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CHAPTER ONE

Introduction to Carbonic Anhydrase

1.1 Introduction

Carbonic anhydrases (CAs, also known as Carbonaghyddatases) are
metalloenzymes which catalyze ¢@ydration to bicarbonate and protons. As CO
bicarbonate and protons are essential moleculss/ionmany important physiologic
processes in all life kingdomsBdcterig Archaea and Eukaryg, throughout the
phylogenetic tree, relatively high amounts of thame present in different tissues/cell
compartments of all such organisms. CAs evolve@petddently at least five times, with
five genetically distinct enzyme families knowndate: then-CAs (present in vertebrates,
Bacterig algae and cytoplasm of green plants), flR€As (predominantly found in
Bacterig algae and chloroplasts of both mono- as well iastyledons), they-(mainly
present inArchaeaand someBacterig), thes-CAs present in some marine diatoms §nd
CAsX® All of them are metalloenzymes, where p- and3-CAs use Zn(ll) ions at the
active sité™ they-CAs are probably Fe(ll) enzymes (but they arevaciilso with bound
Zn(11) or Co(ll) ions)® whereas thé-class uses Cd(ll) or Zn(1l) to perform the physiit
reaction catalysi8. The active site centers of the five families of <CAre shown

schematically in Figure 1.1.
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Figure 1.1. Metal ion coordination in CAs: Au-, y- and3-CAs (for they-class the metal ion can also be
Co(ll) or Fe(ll)); B.B-CAs, open active site; B-CAs, closed active site; Ii-CAs (Cd(ll) can be also

substituted by Zn(ll), without loss of activity).

The 3D fold of the five enzyme classes is also \hiferent from each other, as it is their
oligomerization statex-CAs are normally monomers and rarely dimers (€é,1X and
XIl); B-CAs are dimers, tetramers or octamer§As are trimers;* whereas thé- and¢-
CAs are probably monomers but in the case of tke flEmily, three slightly different
active sites are present on the same protein baekitich is in fact a pseudotrimer, at
least for the best studied such enzyme, from theneaiatomThalassiosira weissflogii

® Many representatives of all these enzyme classes heen crystallized and characterized
in detail, except th8-CAs*?®

In many organisms these enzymes are involved irciaryphysiological processes
connected with respiration and transport of @arbonate, pH and GGhomeostasis,
electrolyte secretion in a variety of tissues/ogjabiosynthetic reactions (such as
gluconeogenesis, lipogenesis and ureagenesis), baogsorption, calcification,
tumorigenicity, and many other physiologic or pagigic processes (thoroughly studied in
vertebrates}>"*°*Whereas, in algae, plants and some bacteria tlagyap important role

in photosynthesis and other biosynthetic reacttdnis: In diatomss- and(-CAs play a

crucial role in carbon dioxide fixatich.
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The 16 differenti-CA isoforms isolated and characterized so far ammmals (where they
play important physiological roles, as briefly aoéld above) are cytosolic (CA I, CA I,
CA lll, CA VII, CA XIIl), membrane-bound (CA IV, CAX, CA XIl, CA XIV and CA
XV), mitochondrial (CA VA and CA VB) or secreted AQV1) proteins!™ Three acatalytic
forms are also known, the CA related proteins (CARFARP VIII, CARP X and CARP
X1, which are also cytosolic proteins tboThe mammalian CAs were the first such
enzymes isolated and studied in detail, and manyheim are established therapeutic
targets with the potential to be inhibited or aated to treat a wide range of disordetg:
101213 1ndeed, diuretics, antiglaucoma, antiepileptidicresity and anticancer drugs based
on CAls are presently known, and they target variomammalian (humany-CA
isoforms?

In addition to the physiological reaction, the nesilele hydration of C@to bicarbonate
(reaction 1.1, Chart 1.19;CAs catalyze a variety of other reactions, suchteshydration

of cyanate to carbamic acid, or of cyanamide t@ ({reactions 1.2 and 1.3); the aldehyde
hydration to gem-diols (reaction 1.4); the hydr@ysf carboxylic esters, or sulfonic acid
esters (reactions 1.5 and 1.6), as well as otlssrifevestigated hydrolytic processes, such
as those described by Egs. 1.7-1.10 in Chart®221.

0=C=0+H,0 == HCO3 +H" (1.1)
O=C=NH + H,0 == H,NCOOCH (1.2)
N=C—-NH, + H,O === H,NCONH, (1.3)
RCHO + H,O === RCH(OH), (1.4)
RCOOAr + H,O0 === RCOOH + ArOH (1.5)
RSOzAr + H,O =—= RSOzH + ArOH (1.6)
ArF + H,O == HF + ArOH 1.7)
(Ar = 2,4-dinitrophenyl)
PhCH,OCOCI + H,O =——= PhCH,0H + CO, + HCI (1.8)
RSO,Cl + H,O === RSOzH + HCI (1.9)
(R = Me, Ph)
ROP=0O(0OH), + H,O ROH + H3PO, (1.10)

Chart 1.1. Reactions catalyzed layCAs.

It is unclear at this moment whether otheCA catalyzed reactions than the £i@ydration
have physiological significance. The X-ray crystilicture has been determined for nine
a-CAs at this moment (isozymes CA I-VA, CA IX, CAXnd XIll and CA XIVy-8192¢

as well as for representatives of fheandy-CA families?’%
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1.2 Catalytic and inhibition mechanisms of CarbonicAnhydrases
1.2.1a-CAs

The metal ion (which is Zn(ll) in ali-CAs investigated up to now) is essential for
catalysis?'9233334 ray crystallographic data showed that the mietalis situated at the
bottom of a 15 A deep active site cleft (Figure)1ting coordinated by three histidine
residues (His94, His96 and His119) and a water cudéé hydroxide iorf:19233334

Thriog @
Ay
0, "
Glu1oe /@OH
e
oo
© zn,
2 His119
His94 Hisoe

Figure 1.2. The Zn(ll) ion coordination in the hCA Il activétes with the three histidine ligands (His94,
His96 and His119, isozyme | numbering) and the-§gatping residues (Thr199 and Glu106) shown.

The zinc-bound water is also engaged in hydrogerd boteractions with the hydroxyl
moiety of Thr199, which in turn is bridged to tharlvoxylate moiety of Glu 106; these
interactions enhance the nucleophilicity of thecanmound water molecule, and orient the
substrate (Cg) in a favourable location for the nucleophilicaalt (Figure 1.3§:1923:33:34
The active form of the enzyme is the basic oneh Wigdroxide bound to Zn(ll) (Figure
1.3A). This strong nucleophile attacks the Gfblecule bound in a hydrophobic pocket in
its neighbourhood (the substrate-binding site casepr residues Vall2l, Vall43 and
Leul98 in the case of the human isozyme CA Il) {Fegl.3B), leading to the formation of
bicarbonate coordinated to Zn(ll) (Figure 1.3C)eHicarbonate ion is then displaced by a
water molecule and liberated into solution, leadinghe acid form of the enzyme, with

water coordinated to Zn(ll) (Figure 1.3D), whictcistalytically inactive;*923:33:34
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Figure 1.3. Schematic representation of the catalytic mecharis theo-CA catalyzed C@hydration. The
hydrophobic pocket for the binding of substraté&gghown schematically at step (B).

In order to regenerate the basic form A, a protandfer reaction from the active site to the
environment takes place, which may be assistecrelily active site residues (such as
His64—the proton shuttle in isozymes |, 11, IV, W1, IX and XII-XIV among others) or

by buffers present in the medium. The process neagdhematically represented by Egs.

