a good microtubulmhibitor.
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5.7 Experimental part
5.7.1. Synthesis

General procedure fodiasteroselective allylation: synthesis of 2225a

O (X
P NN DIP-CI N

N - |
Ll%oc Et,0, N, Boc
(rac)-21 1)-78 °C, 1h 22a-25a
2) rt, 4h

Allylmagnesium bromide (commercial 1M solution in(Et2.86 mL, 2.86 mmol) was added
dropwise under nitrogen atmosphere to a solution sfitable enantiopureDIRCI (1.06 g, 3.3
mmol) in dry THF (13.5 mL) at8°C. The reaction mixture was allowed to warm to 0 °C and
stirred at that temperature for 1 h. Theolution was then allowed to stand until magnesium
chloride precipitated. The supernatant solution was then carefully transfexiadcanulato
anotherflask andafter its cooling at- 78 C, a solution ofhe racemicaldehyde2?1 (0.500 g, 2.20
mmol) in dy THF (6.5 mL) was added dropwise. The resulting solution was further stirred at the
same temperature for 1 h and then 16 h at room temperature. The reaction was quemdtied
NaHPQ buffer solution atpH 7 (13.5 mL), MeOH (13.5 mL) and 30@ (6.7 mL)After stirring

for 30 minutes, the mixture was washed with saturatsfieousNaHC®and extracted with EO.

The combined organic phases were dried over anhydrouS®aand filtered. The solvent was
evaporated under vacuum, and the residue was purifigccolumn chromatographgn silica gel
(hexane /EtOAc, 4)1The reaction performed with-}-DIRCI afforded22a and 23a as ayellow oil
(90% overall yield), while the reaction carried out withDHRCI gave24a and 25ain 90% overall
yield.

(9-Tert-butyl 2-((9-2-hydroxypent4-enyl)piperidine-1-carboxylate 22a)

(M/\
N X

|
Boc

22a

Yield: 41%][a]p =-33.0 (c 1.0, CHG).IR: (neat)n= 1674 crt; *H NMR (400 MHz, CRCH 1.35

1.59 (m, 6H), 1.42 (s, 9H,), 1736 (m, 1H), 2.01 (dj= 12.5, 1.8 Hz, 1H), 2:2623 (m, 1H),
2.27-2.33 (m, 1H), 2.66 (di= 12.7, 2.0 Hz, 1H), 3.39 (br s, 1H), 3.95 (br s, 1H), 4.47 (br s, 1H), 5.05
(d,J=9.7 Hz, 1H), 5.08 (@= 17.4 Hz1H), 5.815.91 (m, 1H) ppm:C NMR (100 MHz, CB)CH

19.4, 25.3, 28.6, 29.2, 36.9, 39.3,41.1, 46.2, 67.1, 80.2, 116.6, 135.5, 167.1 ppm.
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(R-Tert-butyl-2-((R-2-hydroxypent4-en-1-yl)piperidine-1-carboxylate (24a)

24a

Yield:24%.[a]p = +35.0(c 0.8, CHG). IR: (neat)jn =1674 cm'. NMR a22a
(R-Tert-butyl-2-((9-2-hydroxypent4-en-1-yl)piperidine-1-carboxylate(23a)

o8
l}l "’///'\/\

Boc
23a

Yield: 50%a]o = +15.3 €0.9, CHG); IR:(neat) n = 1674 cm; 'H NMR (400 MHz, CR)CH 1.35
1.59 (m, 6H), 1.42 (s, 9H), 1-TB2 (m, 1H), 2.12.21 (m, 1H)2.27-2.32 (m, 1H), 2.79 (dfl=
12.8, 0.2 Hz, 1H), 3.65 (&= 7.5, 2.4 Hz, 1H), 3.92 (m, 1H), 4.32 (br s, 1H), 5.0% @8 Hz, 1H),
5.09 (d,J= 17.3 Hz, 1H), 5.7%85 (m, 1H) ppm*C NMR (100 MHz, CB)CH 18.9, 25.4, 28.4,
29.3, 36.9, 38.8, 41.8, 48.0, 71.3, 79.6, 117.4, 135.3, 160.1 ppm.

(9-Tert-butyl-2-((R-2-hydroxypent4-en-1-yl)piperidine-1-carboxylate (25a)

25a

Yield: 37%[a]p=-13.8 €13.3 CHG). IR: (neat)n =1674 cmt. NMR a23a

General procedure fomethylation: synthesis of 22t25b

@ OH Q OMe
N )\/\ Mel, NaH N )\/\

| e —— |
Boc Ny, THF Boc
rt, 16 h
22a-25a 22b-25b

22a (0.319 g, 1.18 mmol) was dissolved in anhydrdt- (7 mL) and the solution was added
dropwise to a suspensioof sodium hydride (0.095 g, 3.90 mmol) in dry THF (3 mL) cooled at
78°C and it was stirred for 1 h. Then methyl iodide (0.3 mL, 4.70 mmol) was added and the
reaction mixture was stirred 1 h a78 °C and 16 h at room temperature. The mixture was
quenched with cold water (10 mL) and the aqueous layer was extracted with Ehe organic

layer was dried with N&Q and the solvent was removed under vacuum. The residue was
purified by column chromtograpty on silica gel (hexane/EtOAc, Jta give22b (74%) as yellow

oil. In order to obtain the other compound3b, 24b and 25b the reaction was performed in the

same way.
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(9-Tert-butyl-2-((9-2-methoxypent-4-en-1-yl)piperidine-1-carboxylate(22b)

OMe

Boc
22b

Yield: 61%[a]po=-36.0(c 3.64, CHG). IR: (neat)n = 1677 crt. 'H NMR (400 MHz, CR)CH 1.37-

1.64 (m, 6H), 1.46 (s, 9H)831.90 (m, 1H), 2.22.33 (m, 2H), 2.70 (8= 13.2 Hz, 1H), 3.13.17

(m, 1H), 3.35 (s, 3H), 3.97 (br s, 1H), 4.44 (br s, 1H), 5.08 (.1 Hz, 1H), 5.10 (d= 9.2 Hz,
1H), 5.735.83 (m, 1Hi ppm;*C NMR (100 MHz, CB)CH 19.4, 25.7, 25.7, 28.5, 29.5, 83437.7,
47.6, 56.9, 77.9, 79.1, T13, 134.5, 155.1 ppm

(R)-Tert-butyl 2-((R)-2-methoxypent4-enyl)piperidine-1-carboxylate (24

24b

Yield: 55%[a]p= +33.0€¢0.5, CHG). IR: (neat)n =1677cm™. NMR a£2b

(R-Tert-butyl 2-((9-2-methoxypent-4-enyl)piperidine-1-carboxylate (23

O OMe
'Tl "’///'\/\

Boc
23b
Yield: 786.[a]o =+ 23.4 € 2.7, CHG). IR: (neat)n = 1677 crt; 'H NMR (400 MHz, CRCH 1.33
1.59 (m, 6H), 1.43 (s, 9H), 1.886 (m, 1H), 2.28 (dddd= 12.3, 12.3, 6.4, 1.2 Hi#i),2.35 (dddd,
J=12.3, 12.3, 6.4, 1.2 HA), 2.78 (tJ= 13,3 Hz, 1H), 3.13119 (m, 1H), 3.29 (s, 3H), 3.96 (m, 1H),
4.32 (br s, 1H), 5.68.09 (m,2H), 5.745.84 (m, 1H ppm;*3C NMR (100 MHz, CE)Cli 23.6, 24.9,
30.2,33.7,35.1, 39.2, 44.7, 47.9, 53.9, 73.9, 80.8, 118.5, 132.4, 153.9 ppm.
(9-Tert-butyl-2-((R-2-methoxypent-4-en-1-yl)piperidine-1-carboxylate (25b)
(E)Me
N RSN
Boc

25b

Yield: 36%a]po=-19.0(c0.9, CHG). IR: (neat)n =1677cm*. NMR a®3b
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General procedure fobzonolysis: synthesis of 289

OMe OMe
O3, PPhs
N X > N ~o
I CH,Cly -78°C, 4 h |
Boc Boc

22b-25b 26-29

Olefin22b ( 0.470 g, 1.66 mmol) was dissolved in dryy@H19 mL) and cooled te78 C. A
stream of ozoneoxygen was bubbled througthe solution until persistence of the bluish color.
Dry N was then bubbled through the solution for 10 min at the same temperature. After addition
of PPh (0.870 g, 3.32 mmol), the reaction mixture was stirmgditing the completion of the
reaction Thenthe solvent was removed under vagu and he residue was purified by column
chromatography on silica gel (hexane/EtOAc, 7:3) to 20(@3%) as orange oil. In order to obtain

the other compound®7, 28 and 29 the reaction was performed in the same way.
(9-Tert-butyl 2-((R)-2-methoxy-4-oxobutyl)piperidine-1-carboxylate 26)

(=)Me
| o

Boc
26

Yield: 43%fa]o =- 21.3 €3.45, CHG); IR (neat)n =1679, 1719 cri;*H NMR (400 MHz, CRCH
1.37-1.65 (m, 6H), 1.46 (s, 9H), 1.8RId, J= 14.0, 9.3, 4.4 Hz, 1H), 2.63 (ddd,6.3, 4.3, 2.1 Hz,
2H), 2.75 (tJ= 12.7 Hz, 1H), 3.36 (s, 3H), 3585 (m, 1H), 3.98 (br s, 1H), 4.43 (br s, 1H), 9.81 (t,
J= 2.1 Hz, 1H) ppnt’C NMR (100 MHz, CE)CH 19.1, 25.6, 28.5, 29.0, 33.6, 38.8, A4856.6,
74.4,76.2, 79.5, 155.0, 201.4 ppm.

(R-Tert-butyl 2-((S-2-methoxy-4-oxobutyl)piperidine-1-carboxylate (29)

O OMe
[Tl K MO

Boc
29

Yield: 53%{a]o= +19.1(c0.5, CHG). IR: (neat)n =1679, 171&m. NMR a6

(R-Tert-butyl 2-((R)-2-methoxy-4-oxobutyl)piperidine-1-carboxylate £7)

(),
N "’//MO

Boc
27
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Yield: 51%[a]po =+ 28.8 £2.65, CHG); IR (neat)yn =1678, 1719 cm; *H NMR (400 MHz, CRCI

d 1.37-1.66 (m, 6H), 1.44 (s, 9H), 2:49 (m, 1H), 2.59 (ddd= 16.4, 7.5, 2.8 HiH), 2.752.82

(m, 2H), 3.32 (s, 3H), 3.6dd@, J= 12.4, 7.7, 5.1 Hz, 1H), 4-02 (m, 1H), &4 (br s, 1H), 9.78 (s,
1H) ppm;*¥C NMR (100 MHz, CBCH 19.2, 25.7, 28.6, 29.1, 33.7, 38.8, 48.0, 56.8, 60.5, 74.3,
79.7, 155.0, 201.6 ppm.

(9-Tert-butyl 2-((9-2-methoxy-4-oxobutyl)piperidine-1-carboxylate (3B)

OMe
| °

Boc
28

Yield: 47%[a]o =- 26.5(c0.5, CHG). IR: (neat)n =1679, 171&m. NMR a7

General procedure fodiasteroselective allylation: synthesis of 3&&/a

DIPCI
OMe THF, N2 (\/L—MV OMe OH
A s
']‘ 0 1)-78°C, 1 h N o~
Boc 2) rt,16 h Boc
26-29 30a-37a

Allylmagnesium bromide (commercial 1M solution in(Et0.87 mL, 0.87 mmol) was added
dropwise under nitrogen atmosphere to a solutiontbg suitable enantiopurédDIRCI (0.323 g,
1.02mmol) in dry THF (5 mL) at8 °C. The reaction mixture was allowed to warm to 0 °C and
stirred at that temperature for 1 dur. The solution was then allowed to stand until magnesium
chloride precipitated. The supernatant solution was then carefully transfexiadcanula to
another flask and féer coolingup to-78 C, a solution of aldehyd26-29 (0.190 g, 0.67 mmol) in
dry THF (2.5 mL) was added dropwise. The resulting solution was further stirred at the same
temperature for 1 h and then 16 h at room temperature. The reaction was quenched with
NaHPQ buffer solution at pH 7 (5.1 mL), MeOH (5.L)rand 30% 4D, (2.5 mL). After stirring for

30 minutes, the mixture was washed with saturated aqueous Nal@O extracted with EO.

The combined organic phases were dried over anhydrouS®aand filtered. The solvent was
evaporated under vacuum, arttle residue was purified by column chromatography on silica gel

(Hexane /EtOAc, 7:3) to gittee 30a-374a respectively(80%) as a yellow oil.
(9-Tert-butyl 2-((2R,49-4-hydroxy-2-methoxyhept6-enyl)piperidine-1-carboxylate (30a)

OMe OR
N X

|
Boc
30a
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Yield: 4%.[a]o =- 21.4 £0.7, CHG); IR (neat)n = 1687 crtt; 'H NMR (400 MHz, CRCH 1.34
1.63 (m, 8H), 1.45 (s, 9H), 1:I46 (m, 2H), 2.22 (4= 6.6 Hz2H), 2.722.78 n, 1H), 3.38.41
(m, 1H), 3.36 (8H), 3.783.84 (m, 1H)3.95 pr s,1H), 4.33 (br s, 1H), 5.6712 (m, 2H), 5.83 (dd,
J=17.5, 10.5, 7.1 Hz, 1H) ppC NMR (100 MHz, CB)CH 19.3, 25.7, 28.4, 28.6, 34.5, 38.9,
40.7, 42.4, 48.0, 56.5, 68.31, 70.3, 79.6, 11736.0 155.1 ppm.

(R)-Tert-butyl 2-((2S4R)-4-hydroxy-2-methoxyhept6-enyl)piperidine-1-carboxylate (Fa)

O OMe OR
NN

37a

Yield: 4%0.[a]o = +24.3(c0.1, CHG). IR: (neat)n = 187 cm'. NMR as30a

(R-Tert-butyl 2-((2R,49-4-hydroxy-2-methoxyhept6-enyl)piperidine-1-carboxylate (3.a)

(), §

N 1 XX
|
Boc

31a
Yield: 45%[a]o = - 9.2 € 0.3, CHG); IR (neat):n = 1687 citt;'H NMR (400 MHz, CR)CH 1.37-
1.66 (m, 8H), 1.45 (s, 9H), 1-:TB4 (m, 1H), 2.12.19 (m, 1H), 2.28, J= 6.1 Hz, 2H), 2.80 (=
13.2 Hz1H), 3.293.40 (m, 1H), 3.34 (s, 3H), 3:8B7 (m, 1H)}.01 pr s, 1H), 4.30 (br s, 1H),
5.07-5.12 (m, 2H), 5.88.97 (m, 1Hppm; 3C NMR (100 MHz, CBCH 19.2, 25.7, 28.6, 29,5
33.7,39.1, 41.0, 42.2, 47.3, 8668.3, 71.2, 79.8, 117.435.1 155.3 ppm.

(9-Tert-butyl 2-((254R)-4-hydroxy-2-methoxyhept6-enyl)piperidne-1-carboxylate (®a)

OMe OR
N A

|
Boc
36a

Yield: 536.[a]p = +10.5c0.04, CHG). IR: (neat)n = 187 cm'. NMR as3la

(9-Tert-butyl 2-((2549-4-hydroxy-2-methoxyhept6-enyl)piperidine-1-carboxylate (2a)

OMe OR
N A

|
Boc
32a

Yield: 496.[a]o = +17.8(c 0.1, CHG). IR (neat)n = 1687 crt; *H NMR (400 MHz, CR)CH 1.33
1.66 (m, 8H), 1.45 (s, 9H), 1.I®4 (m, 1H), 2.12.19 (m, 1H), 2.22.25 (m, 2H), 2.80 (§= 13.8
Hz,1H), 3.3@3.39 (m, 1H), 3.33 (s, 3H), 3:88B5 (m, 1H}¥.01 pr s,1H), 4.30 (br s, 1H), 5.8613
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(m, 2H), 5.87 (ddt)= 17.3, 10.2, 7.1 H2H) ppm3C NMR (100 MHz, CBCt 19.3, 25.8, 28.6,
29.4, 34.4,38.9, 40.8, 42.3, 47.8, 57.1, 68111, 79.7, 117.5, 135.1, 155¢pm.

(R)-Tert-butyl 2-((2R 4R)-4-hydroxy-2-methoxyhept6-enyl)piperidine-1-carboxylate ($a)

(), freen
N "'///'\/\/\
|
Boc
35a

Yield: 3%.[a]p= +15.7(c0.07, CHG). IR: (neat)n = 187 cnm'. NMR as32a

(R-Tert-butyl 2-((2549-4-hydroxy-2-methoxyhept6-enyl)piperidine-1-carboxylate (3a)

O OMe OR
N~ /M
I
Boc 33a

Yield: 486.[a]o = +22.4(c 1.4, CHG). IR (neat)n = 1687 crt. *HNMR (400 MHz, CREKM 1.31-
1.66 (m, 15H),1.691.84 (m, 3H), 2.18.29 (m, 2H), 2.62.82 (m, 1H), 3.33.47 (m, 5H), 3.89
4.02 (m, 3H), 4.28.42 (s, 1H), 5.08.15(m, 2H), 5.7%.91 (m, 1H) ppm*3C NMR (100 MHz,
CDQ@): d 19.3, 25.8, 28.7, 29.3, 34.2, 38.9, 40.6, 428.Q 57.3, 68.2, 70.3, 79.5, 117.7, 135.0,
155.1 ppm.