1.11 and 1.12 below:
E-Zn’*-OH + CO, == E-Zn**-HCOy

H,O
=== E-Zn?*-OH, + HCOy

(1.11)

E-Zn?*-OH + H* (1.12)

E-Zn?*-OH, =—=
The rate limiting step in catalysis is the secoedction, that is, the proton transfer that
regenerates the zinc-hydroxide species of the eaZyif>***In the catalytically very
active isozymes, such as CA Il, CA IV, CA VII andAQX, the process is assisted by a
histidine residue placed at the entrance of theeasite (His64), as well as by a cluster of
histidines, which protrudes from the rim of theiaetsite to the surface of the enzyme,
assuring thus a very efficient proton transfer psscfor the most efficient CA isozyme,
CA 11.* This also explains why CA Il is one of the mostiae enzymes known (with a
KealKw = 1.5 x 18 M™ s1), approaching the limit of diffusion control, amdso has

important consequences for the design of inhibitdts clinical applicationg:*923333°

6
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Different classes of CA inhibitors (CAls) are knawirhe oldest and most studied two are:
the metal complexing anions, and the unsubstitstdidnamides, which bind to the Zn(ll)
ion of the enzyme either by substituting the nootgin zinc ligand (Eq. 1.13 in Figure 1.4)
or add to the metal coordination sphere (Eq. 1lri4igure 1.4), generating trigonal—
bipyramidal species!2%33343%5|fonamides, which are the most important CAlsksas
the clinically used derivatives acetazolamfikZ , methazolamidé/1ZA , ethoxzolamide
EZA, dichlorophenamid®CP, dorzolamideDZA and brinzolamideBRZ, Chart 1.2)%°
bind in a tetrahedral geometry of the Zn(ll) iomg{ife 1.4), in deprotonated state, with the
nitrogen atom of the sulfonamide moiety coordindgtedn(ll) and an extended network of

hydrogen bonds, involving residues Thr199 and G050 participating to the anchoring
of the inhibitor molecule to the metal ion.

E-Zn?*-OH, +| === E-Zn?*-I+ H,0 (substitution) (1.13)
Tetrahedral adduct
E-Zn?*-OH, + | === E-Zn?*-OH,(l)  (addition) (1.14)

Trigonal-bipyramidal adduct
hydrophilic part
of active site

/—\ hydrophobic part

Thr199 O  / of active site
NH
~ R
O{ | /O

0 S~
H N© ¢ OH
HE N
d@ :’—@E ,’,,/@
G|Ui6/_< \\Z_n/// \\Z_n,,/
O © 5 His119 “ % Hisl19
His94 Hisoe His94  Hisge

Tetrahedral adduct

Trigonal-bipyramidal adduct
(sulfonamide)

(thiocyanate)

A B

Figure 1.4. a-CA inhibition mechanism by sulfonamide (A) and @mic (B) inhibitors. In the case of

sulfonamides, in addition to the Zn(ll) coordinatioan extended network of hydrogen bonds ensues,
involving residues Thr199 and Glul06, whereas thgamic part of the inhibitor (R) interacts with

hydrophilic and hydrophobic residues of the cavi®ar anionic inhibitors such as thiocyanate (B) the
interactions between inhibitor and enzyme are nsiicipler.

The aromatic/heterocyclic part of the inhibitor (R)teracts with hydrophilic and
hydrophobic residues of the cavity. Anions may baittier in tetrahedral geometry of the

metal ion or as trigonal-bipyramidal adducts, saslfor instance the thiocyanate adduct
shown in Figure 1.4B3°
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Chart 1.2. Sulfonamidic CAs inhibitor&dAZ-BRZ and the sulfamatéPM.

X-ray  crystallographic  structures are available fomany adducts of
sulfonamide/sulfamate/sulfamide inhibitors withzgmes CA I, Il and I\?®*?|n all these
adducts, the deprotonated sulfonamide/sulfamatarfaide is coordinated to the Zn(ll) ion
of the enzyme, and its NH moiety participates imydrogen bond with the yOof Thr199,
which in turn is engaged in another hydrogen banthé carboxylate group of Glu18®.
39.434240410ne of the oxygen atoms of the sulfonamidic moialgo participates in a
hydrogen bond with the backbone NH moiety of ThrlB®amples of various adducts of
such inhibitors with CA Il are provided in Figurgé$ and 1.6.

His96
. N \ His119
His94 //>
N =N
0 A
LN R hydrophobic
@ residues
Gluioe Q Zn Leu204
2 = Pro202
1.9 3=
N O 2.7 '—__3'0 Leul98
“, H.© =
\ Ho PN o Val135 0
o) O\\\ /\
\‘O/S
H
Thr199 N
Phel31
Glngz/~NH
hydrophilic
residues

Glu69

Asn67

Figure 1.5. Schematic representation of the pentafluorobenanglogue of methazolamideKMZ) bound
within the hCA Il active site (figures represerstdinces in A §7
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Figure 1.6.Binding of the sulfamate CA inhibit@MATE to hCA 113

The different types of interactions for a sulfondmiinhibitor to have very high affinity
(in the low nanomolar range) for the CA active ,séee illustrated in Figures 1.5 and 1.6;
in particular two examples are the fluorocontainisgifonamide inhibitor,PFMZ 3’
(Figure 1.5) and the steroid sulfam&MATE 8 (Figure 1.6). It can be observed that for
the sulfonamide compounBFMZ, the ionized sulfonamide moiety has replaced the
hydroxyl ion coordinated to Zn(ll) in the nativezgme (Zn—-N distance of 1.95 A), with
the metal ion remaining in its stable tetrahedesdrgetry, being coordinated in addition to
the sulfonamidate nitrogen, by the imidazolic rgeas of His94, His96 and His119. The
proton of the coordinated sulfonamidate nitrogesmagalso makes a hydrogen bond with
the hydroxyl group of Thr 199, which in turn acce@ hydrogen bond from the
carboxylate of Glul06. One of the oxygen atomsha& sulfonamide moiety makes a
hydrogen bond with the backbone amide of Thrl199ereds the other one is semi-
coordinated to the catalytic Zn(ll) ion (O—Zn dista of 3.0 A). The thiadiazoline ring of
the inhibitor lies in the hydrophobic part of thetige site cleft, where its ring atoms make
van der Waals interactions with the side chaindei204, Pro202, Leul198 and Val135
(Figure 1.5). The amidic oxygen ¢{FMZ makes a strong hydrogen bond with the

9
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backbone amide nitrogen of GIn92 (of 2.9 A), areiattion also evidenced for the
acetazolamide—hCA Il adduct. Besides GIn92, twoemthesidues situated in the
hydrophilic half of the CA active site, that is,U569 and Asn67, make van der Waals
contacts with thePFMZ molecule complexed to hCA Il. But the most notabled
unprecedented interactions evidenced in this compégard the hydrogen bond network
involving the exocyclic nitrogen atom of the inhdy, two water molecules (Wat1194 and
Watl1199) and a fluorine atom in meta belongingh® perfluorobenzoyl tail oPFMZ
(Figure 1.5). Thus, a strong hydrogen bond (of &)ds evidenced between the imino
nitrogen of PFMZ and Wat1194, which in turn makes a hydrogen boit & second
water molecule of the active site, Wat1199 (withdiatance of 2.7 A). The second
hydrogen of Wat1194 also participates in a weakgrdgen bond (3.3 A) with the
carbonyl oxygen oPFMZ. The other hydrogen atom of Wat1199 makes a wgdkolgen
bond with the fluorine atom in position 3 of therfheorobenzoyl tail ofPFMZ (Figure
1.5). Finally, a very interesting interaction ha&eb observed between the perfluorophenyl
ring of the inhibitor and the phenyl moiety of PB&1a residue critical for the binding of
inhibitors with long tails to hCA If:*?° Indeed, these two rings are almost perfectly
parallel, being situated at a distance of 3.4-4.7His type of stacking interactions has
never been observed in a hCA ll-sulfonamide add8ahilar interactions are also
observed for the sulfamateSMIATE ) type of CA inhibitors (Figure 1.6}

Among the chemotypes diverse of sulfonamides aei bioisosteres investigated in great
detail ultimately, are the phenols and polyphefi6fS. Initially, simple mono- or
polysubstituted phenols/naphthols have been imyastd for their interaction with all 13
catalytically active mammalian isozymes, with mdow micromolar inhibitors being
detected**® Further studies evidenced better inhibitors, ameagous salicylic acid
derivatives, antioxidant phenols/biphenyl phengbhienolic acids and other natural
products, some of which were nanomolar inhibitofsseveral isoforms, such as the
mitochondrial ones CA VA and VE*° Phenols and their derivatives, constitute thus a
class of scarcely investigated CAls with great psanUnfortunately, there are very few
structural information regarding how this classGAls bind to the enzyme active site,
since only the X-ray structure of the adduct of@ephenol (PhOH) with CA 1l has been
reported by Christianson’s grodp.The schematic representation of phenol inhibition

mechanism is reported in Figure 1.7.

10
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Figure 1.7.Binding of Phenol to hCA I{°

Another class of CAls, only recently emerged, isresented by the CoumaritfsThis

chemotype shows a totally different inhibition apgeh towards CAs, I'll talk about later,
as it's one of the main themes of this thesis.

1.2.23-CAs

Many species belonging tBacterig someArchaea(such asMethanobacterium
thermoautotrophicuip algae and the chloroplasts of superior plantetan CAs
belonging to theB-class**?"#**The principal difference between these enzymestlamd
a-CAs discussed above consists in the fact thatllysi@ B-CAs are oligomers, generally
formed of 2—6 monomers of molecular weight of 25kB@&. The first reporte@-CA X-
ray structure was that &. purpureuma red alga, in 200%.This was quickly followed by
structures for a planP( sativun *°and a bacterialH. coli) f-CA.?’ to date, 6 additiondl-
CA X-ray crystal structures are known, includingonaler of appearance, an archgeaA
(M. thermoautotrophicul® two enzymes (mtCA 1 and mtCA 2) frokh. tuberculosis®
the second crystallizing in two different activeéesand oligomerization structur€sa
carboxysomap-CA (H. neapolitanu}>® andHaemophilus influenzg@ CA.>*

11
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Figure 1.8. Schematic representation of the Zn(ll) coordimatigphere inp-CAs: (A) Porphyridium
purpureuni? and Escherichia cofi’ enzymes; (B)Pisum sativumchloroplast andMethanobacterium
thermoautotrophicunenzyme® as determined by X-ray crystallography.

ThePo. purpureunCA monomer is composed of two internally repeastrgctures, being
folded as a pair of fundamentally equivalent motifano/p domain and three projecting
a-helices. The motif is very distinct from that ofher a- or y-CAs. This homodimeric CA
appeared like a tetramer with a pseudo 2-2-2 symyniep-CAs are thus very different
from the a-class enzymes. The Zn(ll) ion is essential foralyais in both families of
enzymes, but its coordination is different and eathariable for the3-CAs: thus, in the
prokaryoticp-CAs the Zn(ll) ion is coordinated by two cystemaesidues, an imidazole
from a His residue and a carboxylate belongingntd\sp residue (Figure 1.8A), whereas
the chloroplast enzyme has the Zn(ll) ion coordiddty the two cysteinates, the imidazole
belonging to a His residue and a water moleculguéi 1.8B)°*? The polypeptide chain
folding and active site architecture are obvioustyy different from those of the CAs
belonging to ther-class. Since no water is directly coordinatedi¢llY for some members
of the B-CAs (Figure 1.8A), the main problem is whether #irec-hydroxide mechanism
presented in this chapter for theCAs is valid also for enzymes belonging to paamily.

A response to this question has been given by Kitshiet al>> who have proposed the

catalytic mechanism shown below in Figure 1.9.
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O Humg HO
H YAsp151/405 YAsp151/405
eQ o, . @
'—,: o0 HO/""/,,,ZE o0
L, g— L g—
~s" I Cys149/403 ~s" I Cys149/403
Cys208/462 E’\>\ Cys208/462 z’\>\
N N
His205/459 His205/459
A B
+H,0
-H* CO,
-HCO4
5 ©
H\o £ 1 Asp151/405 HO W/
g sow"‘H/ O|Asp151/405
Gl g— - S —
—s" I Cys149/403 ~s" I Cys149/403
Cys208/462 z’\>\ Cys208/462 z’\>\
N N
H H
His205/459 His205/459
D c

Figure 1.9. Proposed catalytic mechanism for prokaryofi€CAs (Porphyridium purpureumenzyme
numbering).

As there are two symmetrical structural motifs meamonomer of th€>o. purpureum
enzyme, resulting from two homologous repeats wlaoh related to each other by a
pseudo twofold axis, there are two Zn(ll) ions cboated by the four amino acids
mentioned above. In this case these pairs are: 42Y8¥s403, His205/His459,
Cys208/Cys462 and Aspl51/Asp4t35.A water molecule is also present in the
neighbourhood of each metal ion, but it is not dise coordinated to it, forming a
hydrogen bond with an oxygen belonging to the figeind Asp151/Asp405 (Figure 1.9A).
It is hypothesized that a proton transfer reactiay occur from this water molecule to the
coordinated carboxylate moiety of the aspartatielues with generation of a hydroxide ion
which may be then coordinated to Zn(ll), which dogmia trigonal-bipyramidal geometry
(Figure 1.9B). Thus, the strong nucleophile whiclaymattack C@ bound within a
hydrophobic pocket of the enzyme is formed (Figu@C), with generation of bicarbonate
bound to Zn(ll) (Figure 1.9D). This intermediate iather similar to the reaction

intermediate proposed for theCA catalytic cycle (Figure 1.3C), except that foe -
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class enzyme, the aspartic acid residue, origirabyrdinated to zinc, is proposed here to
participate in a hydrogen bond with the coordindiedrbonate (Figure 1.9D). In the last
step, the coordinated bicarbonate is releasedliniao, together with a proton (no details
regarding this proton transfer process are ava)akhhe generated aspartate re-coordinates
the Zn(ll) ion, and the accompanying water moledalens a hydrogen bond with it. The
enzyme is thus ready for another cycle of catalysis

The structure of th@-CA from the dicotyledonous plaffi. sativumat 1.93 A resolution
has also been report8tThe molecule assembles as an octamer with a ribrrer of
dimers arrangement. The active site is locatechatinterface between two monomers,
with Cys160, His220 and Cys223 binding the catalginc ion and residues Aspl62
(oriented by Argl164), Gly224, GIn151, Val184, Ph@hnd Tyr205 interacting with acetic
acid. The substrate-binding groups have a one #&conrespondence with the functional
groups in the a-CA active site, with the corresponding residuesndpeclosely
superimposable by a mirror plane. Therefore, degfiffering folds,a- andp-CAs have
converged upon a very similar active site desigd are likely to share a common
mechanism of actiotf. Cab exists as a dimer with a subunit fold siritathat observed in
plant-typep-CAs. The active site zinc ion was shown to be dimated by the amino acid
residues Cys32, His87, and Cys90, with the tetnath@dordination completed by a water
molecule>® The major difference between plant- and cab-B4@As is in the organization
of the hydrophobic pocket (except for the zinc dimation mentioned above). The
structure also revealed a Hepes buffer moleculet®A away from the active site zinc,
which suggests a possible proton transfer pathway the active site to the solvertiNo
structural data are available at this moment raggrthe binding of inhibitors to this type
of CAs, except for the fact that acetate coordmatethe Zn(ll) ion of thePi. sativum
enzyme>?

B-CAs from Mycobacterium tuberculosiBave recently been cloned by Covarrubghs
al.;*® among them I'll talk about the kinetic and inhibit profile of the most active mtCA

2, encoded by gene Rv-3588c.

1.2.3y-CAs

The prototype of the-class CAs, ‘Cam’, has been isolated from the nmeiganic
archaeonMethanosarcina thermophif The crystal structures of zinc-containing and
cobalt-substituted Cam were reported in the unbdard and co-crystallized with sulfate

or bicarbonate. Cam has several features thateliffate it from ther- andp-CAs. Thus,
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the protein fold is composed of a left-handieldelix motif interrupted by three protruding
loops and followed by short and longhelixes. The Cam monomer self-associates in a
homotrimer with the approximate molecular weighZ6fkDa>® The Zn(ll) ion within the
active site is coordinated by three histidine neeg] as ino-CAs, but relative to the
tetrahedral coordination geometry seen at the esiie ofa-CAs, the active site of this

CA contains additional metal-bound water ligands, that the overall coordination
geometry is trigonal-bipyramidal for the zinc-cantag Cam and octahedral for the
cobaltsubstituted enzyme. Two of the His residussrdinating the metal ion belong to
one monomer (monomer A), whereas the third onerasnfthe adjacent monomer
(monomer B). Thus, the three active sites are éutatt the interface between pairs of
monomers® The catalytic mechanism qfCAs was proposed to be similar to the one

presented for the-class enzymes (Figure 1.10).