(9-Tert-butyl 2-((2R 4R)-4-hydroxy-2-methoxyhept6-enyl)piperidine-1-carboxylate (3la)

OMe OR
N A

|
Boc 344

Yield:54%.[a]p=-21.6(c0.02 CHG). IR: (neat)n = 187 cm’. NMR as33a

General procedure foracroylation: synthesis of 3037b

0]

(0] |
@ OMe OH \)J\ @ OMe Q)\/
)\/_\/\ Cl. TEA )\/_\/\
N X N X
| CH,CI, 1)0°C |
Boc 2)rt, 4 h Boc
30a-37a 30b-37b

Acryloyl chloride (@4 mL, 1.71 mmol) and TEA (0.48 mL, 3.42 mmol) were added sequéatially
a cooled solution (0C) of compoun®0a37a(0.140 g, 0.42 mmol) dissolved in dry.CH(0.73
mL).The reaction was stirred for 4ohrsat room temperature, then it was quenched with water
(3 mL)and satd. aqueos NaCl (3 mLheTaqueous layer wasextracted with CkCh, and the
organic layes were dried with NaSQ and filtered. The solvent was evaporated under vacuum,
and the residue was purified by column chromatography on silica gel (HexaDAdEx2 to give

30b-37b (70%) as yellow oil.
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(9-Tert-butyl 2-((2R 49-4-(acryloyloxy}2-methoxyhept6-enyl)piperidine-1-carboxylate (®b)

O

|
N X

|
Boc 30b

Yield: 726.[a]o=-7.7 (c0.7, CHG); IR (neat)n = 1677, 1719 crf *H NMR (400 MHz, CRCH =
0.860.97 (m, 2H), 1.45 (s, 9H), 1:572 (m, 6H), 1.88.98 (m, 2H), 2.32.45 (m, 2H), 2.70 (3=
13.6 Hz, 1H), 3.68.15 (m, 1H), 3.30 (s, 3H), 3.95 &, 1H), 4.44 (br s, 1H), 5.812 (m, 3H),
5.725.82 (m, 1H), 5.82 (dd= 10.6, 1.5 Hz, 1Hj,10 (dd,J= 17.3, 10.4 Hz, 1H), 6.39 (de; 17.3,

1.5 Hz, 1H) ppmC NMR (100 MHz, CR)Ct 19.2, 25.7, 28.5, 29.6, 34.6, 37.2, 38.7, 39.1, 47.0,
56.4, 70.6, 75.4, 78.9, 118.1, 128.6, 130.6, 1,3554.4 165.6 ppm.

(R-Tert-butyl 2-((254R)-4-(acryloyloxy}2-methoxyhept-6-enyl)piperidine-1-carboxylate (Fb)

Boc  37p
Yield: 746.[a]p= +9.1(c 0.03 CHG). IR: (neat)n = 1677, 1719cn’. NMR as30b
(R-Tert-butyl 2-((2R,49-4-(acryloyloxy}2-methoxyhept-6-enyl)piperidine-1-carboxylate (3b)
i

O OMe o)\/

N7 X

Boc  a1p
Yield: 696.[a]p = +20.4(c 0.5, CHGJ; IR (neat)n= 1677, 1719 crh *H NMR (400 MHz, CQR)CH
0.820.94 (m, 2H), 1.38.59 (m, 6H), 1.45 (s, 9H), 1887 (M, 2H), 2.3@.44 (m, 2H), 2.79 (LH,
J=12.6 Hz), 3.21 (tt, 1H= 12.3, 6.2 Hz), 3.26 (s, 3H), 387 1H), 4.35 (br s, 1H), 58610 (m,
2H), 5.125.18 (m, 1H), 5.78.82 (m, 2H), 59 (dd,J= 10.4, 1.5 Hz, 1H), 6.10 (de; 17.3, 10.4 Hz,
1H), 6.38 (ddJ= 17.3, 1.5 Hz, 1H) pprfC NMR (100 MHz, CBCt 19.0, 25.6, 28.5, 28.7, 29.3,
33.5, 37.5, 39.3,47.3, 56.8, 70.8, 75.7, 79.1, 118.2, 128.4, 130.5, 133.4, 154.7, 165.8 ppm.

(9-Tert-butyl 2-((2S4R)-4-(acryloyloxy}2-methoxyhept6-enyl)piperidine-1-carboxylate (Bb)

o]

|
N . - X

|
Boc 36b
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Yield: 7%.[a]o = +15.4(c0.005 CHG). IR: (neat)n = 1677, 171%cm*. NMR a31b
(9-Tert-butyl 2-((2S49-4-(acryloyloxy}2-methoxyhept6-enyl)piperidine-1-carboxylate (2b)

0]

|
N - X

|
Boc 32b

Yield: 686.[a]p = +12.3(c 0.5, CHG); IR (neat)n = 1677, 1719 ci*H NMR (400 MHz, CRCt
0.89:0.94 (m, 2H), 1.46 (s, 9H), 1200 (m, 8H), 2.32.45 (M, 2H), 2.78.82 (m, 1H), 3.21 (ttJ

= 12.3, 6.2 Hz, 1H), 3.26 (s, 3H), 3187s(1H), 4.35 (br s, 1H), 58510 (m, 2H), 5.1:8.18 (m,
1H), 5.715.82 (m, 2H), 6.10 (dd= 17.3, 10.4 HZAH), 6.39 (dddJ= 17.3, 2.9, 1.5 Hz, 1H) ppm;
13C NMR (100 MHz, CEB)Ct 18.9, 25.6 28.6 28.9, 33.2, 37.0, 38.5, 39.0, 47.4, 55.7, 70.9, 75.3,
79.2,117.9, 128.8, 130.4, 133.5, 154.8, 165.6 ppm

(R-Tert-butyl 2-((2R 4R)-4-(acryloyloxy}2-methoxyhept-6-enyl)piperidine-1-carboxylate (b)

(0]

|
i h
Boc 35b

Yield: 686.[a]p=-16.5(c0.002 CHG). IR: (neat)n = 1677, 1719cm*. NMR a32b

(R-Tert-butyl 2-((2549-4-(acryloyloxy}2-methoxyhept6-enyl)piperidine-1-carboxylate (3b)

o

|
N~ A
|
Boc 33b

Yield: 786.[a]o= +11.49c 0.8, CHG). IR (neat)n = 1677, 1719 crh H NMR (300 MHz, CREl
1.20-1.65 (m, 19H)1.651.86 (m, 1H)2.29:2.44 (m, 2H), 2.6@.81 (m, 1H), 3.08.17 (m, 1H),
3.31 (s, 3H), 3.88.03 (m, 1H), 4.28.50 (m, 1H), 5.65.28 (m, 2H), 5.68.85 (m, 2H), 6.08.17
(m, 1H), 6.3%.45 (m, 1H) ppmi3C NMR (100 MHz, CREId 18.9, 25.5, 28.4, 28.7, 29.5, 34.7,
38.6, 39.1, 47.6, 57.1, 70.6, 75.6, 79.1, 11128.6 130.4, 133.1, 165.5 ppm

(9-Tert-butyl 2-((2R 4R)-4-(acryloyloxy}2-methoxyhept-6-enyl)piperidine-1-carboxylate (3ib)

O
|
oo 0o
N X

|
Boc  34p
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Yield: 686.[a]o=-9.4(c0.01, CHG). IR: (neat)n = 1677, 171%n. NMR as33b
General procedure foring closing methatesis reaction: synthesis of 388a

(0] O

| |
-
@M Hoveyda-Grubbs-Il @ QMe O
N X N

| Toluene, 80 °C, 4 h |

Boc Boc
30b-37b 38a-45a

A solution of Hoveyd&rubbsll catalyst (0.014 g, 0.02 mmol) in dry.CKH3.2 mL) was added
dropwise to a solution of compour2Db (0.085 g, 0.22 mmol) dissolved in dry.Ck9.4 mL)The
reaction was stirred for 4 at room temperature, then the solvent was removed under vacuum.
The residue was purified by column chromatqgrg on silica geHexane /EtOAc, 3)20 givel8a
(75%)as dark oil.