Glu62
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Figure 1.10.Proposed reaction mechanism for Cam. The reantiechanism is drawn using Zn-Cam as the
template. Co-Cam should have a similar reactionhaeism with an additional water molecule as arvacti
site ligand. (A) ZA" is coordinated to one water molecule and one hydeoion at the beginning of the first
half-reaction. (B) Carbon dioxide enters the acsite along the hydrophobic pocket. (C) Carbon idiexs
attacked by the hydroxide bound to the zinc. (D¥ Bicarbonate may have several stable binding modes
This bidentate binding mode, which requires losa ofietal ligand water molecule, is similar to teeén in
the structure of Zn-Cam in complex with HEO(E) The first half-reaction ends with exchange of
bicarbonate and a water molecule from the solvEmis state is crystallographically indistinguishatilom
that shown in state A, and may be represented égttluctures of Zn-Cam or Co-Cam. (F) The secofifd ha
reaction begins with the deprotonation of one Znand water molecule, with the proton transferred t
Glu62. During this process, the side chain of Gle84ngs in so that it may accept the proton. Thep $s
represented by the structure of water-liganded Zm@vith the Glu84 side chain. (G) The proton isspds
from Glu62 to Glu84. With the transfer of protonttee solvent, the second half-reaction is compéete
state A is regenerated.
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Still, the finding that Zn(ll) is not tetracoordiea as originally reported but
pentacoordinated, with two water molecules boundh® metal ion, demonstrates that
much is still to be understood regarding these sy At this moment, the zinc hydroxide
mechanism is accepted as being validyt@As, as it is probable that an equilibrium exists
between the trigonal-bipyramidal and the tetraHesjpacies of the metal ion from the
active site of the enzymé.Ligands bound to the active site were shown toeraintacts
with the side chain of Glu62 in a manner that sstg¢his side chain to be probably
protonated. In the uncomplexed zinc-containing Cémma,side chains of Glu62 and Glu84
appear to share a proton; additionally, Glu84 exhilnultiple conformations. This
suggests that Glu84 may act as a proton shuttleghwis an important aspect of the
reaction mechanism of CAs, for which a histidine active site residuagelly plays this

function, usually His64. Anions and sulfonamidesevghown to bind to Cani:*®

1.2.40-CAs

X-ray absorption spectroscopy at the Zn K-edgecagis that the active site of the
marine diatomThalassiosira weissflogiCA (TWCAL) is strikingly similar to that of
mammaliam-CAs. The zinc has three histidine ligands andhglsiwater molecule, being
quite different from the-CAs of higher plants in which zinc is coordinatby two
cysteine thiolates, one histidine and a water mié€ The diatom carbonic anhydrase
shows no significant sequence similarity with otb@ronic anhydrases and may represent
an example of convergent evolution at the molecldeel. In the same diatom a rather
perplexing discovery has been then made: thedagiium-containing enzyme, which is a
CA-type proteir* The marine diatorif. weissflogiigrowing under conditions of low zinc,
typical of the marine environment, and in the pneseof cadmium salts, led to increased
levels of cellular CA activity, although the levads TWCAL, the major intracellular Zn-
requiring isoform of CA inl. weissflogii remained low *°°Cd labelling comigrates with
a protein band that showed this CA activity to =idct from TWCAL on native PAGE of
radiolabelledT. weissflogiicell lysates. The levels of the Cd protein weredulated by
CO; in a manner that was shown to be consistent witbleafor this enzyme in carbon
acquisition. Purification of the CA-active fractiteads to the isolation of a Cd-containing
protein of 43 kDa being clear thdt weissflogiiexpresses a Cd-specific CA, which,
particularly under conditions of Zn limitation, caeplace the Zn enzyme TWCAL in its

carbon-concentrating mechani.
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CHAPTER TWO

Introduction to experimental data

2.1 Physiological functions of CAs, their inhibitimm and medicinal

chemistry applications

It is not clear whether other reactions catalyzgdCli\s (Figure 1.2), except for
CO, hydration/bicarbonate dehydration, have physiaagielevancé?® Thus, presently,
only reaction 1.1 is considered to be the physicklgone in which these enzymes are
involved.
In prokaryotes, as shown also in the precedingi®est CAs possess two general
functions: (i) transport of C£ bicarbonate between different tissues of the rasga; (i)
provision of CQ/bicarbonate for enzymatic reactidils.ln aquatic photosynthetic
organisms, an additional role is that of a J&0Oncentrating mechanism, which helps
overcome C® limitation in the environmerft™® For example, inChlamydomonas
reinhardtii this CQ-concentrating mechanism is maintained by the patlignt created
across the chloroplast thylakoid membranes by @ystem Il-mediated electron transport
processed’ A large number of non-photosynthetic prokaryotesalyze reactions for
which CA could be expected to provide gigicarbonate in the nearby of the active site, or
to remove such compounds in order to improve theegatics of the reactiof.
In vertebrates, includinglomo sapiensthe physiological functions of CAs have widely
been investigated over the last 70 years, but msicdtill to be learnt about this large
family of metalloenzyme¥?3#%Thus, isozymes |, Il and IV are involved in resgion
and regulation of the acid/base homeostasihese complex processes involve both the
transport of C@bicarbonate between metabolizing tissues and eanoreites (lungs,
kidneys), facilitated C® elimination in capillaries and pulmonary microvalsture,
elimination of protons in the renal tubules andexiing ducts, as well as reabsorption of
bicarbonate in the brush border and thick ascentfiagle loop in kidneys® Usually,
isozymes |, Il and IV are involved in these proess®y producing the bicarbonate-rich
aqueous humor secretion (mediated by ciliary psesssozymes CA Il, CA IV and CA
XII) within the eye, CAs are involved in vision, égrheir misfunctioning leads to high
intraocular pressure, and glaucolM&A |l is also involved in the bone development and

function, such as the differentiation of osteodagir the provision of acid for bone
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resorption in osteoclasts. CAs are involved in gheretion of electrolytes in many other
tissues/organs, such as: CSF formation, by progiflinarbonate and regulating the pH in
the choroid plexus; saliva production in acinar dndtal cells; gastric acid production in
the stomach parietal cells; bile production, paatcejuice production, intestinal ion
transport:>®* CAs are also involved in gestation and olfactipnptection of gastro-
intestinal tract from extreme pH conditions (toadacor too basic), regulation of pH and
bicarbonate concentration in the seminal fluid, arigunctions and adaptation to cellular
stress. Some isozymes, such as CA V, are involvedolecular signalling processes, such
as insulin secretion signalling in pancr@asells!*®* [sozymes Il and VA are involved in
important metabolic processes, as they providelbicete for gluconeogenesis, fatty acids
ex novobiosynthesis or pyrimidine base synthésisinally, some isozymes (such as CA
IX, CA XIlI, CARP VIII) are highly abundant in tumaes, being involved in oncogenesis

and tumour progressidfi®#°

2.2 Carbonic Anhydrase inhibitors (CAls)

CAls include the classical inhibitors acetazolan(laZ ), methazolamideMZA ),
ethoxzolamideEZA), sulthiame $LT) and dichlorophenamid®CP). Further, they also
include more recent drugs/investigational agentt st dorzolamideDZA), brinzolamide
(BRZ), indisulam [ND), topiramate TPM), zonisamide 4NS), sulpiride GLP),
COUMATE (CMT), EMATE (EMT), celecoxib CLX), valdecoxib YLX) and
saccharin $AC) (Chart 2.1; Table 2.1). Derivativés andB are investigational agents for
targeting the tumour-associated isoform CA IX. Marfythese compounds were initially
developed years ago in the search for diureticengnthem the thiazides, compouris-

5, as well as derivativeB-I are still widely clinically used (Chart 2.1}? However, some
of these enzyme inhibitors could also be usedHerstystemic treatment of glaucoma, and
more recently, newer derivatives have been diseavehowing the potential as topical
antiglaucoma agents, as well as antitumour, aresitpor anti-infective drugs!®°2723%.7%
76,43,77-79

The inhibitory effects of some of these clinicallged drugs against the mammalian

isoforms CA I- XIV, of human or mouse origin, are shown in Table. 2
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Table 2.1.Inhibition data with selected sulfonamides/sulftasaagainst isozymes [-XIV*

Ki
(nM)

Isozyme (h = human, m = mouse)

hCAI* hCAIl * hCAIll ¥ hCAIVF hCAVA* hCAVB* hCAVI* hCAVII* hCAIX® hCAXII 2 mCAXIII ¥ hCAXIV?

AAZ 250 12
MZA 50 14
EZA 25 8
SLT 374 9
DCP 1200 38
DZA 500009
BRZ 450003
IND 31 15
TPM 250 |10
ZNS 56 35
SLP 1200040
CMT 3450 21
EMT 37 10
CLX 5000021
VLX 5400043
SAC 185405950
1300 45
4000 21
328 290
350001260
540002000
348 138
519002520
62 65

I @ m m o O @

2x10 74 63
7x10 6.20 65
1x16 93 25
6.3x10 95 81
6.8x10 15000 630
7.7x16 8500 42
1.1x10 3950 50
10400 65 79
7.8x104900 63
2.2x10 8590 20
10600  6.5x10174
7.0x10 24 765
6.5x10 NT NT
7.4x10 880 794
7.8x10 1340 912
1.0x10 7920 | 10060
1.3x10650 134
3.1x10 60 88
7.9x10427 4225
NT NT NT
6.1x10 216 750
1.1x10196 917
2.3x10 213 890
3.2x10 564 499
700

4930 6980 3.4x10303

54
62
19
91
21
33
30
23
30
6033
18
720
NT
93
88
7210
76
70
603
NT
312

274
322
NT

11
10
43
134
79
10
0.9
14
45
89
0.8
653
NT
94
572
935
145
65
3655
NT
1714
1347
1606
245
NT

2.5
21
0.8
6
26
3.5
2.8
122
0.9
117
3.630
23
NT
2170
3900
10
18
15
5010
NT
2.1
2.8
0.23
513
NT

25
27
34
43
50
52
37
24
88
5.1
46
34
30
16
27
103
24
14
367
NT
320
23
36
420
25.8

5.7
3.4
22

56

50
3.5
3.0

3.4

3.8
11000

3.9
12
7.5
18
13
633

355
NT
5.4
4.5
10
261
21.2

17
19
50
1450
23
18
10
11

a7

430
295
1050
NT
98
425

12100
76

21

3885

550
2570

41
43
2.5
1540
345
27
24
106

1460

5250
110
755

NT
689
107
773
33
13

4105
NT
5432
4130
4950
52
250

*The isoforms CA VIII, X and Xl are devoid of caydt activity and probably do not bind sulfonamides
they do not contain Zf ions. *Full-length enzyme®Catalytic domain!The data against the full-length
enzyme is of 1,590 nM. NT, not tested, data notlaiz.
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Chart 2.1. Structures of Carbonic Anhydrase inhibitors.
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As specific isozymes are responsible for differémblogical responses, the diverse
inhibition profiles of the various isozymes may kxp the various actual and potential
clinical applications of the CAls, which range frafiuretics and antiglaucoma agents, to
anticancer, anti-obesity and anti-epileptic drigswever, a crucial problem in CAI design
is related to the high number of isoforms, theiffudie localization in many tissues and
organs, and the lack of isozyme selectivity of pinesently available inhibitors. It can be
observed that there are sulfonamide- and sulfa@ateisoforms, such as CA Il, VI, VII,
IX, XII and XIII, which generally show low nanomalaaffinity for most of these
inhibitors. Other isozymes, however, such as CAVI|, VA, VB and XIV show less
propensity to be inhibited by these compounds, wiliibition constants in the nanomolar
to micromolar range. This leaves CA Ill as the omdgform that is not susceptible to
inhibition by sulfonamides or sulfamates.

Few of the derivative®AZ-SAC (Chart 2.1; Table 2.1) show selectivity for a spec
isoform: the classical inhibitors, such as compa#AaZ-DCP, and the topically acting
antiglaucoma sulfonamide®ZA and BRZ together with indisulam, are promiscuous
CAls, with strong affinities for isoforms II, VA, B, VI, VII, IX, XII, XIll and XIV. %45
723980 Topiramate TPM) is a subnanomolar CA VII inhibitor but it alsofestively
inhibits isoforms I, VB and XIP#%>7239807gnisamide ZNS) shows a good affinity for
CA IX but appreciably inhibits also CA Il and VA,hile having lower affinities for the
other isoforms. SulpirideSLP) is a potent CA VI and CA XIllI inhibitor and showsver
affinity for other isoforms. ValdecoxibV{X) is a strong CA XlI inhibitof?°7%3980
whereas Saccharit’AC) is a CA Vll-specific inhibitor (Kof 10 nM against this isoform
and much higher for the other CAS).

Progress in the design of Cgelective and isozyme-specific CAls has recentgnbmade.
Owing to the extracellular location of some CA wgoes, such as CA IV, IX, XIl and XIV
(Table 2.1), it is possible to design membrane-mmgant CAls, which would therefore
specifically inhibit membrane-associated CAs withteracting with the cytosolic or
mitochondrial isoforms. This possibility has beewplered through the design of positively
charged sulphonamides that generally incorporataipjum moieties, compounB is a
representativé’’® The inhibitors obtained in this way showed nananaffinities for CA

Il as well as CA IV and CA IX, and, more importantthey were unable to cross the
plasma membranés vivo.”*"® This new class of potent, positively charged CAlas able
to discriminate between the membrane-bound andcthesolic isozymes, selectively

inhibiting only CA IV, in two model systenf8.’® Another approach for the design of
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isoform-selective CAls exploited the presence ofAda65 amino-acid residue, which is
present only in the ubiquitous CA Il mammalian &of.** Compared with Topiramate, its
sulfamide analogue is a 210-times less potent inilbf isozyme CA I, but effectively
inhibits isozymes CA VA, VB, VII, Xl and XIV (Ks in the range of 2135 nM). The
weak binding of the sulfamide analogue to CA Il saswn to be due to a clash between
one methyl group of the inhibitor with the Ala65 iaotacid residue, which might
therefore be exploited for the design of compouwids lower affinity for this isofornt

A further approach for selectively inhibiting themour-associated isoforms CA IX (and
XII) present in hypoxic tumour tissues envisageatdaluctive prodrugs that are activated
by hypoxia’””® The chosen strategy was to use the disulfide bamdh bioreducible
function. The reducing conditions present in hypottimours, in combination with the
presence of the redox protein thioredoxin 1, medidhe reduction of the disulfide bond
with the formation of thiol¢”"® The reduced compounds (thiols) are less bulky <l
excellent CA inhibitory activity (in the low nanomao range) compared with the
corresponding sterically hindered disulfides, whitdve difficulty entering the limited
space of the enzyme active sifé® Later in the text I'l talk about the coumarins, a
chemotype with inhibitory activity towards CAs, abio develop selectivity for precise
isoforms, exploiting their excellent ability to ange in the active site.

2.3 Aim of the work

The body of my work is composed by manifold, hegerwous projects regarding
various fields of Carbonic Anhydrase applicatioheTmain theme of this thesis concerns
the study of coumarins as novel class of CAs inbibi This old and well-known chemical
class recently emerged as potential inhibitor fAisCshowing the ability to exert, in some
cases, interesting features of selectivity towaukscific isoforms. As there is a desperate
need to find out selective scaffolds, able to mtemwith desired enzymes, avoiding the
rising of complications and side effects, the bétav showed by the first coumarin
studied as CA inhibitor (6-@hydroxy-3-methylbutyl)-7-methoxy-2H-chromen-2-one,
compoundl, see below), prompted me to develop studies & thgard. In particular, |
proceeded in three parallel ways: testing, witht@psed flow analyser, a library of
variously substituted coumarins in order to incee@AR informations; synthesizing a
series of coumarin derivatives, designed from aersitions about compound;
synthesizing a series of coumarins, obtained witielia chemistry” strategic approach.