(9-Tert-butyl 2-((R)-2-methoxy-3-((9-6-0x0-3,6-dihydro-2H-pyran-2-yl)propyl)piperidine-1-

carboxylate (8a)

O

N

|
Boc 38a

Yield: 786.[a]o =-50.20(c 0.6, CHG). IR (neat)n = 1677, 1721 crh 'H NMR (400 MHz, CBCH
1.381.71 (m, 6H)1.46 (s, 9H), 1.84.92 (m, 2H), 1.92.07 (m, 2H), 2.32.41 (m,2H), 2.73 ()=
13.3 Hz, 1H), 3.32 (s, 3H), 3R37(m, 1H), 3.96k s,1H), 4.43 (br s, 1H), 4.59 (dt 11.4, 6.2
Hz, 1H), 6.02 (dl= 9.9 Hz, 1H), 6.88 (m, 1H) pphE NMR (100 MHz, CBCH 19.6, 25.8, 28.7,
28.9, 29.94, 30.2, 34.6, 40.6, 56.6, 58.0, 74.9, 75.5, 79.7, 121.7, 146.3, 155.3ph64.7

(R-Tert-butyl 2-((S-2-methoxy-3-((R)-6-0x0-3,6-dihydro-2H-pyran-2-yl)propyl)piperidine-1-

carboxylate (%a).

o)
[T] “uy, ~ -
Boc 45,

Yield: 646.[a]p= + 47.6c0.002 CHG). IR: (neat)n= 1677, 1721cm*. NMR a33b
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(R-Tert-butyl 2-((R)-2-methoxy-3-((S-6-0x0-3,6-dihydro-2H-pyran-2-yl)propyl)piperidine-1-

carboxylate (®a)

0
o8
N
Boc 39,

Yield: 68%fa]o =- 15.9 (0.7, CHG); IR: (neat)n = 1677, 1721 crh 'H NMR (400 MHz, CRCH
1.36-1.58 (m, 7H)1..44 (s, 9H), 1.92.15 (m, 3H), 2.32.38 (m,2H), 2.762.82 (m, 1H), 3.28.31
(m, 1H), 3.28 (s, 3H), 3.96r ,1H), 4.35 (br s, 1H), 48662 (m, 1H), 6.00 (d= 9.8 Hz, 1H), 6.86
(ddd,J= 9.2, 4.5 Hz, 1hhpm;*3C NMR (100 MHz, CB)Ci 19.3, 25.7, 28.7, 29.5, 29.9, 30.2, 34.4,
40.7, 54.057.7, 74.8, 75.0, 79.5, 121.6, 145.2, 155.1, 164m.

(9-Tert-butyl 2-((9-2-methoxy-3-((R)-6-0x0-3,6-dihydro-2H-pyran-2-yl)propyl)piperidine-1-

carboxylate (4ta)

Yield: 7%.[a]p= + 11.1(c0.023 CHG). IR: (neat)n = 1677, 1721cm™. NMR as39a

(9-Tert-butyl 2-((9-2-methoxy-3-((9-6-0x0-3,6-dihydro-2H-pyran-2-yl)propyl)piperidine-1-
carboxylate (40a)

Yield: 696.[a]p =- 15.8(c 0.4, CHG); IR: (neat)n = 1677, 1721cm?; *H NMR(400 MHz, CDgid
1.37-1.59 (m, 7B1.46 (s, 9H), 1.92.17 (m, 3H), 2.32.40 (m,2H), 2.742.83 (m, 1H), 3.23.27
(m, 1H), 3.29 (s, 3H), 3.98 (s, 1H), 4.36 (br s, 1H), 4.61 (i 15.4, 6.5 Hz, 1H), 6.01 (& 9.8
Hz, 1H), 6.87 (tdl= 9.2, 4.2 Hz, 1H) ppiC NMR (100 MHz, CRC# 19.1, 25.6, 28.5, 28.7, 28.9,
29.4, 33.0, 38.0, 47.5, 55.9, 75.2, 71%9.3 121.4, 145.0, 155.0, 164.4 ppm.
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(R-Tert-butyl 2-((R)-2-methoxy-3-((R)-6-0x0-3,6-dihydro-2H-pyran-2-yl)propyl)piperidine-1-

carboxylate (8a)

O
ITI “, X
Boc 43a

Yield: 786.[a]p= + 13.3¢0.001, CHG). IR: (neat)n = 1677, 1721cm™. NMR astOa

(R-Tert-butyl 2-((S-2-methoxy-3-((9-6-ox0-3,6-dihydro-2H-pyran-2-yl)propyl)piperidine-1-

carboxylate (4a)

o
le ) ~
Boc  44a

Yield: 7%6.[a]o = + 6.8€0.038, CHG)t IR: (neat)n = 1677, 1721 crf *HNMR (400 MHz, CRE
d1.191.77 (m, 17H)1.781.94 (m, 2H)1.952.11 (m, 1H), 2.22.48 (m, 2H), 2.62.83 (m, 1H),
3.38 (s, 3H), 3.48.52 (m, 1H), 3.88.05 (m, 1H), 4.58.72 (m, 1H), 6.02 (dt, 1 9.8,1.6 Hz),
6.846.92 (M, 1H) ppn=*CNMR (100 MHz, CDEId 19.2, 25.7, 28.6, 28.7, 29.8, 30.2, 34.5740.
56.6, 57.7, 74.8, 75.0, 79.5, 121.6, 145.0, 155.0, 164.4 ppm.

(9-Tert-butyl 2-((R)-2-methoxy-3-((R)-6-0x0-3,6-dihydro-2H-pyran-2-yl)propyl)piperidine-1-
carboxylate (2a)

O

N

|
Boc 42,4

Yield: 8%.[a]o=-4.7(c0.006 CHG). IR: (neat)n = 1677, 1721cm*. NMR astla

General procedure for theleavage of Bogroup: synthesis 088b-45b

i i
O OMe 07 TFA _ O OMe 07
N~ : CH,Cl,, 1)0°C N~ :
| H
Bo

2) rt, 30 min
© 38a-45a 38b-45b

To a stirred solution of compouriBa (0.352 g, 1 mmolin CHCE (2 mL) was added TFA (2 mL) at
0 °C.The reaction mixture was stirred for 30 min.rabm temperature. Upon completean, the
reaction was quenched with NBH 5M at pH 9The organic layer was dried with 2 and

concentrated under reduced pressure to gB&b (92%) as colorless oil.
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(9-6-((R-2-Methoxy-3-((9-piperidin-2-yl)propyl)-5,6-dihydro-2H-pyran-2-one (38b)
o)

N

H o 38
Yield: 91%ja]o =-21.2 £0.8, CHG). IR: (neat)n = 1730 crt; *H NMR (400 MHz, CRCH 1.33
1.80 (m, 9H), 2.12 (ddd= 7.2, 7.2, 5.7 Hz, 2H.312.38 (m,2H), 2.70 (dtJ= 14.6, 2.6 Hz, 1H),
2.842.88 (m, 1H,), 3.18.19 (n, 1H), 3.32 (s, 3H), 3.6067(m, 1H), 4.30 (br s, 1H), 48067 (m,
1H), 6.00 (dJ= 9.8 Hz, 1H), 6.87 (ddik= 9.4, 5.1, 3.2 Hz, 1H) ppHC NMR (100 MHz, CB)CH
23.9, 245, 29.7, 31.6, 38.2, 39.3, 46.1, 54.0, 56.3, 74.1, 75.0, 121.4, 145.3, 164.4 ppm.

(R-6-((S)y2-Methoxy-3-((R)-piperidin-2-yl)propyl)-5,6-dihydro-2H-pyran-2-one (45b)

0
ITI ) ~ -
H  4sp

Yield: 926.[a]p= + 24.8c0.005 CHG). IR: (neat)n = 1730cm?. NMR as38b
(9-6-((R-2-Methoxy-3-((R-piperidin-2-yl)propyl)-5,6-dihydro-2H-pyran-2-one (39b)

O

N

|
H 39b

Yield: 82%[a]o =- 13.9(c 1.0, CHG); IR: (neat)n = 1730 crrt; *H NMR (400 MHz, CREld 1.31-
1.80 (m, 8HR.11 @dd, J= 12.9, 9.6, 6.0 HiH), 2.3:2.40 (m,2H), 2.612.67 (m, 2H), 3.08.09
(m, 1H), 3.26 (br s, 1H), 3.31 (s, 3H), |/HB(M, 1H), 4.53 (ddd]= 12.5, 10.6, 5.3 Hz, 1H), 6.01
(d,J= 9.9 Hz, 1H), 6.87 (ddd= 12.9, 9.6, 6.0 Hz, 1H) pp#C NMR (100 MHz, CRICH 24.6,
25.7,29.7, 32.7, 38.3, 40.5, 46.9, 55.8, 56.0, 75.0, 75.5, 121.3, 145.1, 164.2 ppm.

(R)-6-((9-2-Methoxy-3-((9-piperidin-2-yl)propyl)-5,6-dihydro-2H-pyran-2-one (44b)

0
ITI iy
H o 44

Yield: 896.[a]o= + 12.7c0.001, CHG). IR: (neat)n = 1730cm. NMR as89b
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(9-6-((9-2-Methoxy-3-((9-piperidin-2-yl)propyl)-5,6-dihydro-2H-pyran-2-one (40b)

(o]

N

H o a0p
Yield: 886.[a]p =- 9.8 € 0.5, CHG). IR: (neat)n = 1730 crt.'H NMR (400 MHz, CQRCH 1.33
1.80 (m, 8H)1.86-1.93 (m, H), 2.292.38 (m,2H), 2.622.72 (m, 2H), 3.08.15 (, 1H), 3.33 (s,
3H), 3.573.67(m, 1H), 4.02 (br s, 1H), 48764 (m, 1H), 6.00 (dd= 9.8, 1.9 Hz, 1H), 6.8488
(m, 1H) ppm*C NMR (100 MHz, CB)ctl 22.0, 22.3, 29.1, 30.0, 37.7, 40.0, 45.1, 55.8, 62.1, 74.8,
75.0, 120.9, 145.8, 160.5 ppm.

(R)-6-((R-2-Methoxy-3-((R)-piperidin-2-yl)propyl)-5,6-dihydro-2H-pyran-2-one (43b)

0
le ) X
H o 43p

Yield: 906.[a]p= + 6.3c0.001, CHG). IR: (neat)n = 1730cnt’. NMR asiOb
(9-6-((9-2-Methoxy-3-((R)-piperidin-2-yl)propyl)-5,6-dihydro-2H-pyran-2-one (41b)

Ho a1p
Yield: 8%0.[a]p=-21.8(c 0.2, CHG); IR: (neat)n = 1730 crt; *H NMR (400 MHz, CR)CH 2.43
2.01 (m, 10HR.32-2.38 (m,3H), 2.862.85 (m, 1H), 3.02 (br s, 1H), 3.34 (br s, 1H), 3.36 (s, 3H),
3.653.72(m, 1H), 4.57.65 (m, 1H), 6.01 (dd= 10.3, 1.6 Hz, 1H), 6.88 (ddd; 9.5, 5.2, 3.1 Hz,
1H) ppm;*C NMR (100 MHz, CB)CH 23.0, 23.2, 30.0, 37.7, 38.6, 40.3, 44.9, 54.2, 57.2, 74.1,
74.8,121.2, 145.3, 164.1 ppm.

(R)-6-((R-2-Methoxy-3-((9-piperidin-2-yl)propyl)-5,6-dihydro-2H-pyran-2-one (4£b)

0
SNEe
=
H o 42

Yield: 896.[a]o= + 21.7c0.009 CHG). IR: (neat)n = 1730cm. NMR agl1b
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5.7.2. Biological assay
Tubulin purification and assembly assayubulin was purifiedrom bovine brain purchased from
a local slaughterhouse, conserved before use incald PBS and used as soon as possible.
According to Castoldi and Popov (2003), pure tubulin was obtained by two cycles of
polymerizationdepoly-merization in a higimolarity PIPES buffer L1rARIPES, pH 6.9, 2 mm EGTA
and 1 mm MgG]), and protein concentration was determined by the MicroBCA assay kit (Pierce).
The test the effects on tubulin assembB88b-45b were dissolved in dimethyl sulfoxide (DMSO),
added at 507M to a reaction mixtures (20 tubulin, 10% glycerol, 1 mm GTP in BRB80 buffer)
and incubated for 30 minutes at 37C. As control conditions were used either unmodified
thiocolchicine (10nM) or DMSO alone. At the end of polymerization, unpolymerized and
polymerized fractions of tubulin were separated by centrifugation at 16500xg for 30 minutes at
258 °C. The collected microtubules were resuspended in-FSBGE sample buffer (2% w/v SDS,
10% v/v glycerol, 5% vi+mercaptoethanol, 0.001% w/v bromophenol bluand 62.5 mm Tris,
pH 6.8) and the unpolymerized tubulin was diluted 3:1 with 4X-FSB&E sample buffer. Equal
proportions of each fraction were resolved by a 7.5%-§8%nd stained with Coomassie blue.
Densitometric analyses of stained gels were penfed by using ImageJ software (National
Institute of Health), and data were elaborated using STATISTICA (StatSoft Inc., Tulsa, OK).
Significant differences were assessed by -aay ANOVA with Fisher HSD post hoc test.

Experiments were done in triplicate dnlata are expressed as means + SEM.
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Design and synthesis of

triazole-epothilones
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6.1.Introduction
I TGSNI GKS St dpblbdgiehl indcBaylismrFl1979it taol rho€edhan a decade before
other microtubulestabilizing agents with ntaxoHike structures were discoveredmong these
new microtubule stabilizersthe most notable are the epothibnes, which aremyxobacterial
derived macrolidesfirst isolated from the myxobacteriunSorangium cellulosunsc 90 by
Reichenbach and Hofl€
Originally, the major products isolatedrom the fermentation brothwere epothilone A and
epothilone B but many other members of this natural products family have subsequently been

obtained frommyxobacteriaFigure 49.193

O OH O

Epothilone A: R=0,R1=H
Epothilone B: R =0, R1 = CH3

Figure 49

Structurally, Epothilones A and B are-rhémbered polyketide macrolactones that have a
methylthiazolemoiety connected to the macrocycle by a short olefinic spacer. The polyketide
backbone of the molecule is synthesized by a type | modular polyketide synthase (PKS) through
nine PKS modules, whereas the thiazole ring is derived from a cysteine incorpbyatedingle

nonribosomal peptide synthetase (NRPEYyure50).104

102K, Gerth; N. Bedorf; G. Hofle; H. Irschik; H. ReichenBahtibiot, 1996, 49, 560.

103, H. Hardt; H. Steinmetz; K. Gerth; F. Sasse; H. Reichenbach; Gl. ifteProd 2001, 64, 847.

104]. Molnar; T. Schupp; M. Ono; R.E. Zirkle; M. Milnamow; B. NdWaikpson; N. Engel; C. Toupet; A. Stratmann; D.D. Cyr; J.
Gorlach; J.M. Mayo; A. Hu; S. Goff; J. Schmid; J.M. Ogem.&Biol, 2000, 7, 97.
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Figure 50 Structure of the epothilone biosynthetic gene cluster from Sorangium cellulosum. NRPSibasomal
peptide synthase, PKS = polyketide synthase

Epothilones, in contrast to takocan inhibit the growth of multidrugesistant cancer cell lines at
concentrations similar to or only slightly higher than those required againstskngitive cancer
cells, including cells whose developed a taxol resistance mellatespecific tubuliimutations

As anticipate in thegaragraph 1.1.3Epo A and B were quickly adopted as attractive targets for
total synthesisas lead structures for anticancer drug discovery.

Thanks to biological testit was possible to gaithat the lactone ring of the epothilones was
sensitive to esterase cleavada.fact,the incubation of epothilone B in mouse plasma led to loss
of its cytotoxic activity and resulted in a metabolite with a mass 18 units higher than the parent
drug.

Thisfeature prompt toward thesynthesisof the lactam analogues of epothilorg the most
potent member of the familywith the goal & improving metabolic stabilityThekey insight into

the semisynthetic approach to the epothilone lactam was representedhieyfact that the
epothilone lactone is allylic and therefore possibly susceptible to a palladaiatyzed ring
opening toT 2 NJv-allylpalladium complex, whicbould be trapped by a nitrogen nucleophile.
Thereaction of unprotected epothilone B witNaN; in the presence of Pd(PBhled to azido
acids46 as a single diastereomefThe azide iformed with net retention of configuration likely
through antiattack by palladium and then reaction with azide from the face opposite the
palladium.The onepot process including the reduction of the azide with trimethyl phosphine and
macrolactam formation with EDCI/HOBt, provides the desired lactater to be named

ixabepilonein 23% overall yiel@Scheme 21)
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Ixabepothilone B

Scheme 21

In vivostudies established that thlactam analoguexhibits antitumor activity similar to that of
Taxol in Taxedensitive tumor models and also more potent than Taxol in Tieesistant tumor
models. Inaddition, it provides major stabilityto hydrolysis on iaubation in both mouse and
human seraBased on its highly profil&po B lactam in 2007 was approved by the FDA for the
treatment of metastatic or advanced breast cané¥®r

6.1.1. Binding site andteucture-activity relatioship
Apart from Taxol, the epothilonesere the first natural products known to stabilize microtubules
triggering apoptosis. Furthermore, their significantly higher activity and their undiminished
effectiveness against multiresistant tumor cells have raised the possibility that epothilones coul
potentially replace taxanegfter the publication of the electroftrystallographic structure of the
epothilone A/tubulin complex® and the NMRyenerated structures through molecular dynamics
modellingproceduresthe interactions of epothilone A with- tubulin were described in detail for
the first time. As expected, epothilone binds within a cavity on the surfac®-tfbulin. This
binding site, overlapping with that of Taxol, is partly constituted by theadled Mloop, which is
also essential for taral contacts between protofilaments in the Z#induced tubulin layers and in
microtubules. Stabilization of the dop, and therefore of lateral contacts between
protofilaments, ultimately stabilizes growing microtubules, preventing their depolymesizati

once formed(Figure51).

1053) K:H. Altmann; F. Z. Gaugaz; R. Schist;Divers2011,15, 383; b) John T. Hurljol. Cancer. Ther2009 8;275.
1063, H. Nettles; H. Li; B. Cornett; J. M. Krahn; J. P. SKydtrDwning; Science2004 305, 866
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Figure 51.The Taxol/epothilone binding cavity limtubulin from the corresponding electreerystallographically
obtained structures with bound epothilone. Roitubulin the surface of the molecule is depicted (C: grayjak pink,
N: grayblue). Epothilone A (C: violet, O: red, N: blue) are represented as stick models.

Direct comparison of epothilone binding with Taxol binding indicates that the smaller epothilone
molecule fills only about half of the Taxaihding cavity irb-tubulin. The hypotheses concerning a
common pharmacophore can thus finally be laid to restceithe TaxoB-tubulin interactions
differ fundamentally from those in the epothilone A/tubulin compléx.
In addition to these results, thextensive chemical synthegishemical biology studof hundreds
of epothilone analoguewas helpful for atructureg activity relationship analysigigure52).