From this work emerged a series of 8-acethoxy-@éretbumarins (compoundsl, 42-47),
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showing an interesting selectivity profile towattle membrane-bound CAXII, acting, on
the other hand, as nanomolar range inhibitors (Chaj.

R: H, Me, Et, n-Pr, n-Bu, Bn, 2-Adamantyl-Et

1 34, 42-47
Chart 2.2. Selective coumarin scaffolds.

The synthesized coumarin derivatives have beeadest the two human tumor-associated
CA isoforms hCA 1X and XII, in comparison with th&o dominant offtarget hCA | and
[I. Concerningin vitro biological assays, a stopped flow technique has hesed. for all
the tested compounds of this thesis. This is aulseéthod for following the kinetics of
reactions in solution (usually in the milliseconche range), allowing to work with the
physiological substrate of the enzyme.

In second place, | considered the developmentrn@vaemerging field in Carbonic
Anhydrase field: inhibition studies ¢#CAs from Mycobacterium tuberculosias novel
topic in the research of new anti-tuberculosis $eath different mechanism of action. In
particular, my work was to characterize, at theifb@gg, from a kinetic and an inhibitory
point of view, mtCA 2, the most active CA isoforexpressed by this bacteria, whose
chrystallographic structure recently emerged. Ttuelys of such inhibitory activity was
conducted using clinical sulfonamides and sulfagjate some
diazenylbenzenesulfonamides, as well as other comsatfonamidic scaffolds, largely
used by our group to develop new derivatives. Tieyme showed the greatest catalytic
activity (Keat of 9.8 x 10 s*, and Ka/Ky of 9.3 x 16 M s?) among the thre@-CAs
encoded in the genome B tuberculosis Several low nanomolar mtCA 2 inhibitors have
been detected among which acetazolamide, ethoxmdamand some 4-
diazenylbenzenesulfonamides gkof 9-59 nM). Further | went on studying the intaty
profile of a new kind of sulfonamidic scaffold ovlre B-CAs mtCA 1 and 3 froniM.
tuberculosis Can2 fromC. neoformansand CaNcel03 fronC. albicans This scaffold,
synthesized by one of our collaborators emergedt$oexcellent inhibitory profile even

towards the 13 catalytically activeCAs.
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Finally, | considered one of the most interestipgleations for CA inhibitors: the
design of sulfonamidic derivatives as selective @A and VB (located in mitochondria)
inhibitors, as antiobesity agents. The considerteategyyy for this synthesis was the so
called “tail approach” which consists in coupling aromatic/heterocyclic sulfonamidic
scaffold with a particularly substituted portion.this case | used, the two enantiomers of
(x)-10-camphorsulfonyl chloride, in order: to inase the intrinsic lypophilicity of such
derivatives (allowing them to pass through theutetlmembrane); to equip such scaffolds
with a mobile carbonic frame, able to rearrangelfiimside the cavity of the active site to
interact eventually with allosteric side portioms;study how the different geometries of
the stereogenic centers could modulate the affiaitgl the activity of such molecules
towards the different CAs isoforms. The new sulfoides selectively inhibited the
mitochondrial isoenzymes, over the two offtargeAH@nd Il, with inhibition constants in
the low nanomolar range. The nature, the chiralitg position of the substituting groups

greatly influenced CA inhibitory properties.
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CHAPTER THREE

Coumarins: a novel chemotype for CA inhibition

3.1 Discovery and initial screenings

In 2008, through a screening of natural productraex$ using electrospray
ionization Fourier transform ion cyclotron resonameass spectrometry (ESI-FTICR-MS),
Vu et al discovereff that compound was able to bind in a non-covalent mode bovine
CA IlI. Derivative 1, named 6-($hydroxy-3-methylbutyl)-7-methoxy-2H-chromen-2-one
(Chart 3.1), was a natural product isolated from plantLeionema ellipticumtypical of
the eastern Australia. The relevance of this stag the possibility to find new CAs-
affine substrates, other than sulfonamides or thieisosteres, prompted me to confirm the
effective inhibitory activity ofl, assaying it on the 13 catalytically active mamamral
isoforms of CA, in comparison with other two commally available coumarins: the

unsubstituted coumariand its 7-methoxy derivativ&(Chart 3.1).

Chart 3.1. Structures of compounds3.

Working with all other types of CAls (sulfonamideghenols, complexing inorganic
anions), a period of 15 minutes is enough to famem énzyme-inhibitor complex and test
the effective inhibitory activit§?®*°°#In the same conditions, working with coumarins, |
was not able to detect any significant decreasenmyme activity, but only a weak
micromolar to millimolar inhibition profile (dataoh shown). However | hypothesized that
the incubation time was able to modulate the iniwbiprofile of such derivatives and |
decided to extend it, measuring the inhibition ¢ants (K), after 30 min, 1 h, 4 h, 6 h and
24 h of incubation. For all investigated CA isoferm progressive decrease, in terms of
inhibition constants, was observed as the incubdirme increased up to 6 h; while from 6
to 24 h of incubation no further changes qfwere evidenced. Table 3.1 shows the K
values (M) for compoundd.-3 following 6 h of incubation with the-CA I-XV.
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Table 3.1. Inhibition of Mammalian Isozymes CA I-XV with Coumias 1-3 by a Stopped-Flow, CO

Hydration Assay Methotf

K (],IM)C
isozymé 1¢ 2 3
hCA | 0.08 3.1 5.9
hCA Il 0.06 9.2 0.07
hCA IlI >1000 >1000 161
hCA IV 3.8 62.3 7.8
hCA VA 96.0 >1000 645
hCA VB 17.7 578 48.6
hCA VI 35.7 >1000 61.2
hCA VI 27.9 >1000 9.1
hCA I1X° 54.5 >1000 767
hCA XI1° 48.6 >1000 167.4
mCA XlII 7.9 >1000 6.0
hCA XIV 7.8 >1000 9.7
mMCA XV 93.1 >1000 >1000

2 h ) human;m ) murine isozyme; nt ) not testetiCatalytic domain® Errors in the range of +5% of the
reported data from three different assdyreincubation of 6 h between enzyme and inhibitor.

Against isoforms | and Il (ubiquitous, cytosolic §A1-3 show effective inhibition, with
Kis in the range 80 nM-5.8M (hCA I) and 60 nM-9.2u1M (hCA Il), respectively. The

best hCA | and Il inhibitor was always the natysedductl. The remaining CA isoforms

were typically inhibited only weakly by the simpteumarin derivative and3 (many of

them showed I§ > 1000uM) with few exceptions: notably compoudagainst CA IV,
VII, X1, and XIV (K s in the range 6.0-94M). The natural product was an effective
inhibitor of all CAs investigated here (except CA K; > 1000 uM), with inhibition

constants in the range 3.8-93u1 against isoforms CA IV-XV (Table 3.1). The result

observed with this panel of coumarin derivativesvadd that there was a wide distribution

of inhibition constants for the same compound &agjaine various CA isoforms (e.dL,

showed inhibition constants in the range 59 nM-108K). The inhibitory properties df-3

were also dependent on the substitution pattethettoumarin ring, with the number of
these groups influencing inhibitory activity. Theabt active coumaridlacked substitution
on the aromatic coumarin scaffold and coumdrinad two substituents (in the 6 and 7
positions), while coumarin3 had a single substituent (7 position). For all ¢hes
considerations, this chemotype immediately emegrged promising opportunity to obtain
potent and potentially isozyme-selective inhibitees CAs. To understand the inhibitory
mechanism with this new class of CAl, one of odtadmrators resolved the X-ray crystal
structure (at a resolution of 2.0 A) of the mosweloand potent of these inhibitors,
|.1,51

coumarin 1, in adduct with the physiologically dominant CA fieon, hCA |
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Inspection of the electron density maps (Figure atlvarious stages of the refinement
showed features compatible with the presence ofroolecule of inhibitor bound within
the active site, but compourd could not be fitted in the observed electron dgnsit
Instead, its hydrolysis product, theis-2-hydroxy-4- (5-3-methylbutyl)-3-methoxy-
cinnamic aciddZ (Scheme 1), perfectly fitted within this electraengity (Figure 3.1).