Epoxide not essential;

C12 stereochemistry not essential;

C13 stereochemistry important;

Methyl group at C12 enhances activity

Side chain with correct nitrogen Stereochemistry at C6-C8 is important
location important;

C15 stereochemistry important

Figure 52

The configurations at €&8 areessentialfor the biological activity, probably because this region
strongly influences the overall conformation of the macrocycle through steric and/or
stereoelectronic effects. There was initially some speculation that the epoxide oxygen of
epothilone played a e as a hydrogen bond acceptor, but after independent reports by several
groups it became clear that the epoxide moiety is not essential for biological activity. However, a

substituent at C12, particularly a methyl group, consistently enhanceadtigty. The side chain

107D, W. Heinz; WD. Schubert; G. Hofl&ngew.Chem. Int. Ed2005 44, 1298

108



is also highly important for biological activitand fnally, the stereochemistry at Clilay a

fundamental role with C15 epimers beingcking ofany biological activity.

6.2 Aim of this work

The chemistry and biology of epothilones haweb extensively studied, and numerous analogs
or derivatives have been discovered that retain potanvitro activity.2°® Our interestis focused
on developing stratgies for the total synthesis of novel triazadpothilones derivative47 for

chemical and tological studiegs microtubuleinhibitors (Figure53).

47

Figure 53

Since the lattam derivative ixabepilone is the best candidate in this class sbdadea of the
introduction of a triazole moietynto the epothilonearised from the already weknown concept

of biososterisndefined by Langmuir in 191%he main criteria for isosterism is that two isosteric
molecules must present similar, if not identical, volumes and shapeszoles are not
encountered in nature biuthey have found increasing importance in the fielddafigresearch as

a bioisostere of the amide linkage and have been established to be resistant against enzymatic

degradation'®®

6.3.Docking studies

Previousdocking studiesperformed by Prof.Sironi and Dott. Pieracciniof Milan University,
indicate thattriazole analoget7 and ixabepiloneshare the samdinding siteon b-tubulin with
very similar hydrophobic interaction with the biological targét both molecules a weak
Hydrogen bond is present betwed¢he OHgroup on C7 and anrginine residue forixabepilone
and an istidine residue for the triazolepothilone.

Indeed, the three nitrogen atoms of triazole ring are directedhe inside ofmacrocyle(Figure
54).

108K, C. Nicolaou; A: Ritzén; K. Nam@bem Comm, 2001, 1523.
1093) W. S. Horne; M. K. Yadav; C. D. Stout; M. R. GHadin1. Chem. Sp2004, 126, 15366.
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Figure 54Docked structures dd) ixabepilone in théd-tubulin binding site and db) triazole-epothilone47 on theb-
tubulin binding site.

Indeed, Figuré5 shows thatthe triazole ring induces a modification in term of arrangement of

thiazolic chairof macrocycle compared with the commercial one.

Figure 550verlapping docked structures of ixabepilone (red) and triaeplethilone47 (blue)

6.4 Chemistry

Inspection of the structure dfiazole-epothilone47 revealed the intriguing possibility of applying
the Huisgen cycloaddition between fragmeriand Fto yield the triazole derivativ€, which can
react with D in an aldolcondensation givind8. TheRing Closing Metathesis (RCMaction to
bis(terminal) d¢efin B affords thebicyclic product, which could be converted to thenalogue of

natural productd7 by simple epoxidation, as retrosynthetically outlinedsicheme22.
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A

H G

o OH | o o

M e %g = v%

Scheme 22

Proceeding with the retrosynthetic analysibe witting reaction was identified as method to
permit disconnection of to its componentschloromethyithiazole G and the enantiopureallyt
compoundH. Thealkynemoiety E allowed the indicated disconneoti, defining aldehydé and
vinyl magnesiunbromide as potential intermediatesAldehydel could then bederived from
intermediate J whosealdoktype condensatiorof the two commercial available productsand K
was straightforward.
In conclusion, his retrosynthetic analysis led tialentify 4 main intermediate fragments:

i FragmeniC15¢ C19(intermediateP

U  FragmentClc C6(IntermediateE)

0 FragmentC13¢ C6(IntermediateC

0 FragmentC7%C13(IntermediateD)

6.4.1Synthesis of fragmerit
FragmentFis summarized irscheme 23Starting from the commercially availableallylglycine,
protection and conversion to thaldehyde50 using DIBAH was followed by an alkylation with

methylmagnesium bromide to yielithe secondary alcohdl. (Scheme 23).
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Synthesis of 52

(0] (0]
WOH socl, \/\‘)LO/ Boc,O, TEA \/\‘)LO/
MeOH, rt, 16 h MeOH. rt. 16 h DIBAL-H

NH, NH, *HCI T NHBoc

DCM
48 (99%) 49 (86%) -78°C,5h
@) OH (6]
SN D AL o oA
-
NHBoc ~ DOM- 3R NHBoc THF, -78°C, 2h NHBoc
52 (53%) 51 (70%) 50 (68%)
Synthesis of ylide 54
s N A,
CI\)(L/CI )J\ ZnC|2 S NN P(n-BU)3
NH2  MeOH, reflux, 16 h \:&CI toluene, 100 °C, 3 h \—_CI Bu)
P(n-Bu);

0, [
Wittig reaction 53 (82%) (67%)

A
M + SN o n-BuLi /< j\)
— I o N
NHBoc = “ THF, -78°C, 1h
P(n-BU)S

52 54 55 (85%
Scheme 23

The compound?2 was then obtainediroughan oxidation reaction with Dess Martin periodinane

in 53% of yield. Ais participated in a Wittig coupling with the easily prepared ylegivingthe
compound55. The Econfiguration of double bond was confirmed by NOESY experimesitate

the presence of a cross peak between the hydrogen of NH group and the hydrogen of CH of
double bond indicats their proximity. Finally, the free amine group was converted to azide

with the transfer agenfiH-imidazolel-sulfonyl azidewhich corresponds to the C§E19 region

of the epothilone derivativéScheme 24)

S Z S 2 KyCO,
/QNM H/ HCI/MeOH sat. /(\NM Kr | CUSO,*5H,0 /Qj\)

D ——

NHBoc NH,*HC “MeOH, 1, 121
55 56 (99%) LN SO,N, 57 (50%)

Scheme 24
6.4.2. Synthesis of fragmerit
The synthesis of the fragmenE was performed following the published procedutsy
Ramachandra#® The reaction between dimethylallylmagnesium bromide and propionaldehyde
furnished the alcohob8 which wasoxidisedto the correspondingchetone 59. The terminal

double bond was then convied to aldehyde by ozonolisis reaction, followed by a Grignard

110p, V. Ramachandran; J. S. Chandra; B. Prabhudas; D. Pratihar; M.V. ROigeBidynol. Chem2005 3, 3812.
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reaction in order to introduce the alkyne function into the molecu8é&)( A final oxidation with

DMP gave the alkyng2 in 80% ofyield (Scheme25).

IS
H THF rt. 2h DCM rt,3h

58 (80%) 59 (87%)
O3/M928
HCCMgBr \)5% DCM/MeOH
DCM rt,3h THF,0°C,rt.1h
(80%) (69%) (95%)
Scheme 25

6.4.3. Synthesis of fragment C
The key intermediaté€ containing the triazole ring was obtained thanks télaisgen 1,3lipolar

cycloadditionbetween the alkyne compoung? andthe azide57 (Scheme 26).

IS 5

. CUSO4 * 5H20 e

Sv N \)%\\\ Sodium Ascorbate Jo N \ 0o
)QN N3 N o)

t-BUOH : H,0 J
57 62 70°C,12h f (26%)

Scheme 26

The formationof triazoles from azides and terminal alkynes catalyzed bl Suprmally arobust
reaction, which could be performed under a wide variety of conditions and with almost any
source of solvated Cij( The most important factor seents be maintaining theCu() at a high
level at all times during reaction. This is why the use of H)Gaurce with addition of a reducing
agent in a large excess has been one of the preferred methbdserefore, following the
Sharpless conditions, in our case the reactiomswperformed with copper(ll) sulphate
pentahydrate as catalyst, sodium ascorbate as reducing agent in 1:1 mixtugu@iHand water
at 70 °C for 12 hours. The yield was not satisfactory (only 26%), but the starting material were
recovered.The same reaain was carried out by microwave activation using ThB:H:1 as
solvent but it furnished an inseparable mixture of-laAd 1,5triazole derivatives only.

6.4.4. Synthesis of fragment D
The synthesis of fragment €713, representing the intermediate, was accomlished starting
from the commercial available compourédl. A Wittig reaction with methyfriphenylphosphine
converted the ktone group to a terminal olefi®5. Then,an Evans asymmetric alkylation was

chosen for the introduction of the chiral centefor that, the olefin65 was treated withoxalyl

1M, Meldal; C. W. Torng€&hemRev.2008 108, 2952.
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chloride to generate isituthe acyl chloride of carboxylic acid and then wi(+)4-isopropyt2-

oxazolidinoneobtaining66 (Scheme 27)

MeP*(Ph);I ) (COCI),

O
OH n-BuLi Toluene rt, 90 m|n )\
DMSO/THF ) n-BulLi
(e} rt, 48 h
64 5 (74%) THF, -78 ° of<
) 8°c 66 (60%)
o o© NaHMDS
- . Mel
H LiAIH
THF, rt, 24 h :
68 (85%) 67 (65%)
l DMP
MO
69

Scheme 27

Its enolate was generateuly the action of NaHMDS in THF@&8 °C, followed by the reaction with
excess methyl iodide taafford alkylation product 67, which was isolated in 67% yield
(diastereoselectivity of the alkylation 10:1 B#1 NMR spectroscopy of the crude product).
Reductive removal (AlH,) of the auxiliary furnished alcoh68, which should beconverted to the

aldeyde69 by DessMartin oxidation ¢eaction doesn't carry oyf*?

6.5.Conclusion

In order to reach thdinal epothilone derivatived7 other reactions are necessary. In particular:
1. Regio and stereoselective reduction of carbonilic group on C3 affordiig This

reaction may be performed using {B)pClon the alkyne derivativé2, as reported in
literature 11° or through a hydrogenation process catalysedRyCI(R}BINAPYNet;],

method already used for an analogue of the intermedid8€Scheme 23

112D, Schinzer; A. Bauer; J. Schieiérem. Eur. 1999 5, 2492.
13K, C. Nicolaou; A. Ritzen; K. Nam@bgm. Comm2001, 1523.
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CuSO, * 5H,0

7
o O
s\ \)56\ Sodium Ascorbate
)QN N3 * \\
57 62

t-BuOH : H,O

(+)-DipCl Ha, HCI
Et,O [RUCI,(R)-BINAP)],[Net,]

7 O OH CuSO, * 5H,0
" + Sodium Ascorbate
Sv . \)K(\\\ -
sy Ns s t-BUOH : H,0

57

Scheme 28

Aldol condensation betwee9 and 70 affordingthe bis(terminal) olefin/1 using the conditions

reported by K. C. Nicolan the synthesis of epothilone Bcheme 29)4

/
1) LDA, THF
—>) : 8/\>—/>| N HOL -,
2 I__.0 A= N
N
69
OH O
70 71
Scheme 29
2. Ring closing metathesigaction on compound1l in order to form themacrolatone

72, followed by epoxidation of endocyclic double bond (Scheme 30).

114K.C. Nicolaou; Y. He; F. Roschangar; F. Sarabian; S. Ninkovic; Z.Yang; Jl. Amgillem. Soc1997, 119, 7960.
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X N \ HO ., —-
N N
N mCPBA
71 OO 72

Scheme 30

Uponcompleted the synthesis, biological assay will be perfortoetheck the antimicrotubule
activity either on cancer cells art I NJ A dis@dsefrndnich recently is emerged the role of
microtubule dysfunction and the positive response obtained frdackmicedaily treating with

EpoD!t®

15D, Cartelli; F. Casagrande; C. L. Busceti; D. Bucci; G. Molinaro; A. Traficante; D. Passarella; E. Giavini; G. tReglim|iGG. Ba
Cappelletti;Sci.Rep, 2013 3, 1837.
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6.6.Experimental part

6.6.1. Synthesi®f fragmentF

Compound 49 was prepared following the reported proceduté.

(9-2-(Tert-butoxycarbonylanino)-4-pentenal (50)

0 0
N _ DIBAL-H S y
NHBoc DCM, -78°C, 5h NHBoc
49 50 (68%)

To a solution of19 (1.03 g, 4.5 mmol) a78 °C in 34 mL of @Elz, DIBAIH was added dropwise
and then thesolutionwas stirred for 4 hours at the same temperature under inert atmosphere.
After the reaction was completed, 4348 of MeOH and 1.7 mL of a saturated solutioiNefSQ
were added at78 °C and the mixture was stirred at room temperature overniginally, 2.26 g

of NaSQwere added, the mixture was filtered, antle solent was evaporated under vacuum.
The residuewas purified by column chromatography on silica gel (Hexane /E4QA¢o give50
ascolourlessoil.

Yield: 68%fa]o =+ 3.0 ¢1.05, CHG); *H NMR (80 MHz, CD§)I d 1.44 (s, 9H), 2.42.62 (m, 2H),
4.254.27 (m, 1H), 5.06.19 (m, 3H), 5.68.78 (m, 1H), 9.59 (s, 1ipm; *C NMR (75VIHz,
CD@):d28.3, 33.7,59.0, 77.4, 119.5, 131199.6ppm.

(9-3-(Tert-butoxycarbonylamino)hex-5-en-2-ol (51)

0 OH
A H CHs;MgBr X
NHBoc THF,-78°C,2h NHBoc
50 51 (70%)

To a solution 060 (607 mg, 3 mmol) in 30 mL of.8t methylmagnesium bromide (2.28 mL, 6.8
mmol) was added a78 °C and the mixture was stirred 1 hour at 0 °C. The reaction was quenched
with 20 mL of saturated solution of ME| the phases were separated and the aqueous layer was
extracted with EXO (3x15 rh). The unified organic phases were dried oveiSaand the solvent

was evaporated under vacuumhd residue was purified by column chromatography on silica gel
(Hexane /EtOAB8:1) to give51 ascolourlessoil.

Yield: 70%H NMR (300 MHz, CR)CH 1.15-1.21 (m, 3H), 1.42 (s, 9H), 2-PB7 (m, 2H), 3.50 (bs,
1H), 3.65 (bs, 1H), 3.7885 (m, 1H), 4.74 (bs, 1H), 5843 (m, 2H), 5.78.86 (m, 1H)ppm; 3C

NMR (75MHz, CD@): d 20.5 28.4, 36.9 55.3 68.9,79.4,117.7, 134.7, 156.5ppm.

116 patent: GLAXO WELLCOME MANUFACTURING PVB20T8/133135 A2009
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(9-3-(Tert-butoxycarbonylaminojhex-5-en-2-one (52

OH (0]
S DMP S
_— >
NHBoc DCM, rt, 3 h NHBoc
51 52 (53%)

To a solution of alcohd1 (450mg, 2.1 mmol) in DCM (30L), DessMartin periodinane (1.24 g,
2.9 mmol) was added andhe new mixture was stirred for B at room temperature. After the
completion of the reaction, the solvent was evaporated in vacutime, residue was recovered
with 15 mL of ED and washed witla solution composed by 8 g of M0;in 20 mL 80% solution
of NaHC@ The phases were separdt@andthe aqueous layewas extracted 3 times with ED.
The combined organic layers were washed WittHC®(20 mL)water (2x15 mLyand brine2x10
mL) dried with NaSQ, filtered and evaporated. Theesidue was purified by flash column
chromatography (Hex/EtOA:1) to provide ketoneéb2 aslight yellowaoil.

Yield: 53%[a]o = + 2.27 ¢ 1.13, MeOH)'H NMR (300 MHz, CRCH 1.42 (s, 9H), 2.18 (s, 3H),
2.342.63 (m, 2H), 4.3%.37 (m, 1H), 5.08.19 (m, 3H), 5.58.71 (m, 1Hppm;**C NMR (781Hz,
CD@):d27.2, 28.3, 35.7, 59.3, 79.8, 119.0, 132.2, 155.3, 205 MS:m/z 236 [M+Na]".

Compound 53 was prepared following threported procedure!'’

Tributyl((2-methylthiazol4-yl)methyl)phosphonium chloridg54)

A A

s” N P(n-Bu); 8N
= touene,100°c,3h  ={ ©
cl P(n-Bu)s
53 54 (67%)

To a solution 063 (275 mg, 1.9 mmol) in 3 mL of dry toluenenB() (0.918 mL, 3.7 mmol) was
added under nitrogen atmosphere. The reaction was stiraédlO0 °C for 3 hoursThen,the
solvent was evaporated under vacuum are tresidue was purified by column chromatography

on silica gelICMMeOH?9:1) to giveb4 aswhite solid

The NMR data are consistent with those reported in literafiife.

(3S.1B-3-(Tert-butoxycarbonylamino-2-methyl-1-(2-methylthiazot4-yl)hexal1,5-diene (55)

i A
X SN n-BuLi /<S \ =
| o P \j\).,
NHBoc = % THF,-78 °C, 1 h N— N
P(n-Bu)s NHBoc
52 54 55 (85%)

1173:C. JungR. KachgK. K. VingsY-S. ZhengP. BijoyM. Vallurj M. A. AveryJ. OrgChem 2004, 69, 9269.
118 3. Mulzer; A. Mantoulidis; E. Oehlek; OrgChem, 2000 65, 7456,
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To a solution 064 (371 mg, 1.1 mmol) in 3 mL of dry THBuLi (0.662 mL, 1.1 mmol) was added
dropwise at0 °C under nitrogen atmosphere and the mixture was stirred for 15 minutes. BBen,
was added at 0 °C and the temperature was allowed to rise up to rt. After 1 hour the reaction was
completed (checked withIC) and it was quenched with saturated solution ofGIH6 mL)The
phases were separated and the aqueous layer was extracted 3 timeAa@Et The combined
organic layersvere dried oveMN&SQ, filtered and evaporated. Theesidue was purified by flas
column chromatography (Hex/EtOA&d) to provide ketoneés5 aslight yellowoil.