Phel31

His119

=

His9%6

His%

Asn67

Figure 3.1. Omit map corresponding to the hydrolyzed coumdrifi.e., thecis-2-hydroxy-cinnamic acid
derivative4Z), of some relevant CA Il active site residues tedZn(ll) ion (violet sphere).

Scheme 3.1Hydrolysis of Coumarind and 2 to the corresponding hydroxy-cinnamic acid deriedi4Z
and5Z/5E.

The zinc bound hydroxide anion of the CA enzymespoasible for the various catalytic
activities of CAs:®® including the esterase activityappeared likely to have hydrolyzed
the lactone ring ol leading to the formation a&fZ. The inhibitor4Z was found bound at

the entrance of the active site cavity (Figure 3vith the two bulky arms in an extended
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conformation effectively plugging this entrance.eThydroxypentyl arm oriented toward
the hydrophilic half of the active site, while this-carboxyethylene arm pointed toward
the hydrophobic half. In particular, th&DOH moiety of the hydroxypentyl arm exerted a
strong dipole-dipole interaction with the carbowylygen of the side chain of Asn67; an
edge-to-face (CH9)®®® stacking between the aromatic ringdaf and the phenyl group of
Phe131 was also evidenced (with a distance3d6 A between them), while three active
site water molecules further stabilized the inteaaicof 4Z with the enzyme (Figure 3.2).
This binding mode was totally different, comparedte other CAls classes mechanism,

characterized by the total absence of any dirg@etaction with the catalytic metal ion.

Glu238
sym

Figure 3.2.A) The hCA 114Z adduct. B) Detailed interactions between CA Il amtdbitor 4Z when bound

to the enzyme. The catalytic Zn(ll) ion is shownviasdet sphere, with its three His ligands (His94, and
119) and coordinated water molecule (red smalléveg) also evidenced. The inhibitor molecule (gold)
interacts with three active site ordered water ks (red spheres), with Phel31 and Asn67 (CP&r€pl
from the active site as well as with Glu238sym lgw®) from a symmetry related enzyme molecule. The
proton shuttle residue His64 is also shown (CPK=)!

Another important consideration emerged from thestedlographic studies: looking at the
superpositio of compoundsl and2 (Figure 3.3), complexed with hCAIl, was evident
that the first one, in its hydrolized fordZ, was bound within the cavity of the active site,
as thecis isomer, while the second one, always in its 2-bygcinnamic acid derivative
5E, was bound in itdrans isomer, more stable in thermodynamic terms. Wedtitio
explain this unusual bound geometry in terms afict@ndrance: the cinnamic derivative
of 1, in itstransisomer derivative, would be too bulky in the rieséd space of the active
site, that was able to promote even the less stabierm.

This evidence prompted me to consider the substitytattern on the benzopyrone ring as

the key element to modulate the orientation ofrttedéecule within the active site, in a zone
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that, all over theu-CAs, is very diversified; with the possibility wevelop selectivity
towards particular CA isoforms.

To resume, the unusual binding mode, the time dig@ninhibitory activity and the
variation on the inhibition profile related to létmodifications on the substitution pattern,
introduced the coumarin chemotype as a very iniegesesearch field in the Carbonic
Anhydrase inhibition. The next step in my study,swia gain other structure-activity
relationship data; so | tested some variously $wibsti coumarin and thiocoumarin
derivatives, to bring novel insights regarding thaibition mechanism as well as the
structural requirements for such heterocyclic coomas to show pronounced affinity
towards the various CA isoforms.

Figure 3.3 Binding of the coumari2 hydrolysis productt{ans-2-hydroxy-cinnamic acid 5E in yellow) and

coumarinl hydrolysis productdjs- 2-hydroxycinnamic acidZ, magenta) to the hCA Il active site.

With the one of our collaborating groups, | incldde this new study a series of diversely
substituted coumarins and thiocoumarins, of t@e23 (Chart 3.2). Such derivatives

incorporated different moieties, in the 3-, 6-, 3;6-, 4,7-, and 3,8- positions of the
(thio)coumarin ring; they were considered in orttedelineate the initial SAR features for
this class of CAl, considering that the side charesent in the natural product coumarin
1, were shown to interact extensively with the eneyactive site when bound (in

hydrolyzed form) within i* The 7-monosubstituted coumarigs10 possessed various 7-

alkoxy moieties, such as the aliphatic C2-C4 groupgether with the benzyl- and

phenethyl- moieties. They were chosen to be ingattd as the 7-methoxy group was

present in the leatl, and X-ray crystal data for the hCAlladduct, showed the methoxy
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group to participate in hydrogen bonds with ordeneder molecules present within the
CA active site, stabilizing thus the enzyme-intabitcomplex’* Thus, observing the way
the length and nature of this moiety could inflienohibitory activity, seemed to

constitute an important aspect of the SAR.

COOH
m /©\)\t\l\ R\@ICOOH
R. ~
(@) O (@) (@) (@) (@) O O
6: R= Et 11 12: R=H
7: R=n-Pr 13: R=Me
8: R=n-Bu 14: R= OMe
9: R= PhCH, 15: R= CH,OH
10: R= PhCH,CH,
- COOH ©fICOOH mcom
@(@I
18: R= Me
16 17 19: R= Et
eO o ~O o "0
20 21: R=0OH
22: R= NH,
23: \®
N/\
l 4 NN

Chart 3.2. (Thio)coumarin derivative§-23for SAR study.

9193 possessing a carboxylic acid as well as methyl-,

Disubstituted coumarind1-16
methoxy-, and hydroxymethyl moieties in variousiposs of the ring, were also included
in the study. Thiocoumarih7’* was the only compound incorporating this ring sysin
our study and was chosen to understand whethetitstios of oxygen by sulphur in the
coumarin ring leaded to CA inhibitory properties filnis class of compounds never
investigated before, but also because the correspgrcarboxy-substituted coumardr2
was present among the investigated derivativesulBtituted coumarinsl8-26*93
incorporated ester moieties instead of the cormedipg carboxylic acid present in the
parent compound5, wherea20 was an ester analogue of the simple |8aithvestigated
earlier™® Because the leatl possessed a bulky moiety in position 6 of the caimring,
derivatives21-23%% were included in the study due to the presenceath smaller,

simpler such moieties (hydroxymethyl and aminomithyhich can be easily derivatized,
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and also of the much bulkier hexamethylene-tetrarime, present id3. Compound$-10
were prepared from the commercially available 7rbyg-coumarin (umbelliferone), by
alkylation in Williamson conditions, with alkyl/aigikyl halides, in presence of sodium
hydride, as described in the literature (Schem}®3.2

Compoundsl1-23 were reported earlier in the search of serineeaise inhibitors by

Delarge’s and Masereel’s groups?

Scheme 3.2Synthesis of derivative®10.°°

X X
+ R/Br | R\
HO o O (@) o O

Umbelliferone R = Et 6: R = Et
E:EL 7: R = n-Pr
Bn 8:R"=n-Bu
2-(Ph)-Et 9:R"=Bn

10: R''= 2-(Ph)-Et

i dry DMF, NaH 60%, r.t, 16h

Inhibition data for compound6-23 against all 13 catalytically active mammalian (h
human, m = murine) CA isoforms, CA I-IV, VA, VB, VNI, IX, and XlI-XV, are
presented in Table 3.2.

Table 3.2. Inhibition of Mammalian Isozymes CAI-XV(h=Human,arine Isoform) with

Coumarins/Thiocoumaring-23 by a Stopped-Flow, COHydration Assay Method (6 h Incubation Time
between Enzyme and (Thio)coumarif).