Yield: 85%[alo = - 21.5 € 0.625, MeOH)*H NMR (400 MHz, CRCH 1.48 (s, 9H), 2.07 (s, 3H),
2.352.46 (m, 2H), 2.76 (s, 3H), 4.24 (bs, 1H), 4.72 (bs, 1H)588Fm, 2H), 5.78.83 (m, 1H),
6.49 (s, 1H), 6.96 (s, 1Hpm; °C NMR (100MHz, CDG): d 16.1, 18.9, 28.4, 38.1, 56.8, 79.5,
115.4, 118.0, 118.3, 134.0, 140.4, 153.84.9ppm; MS:m/z 331[M+NaJ.

(3S,1E2-methyl-1-(2-methylthiazol-4-yl)hexa1,5-dien-3-aminium chloride (55)

/wa"’"f HCI/MeOH sat. /<\j\) H/

NHBoc DCM rt, 30 min
55 56 (99%)

To a solution 065 (114 mg, 0.5nmol), the saturated solution of HCI in MeOH was added and the
reaction was stirred for 30 minutes at r oom temperature. After completion, checked by TLC
(Hex/AcOEt 2:1), the solvent was removed under vacuum. The crude product was used in the next
step without further purification.

Yield: 99%'H NMR (80 MHz, CEDD): d 2.08 (s, 3H), 2.58.65 (m, 2H), 2.95 (s, 3H), 4.03%

7.4 Hz, 1H), 5.28.30 (m, 3H), 5.75.85 (m, 1H), 6.59 (s, 1H), 7.81 (s, fipth; °C NMR (75 MHz,
CDROD:d15.1, 19.4, 41.3, 58, 115.4, 116.0, 119.2, 123.1, 132.7, 138.1, 18348,1ppm.

(3S,B)-3-Azido-2-methyl-1-(2-methylthiazol4-yl)hexa1,5-diene (57)

S = N=\ S =
N-SO,N
QMH/ vson () H/
N ’ N 2
N

MeOH, rt, 12 h
NH,*HCI
2'HC K,COj3,
CUSO4 5H20

56 57 (50%)

The salt56 (39 mg, 0.2 mmol) was dissolved in MeOH (0.7 mL) a6@K125 mg, 0.9 mmaol),
CuS@pentahydrate (0.4 mg, 0.02 mmol), ad#timidazolel-sulfonyl azidg50 mg, 0.24 mmol)
were added.The reaction was stirred at room temperature for 12 hours, then the solvent was
removed under vacuumTlheresidue was purified bflash column chromatography (Hex/EtOAc

9:1) to provide azid&7 as yellow oil.
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Yield: 50%IR: (neat)n = 2094 crit; *H NMR (300 MHz, CR)CH 2.07 (s, 3H), 2.32.44 (m, 2H),
2.74 (s, 3H), 4.04.06 (m 1H), 5.085.17 (m, 2H), 5.68.82 (m, 1H), 6.5¢, 1H), 7.01s, 1Hppm.

6.6.2. Synthesis of fragmer@
Compound 62 was prepared following the reported proceduré.
Synthesis of (§15-2,2-dimethyl-1-(1-(2-methyl-1-(2-methylthiazol-4-yl)hexa1,5-dien-3-yl)-1H-
1,2,3triazol-4-yl)pentane-1,3-dione (63)

((/ o o S

" CUSO4 * 5H20 we

S\/\>_) + \)%J\ Sodium Ascorbate J N o
s Ns s N 0

£-BUOH : H,0 = N

57 62 70°C, 12h f'\‘ 63 (26%)
To a solution 067 (19 mg, 0.08 mmgland 62 (61 mg, 0.4 mmol) in-BuOH:HO (1:1, 1 mL),
CuS@5H:0 and sodium ascorbate were added and the mixture was heated at 70 °C for 12 hours.
Then thet-BuOHwas evaporated under vacuum, water was added and the residue was extracted
with DCM (3x5 mL)The combined organic layerwere dried over NaSQ, filtered and
evaporated. Theesidue was purified by flash column chromatography (Hex/E®Bdo provide
triazole63 as yellow oil.
Yield: 26%'H NMR (400 MHz, CR)CH 1.09 (t,J= 1.4 Hz, 3H), 1.5 (s, 6H), 2.03 (s, 3H), 2.65(q,
1.4 Hz, 2H), 2.80 (s, 3H), 2829 (m, 1H)3.053.12(m, 1H)5.11-5.20(m, 3H)5.67-5.77(m, 1H)
6.71 (s, 1H), 7.09 (s, 1H), 8.13 (s, ipih; 2°C NMR (10MHz, CDG): d 7.9, 15.0, 18.6, 22.4, 29.7,
36.3, 60.0, 68.9, 117.6, 119.3, 122.3, 126.2, 132.1, 136.4, 145.8, 150.4, 166.3, 194.8pai1.2
MS:m/z 409[M+NaJ.

6.6.3. Synthesis of fragmerid

Compound66 was prepared following the reported procedur&?

Compound 68vas prepared following the reported procedur&?

19M. M. Alhamadsheh; S. Gupta; R. A. Hudson; L. Perera; L. M. V. Tillek€tene;Eur. 2008 14, 570.
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Chapter 7

/n vivo trapping of polyketide
iIntermediatesfrom a Type | Polyketide

Synthase
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7.1.Introduction

7.1.1. Polyketide synthase
Polyketides are a large family of natural products found in bacteria, fungi and plants, which
exhibit a staggering range of fumanal and structuraldiversity andboast awide range of
medicinally important activities, including antibiotic, anticancer, antifungal, antiparasitic and

immunosuppressive propertiggigure 5§.12°

Daunomycin Erytromycin A
Figure 56

Even before the full extent dheir utility was known, scientists became interested in how these
complicated molecules are assembléithe unigie structures of thousands of polyketidesise

from coordinated, multistep action of enzymes organized in assembly, lirases polyketide
syrthases (PKSs)he chemical logic faheir assembly is that a small set of monomer units are
incorporated into a linear oligomer uccessive rounds of decarboxylative Claisen condensations
between a thioesterified malonate derivative and an acyl thieesTipically the nonomers are
acetylCoA, malomyCoA, methylmalonyCoA, with the carboxyl group activated for capture by
nucleophileqFigure57).12

O O O O O
_OMSCOA ‘OMSCOA ASCOA
malonyl-CoA methylmalonyl-CoA acetyl-CoA

Figure 57

Three types of bacterial PKSs are known to date: type |, Ityged type Ill PKS, but in this thesis
only type | will be described.
The modular system is the classic bacterial type | B&6$ exemplified by the PKS responsible for

assembling the @leoxyerythronolide B ®EB) scaffold of erythromycin A (Fig68).

120B. ShenCurr.Opin. Chem. Big2003 7:285
121 M. A. FischbagiC. T. WalshChem. Rey2006 106, 3468.
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Figure 58

This PKS assembles seven precursors consisting of one prepahydtarter unit and six §
methylmalonyiCoenzyme A (CoA) extender units intdBB. The role each of these typé

precursors plays in polykide assembly is readily apparent from the unit names: the starter unit is

the initiating precursor for polyketide synthesis, while the extender units elongate the polyketide

ol Ol1o2yS (2 O2YLX SiAzyd | aSi 2F OLGIORYTMNG f R2 Yil
incorporation of each precursor into the polyketide backbone. For modular type | PKSs, the
number of modules is equivalent to the number of precursors incorporated into the polyketide.

While the modules that incorporate the starter unit cdéuave variable catalytic domains, the

modules that incorporate extender units typically consist of three core domains for polyketide
SEGSy&aArz2y FyR dz) (2 ( KNBKeto prazessirigATheNsBre derdans are/ & A Y
the ketosynthase (KS), agghsferase (AT), and acyl carrier protein (ACP). The AT domain is the

31 GS 1SSLISNE 2F GKS Y2RdA S FyR NBO23yAal Sa (KS
growing polyketide chain and covalently tethers the malonyl derivatii@®extender it onto

the sulfdryl group of the ACP prtisetic group:ii K Sphasphopantetheinyl moiety of CoA. The KS

domain catalysesthe decarboxylative Claisen condensation between a neighboringlifkeel

malonate derivative and an AdiRked acyl thioester to d®nd the polyketide chain. The

remaining optional domains (ketoreductase [KR], dehydratase [DH], and enoylreductase [ER])

I £t GSNJ GKS 2 EA Retd gradip/forraed aftér$he RSitalyield SondensatiofScheme

31).
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