Ki (uM)°

isozymé 6 7 8 9 10 11 12 13 14
hCA | 314 231 370 | 269 @ 314 372 9.3 6.8 6.6
hCA I 12.4 145 213 224 243 0.099 447 425 153
hCA III 29.0 386 503 @ 40.2 @ 495  >500 9.1 134 145
hCA IV 227 246 249 | 192 @ 185 723 3.8 5.6 4.9
hCA VA 7.3 8.1 9.0 7.6 6.6 >500 9.0 8.6 8.7
hCA VB 6.09 717 764 | 651 @ 69.4  >500 6.8 8.3 7.6
hCA VI 5.8 374 268 | 97 8.5 >500 313 317 105
hCA VII 7.2 7.7 150 |11.8 @ 159 @ 94 5.1 296 49
hCA 1X° 1.6 3.3 4.5 1.7 3.9 >500 4.7 7.7 6.6
hCA XIIP 4.7 8.6 8.5 8.3 5.2 >500 9.0 8.6 9.0
mCA XlII 274 343 82 9.6 9.8 31.7 7.3 7.4 3.8
hCA XIV 4.7 5.0 4.3 2.0 5.5 82.3 7.4 13.0  39.6
MCA XV 76.3 547 652 | 431 @ 445 @ >500 5.6 6.7 7.2
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Ki (uM)°

isozymé 15 16 17 18 19 20 21 22 23
hCA | 93 1.3 0100 0098 33 @ 2.4 78 71 41
hCA | 445 301 6.2 0032 505 314 324 37 32
hCA 11 97 171 90 89 96 91 98 96 81
hCA IV 43 58 41 65 | 0048 57 51 | 54 62
hCA VA 62 94 84 84 30 95 89 97 82
hCA VB 86 65 75 71 29 | 80 68 62 56
hCA VI 156 256 88 95 | 15 | 420 99 92 89
hCA VII 66 61 73 73 0045 203 69 81 31
hCA 1XP 56 74 0047 0045 0047 65 0.092 6.7  0.048
hCA XIIP 89 86 87 56 84 88 82 86 32
mCA XilI 0048 7.8 0042 0041 61 @ 6.2 0.046 0040 3.8
hCA XIV 84 10 74 73 46 | 96 95 88 7.7
mCA XV 86 64 48 74 | 0046 66 74 | 71 82

2h ) human; m ) murine isozynfeCatalytic domain® Errors in the range af 5% of the reported data from
three different assays.

From Table 3.2 the following considerations emergedhteresting:

1.

Isoform hCA | was inhibited by all coumarins/thiagoarin 6-23 with inhibition
constants in the range of 78 nM-37 (M. The best inhibitors were the
thiocoumarinl?, as well as the hydroxy-methyl-substituted e$&(K;s of 78-100
nM). Substitution patterns leading to reduced hdahibitory activity were those
present in6-10 (longer aliphatic/arylalkyl chains in position feahus detrimental
to the inhibitory activity of these compounds comgokto the unsubstitute?l or
methoxysubstituted compoul and11 (possessing a 4-carboxy moiety) because
these derivatives showeds> 9.3uM. The remaining coumarins investigated here
were medium potency hCA 1 inhibitors, with inhiloiti constants in the range of
1.3-9.3uM

The physiologically dominant cytosolic isozyme h@Awas also inhibited by all
these derivatives, with inhibition constants in thege of 32 nM-243M. The best
inhibitor was again the methyl este8 (K, of 32 nM) the carboxylic acidl (K, of

99 nM). Again, the monosubstituted derivati¥e$0 incorporating bulky chains in
position 7 of the coumarin ring showed reducedhitbry activity compared to the
lead 3 (K;s of 12.4-243.M), proving that substituents other than methoxg ot
tolerated in that position for effective bindingi@A 1l. Not very effective hCA I
inhibitors were also derivative$2-16 possessing the free COOH moiety in
position 3. The thiocoumarih7 was on the other hand a more effective inhibitor

34



Chapter Three.Coumarins: a daemotype for CA inhibiticn

(K, of 6.2uM). It is, however, worth noting that there is awéarge difference of
activity between the carboxylic acitb and the corresponding estér@ and 19,
with the methyl estet8 being a very potent, nanomolar inhibitor, @ 32 nM),
whereas the free acih and the ethyl estdr9 were 1390-1578 times less effective
hCA 1l inhibitors. Such a sharp SAR for minimalwsttural changes (i.e., a GH
group) was never before evidenced for other clagdfeAls, such as the
sulfonamides or the sulfamat€sand constitutes a valuable feature for this type o
inhibitor.

. The muscle isoform hCA 1II, which is not easily ibited by sulfonamide® was
weakly or not at all inhibited by coumaridd (K;s of 161 f 500uM), whereas
coumarins6-10 and 13, 14 showed more efficient inhibitory activity, with;&in
the range of 13.4-508M. Even better activity was observed for the thiooarin
17 and coumaring?2, 15, 18-23 with K;s in the range of 8.1-9;8M.

. The coumarin estek9 was a nanomolar inhibitor of the extracellulafasm hCA

IV (K, of 48 nM), whereas most other such derivativeg.,(€2-18 and 20-23
showed effective inhibition, in the low micromola@nge, with Ks of 3.8-7.8uM.
Compounds with bulky groups in position 7 of theaumarin ring such a$-10
showed also weak inhibition (& of 18.5- 24.9uM) compared to the methoxy-
substituted coumaria.

. The mitochondrial isoform hCA VA was not inhibitegt 11 (K, > 500uM) but all
other coumarins investigated here and the thiocowd were, on the other hand,
effective low micromolar hCA VA inhibitors (i€ < 10uM), with the best inhibitor
being the estet9 (K, of 3.0uM). Thus, in the case of this isozyme, even thé&ypul
derivatives6-10act as efficient CAls.

. The second mitochondrial isoform, hCA VB, showedeay different inhibition
profile with compound$-23 compared to hCA VA. Thu4,1 showed no inhibitory
activity (K, > 500uM), the monosubstituted derivativésl0 were weak inhibitors
(Kis in the range of 60.9-764M), whereas the remaining coumarih2-16 and
18-23 as well as the thiocoumariti7, were effective hCA VB inhibitors, with
inhibition constants in the range of 2.9-861. Even in this case, minimal
structural changes in the coumarin scaffold infeeeh very much the inhibitory
activity.

. The secreted (saliva, milk) isoform hCA VI was ndtibited by11 (K,>500 uM),
and was weakly inhibited by the following coumariis8, 12, 13, 15, 16, and20
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(Kis in the range of 15.6-61@M). Thus, SAR is less defined here compared to
other CA isoforms discussed above (e.g., for th&ybsubstituted compounds-
10, there is no linear correlation between the lerjttihe substituent present in the
7 position and the hCA VI inhibitory activity). Ettive hCA VI inhibitory activity
(Kis in the range of 1.5-10/6M) was observed for derivatived 9, 10, 14, 17
(thiocoumarin),18, 19, and21-23 The best inhibitor was the est&® (K, of 1.5
uM).

. The cytosolic isoform hCA VII was inhibited by albmpounds-23 investigated
here, with Ks in the range of 45 nM-2946M. The only nanomolar inhibitor was
the ested9 (K, of 45 nM), whereas most of these derivatives wewerhicromolar
inhibitors. The least effective inhibitors wetel3, and20 (K;s in the range 20.3-
29.6 uM). Again, small structural variations in the coumascaffold led to
important differences of activity (e.g., the compan betweeri2 and13, differing
by a methylene unit but by a factor of almost éieir CA VIl inhibitory activity).

. Alarge number of derivatives showed effective emnpeffective inhibitory activity
against hCA IX, which represents a new drug tafgetdeveloping antitumor
therapies or diagnostic agefts>® Thus, thiocoumarirl7 and several coumarins
(18, 19, 21, and23) showed low nanomolar affinity for this enzymetwinhibition
constants in the range of 45-98 nM. These coumanesrporated the 6-
hydroxymethyl- and 3-ester moietiek8(and19), with no important differences of
activity between the methyl and ethyl esters irs tbase. The monosubstituted
derivatives21 and23 on the other hand contained either a compactQEH or a
rather bulky (hexamethylenetetramine) group in f@si6 of the coumarin ring,
which render these findings quite important, agas clear that for effective CA IX
inhibition, a large variations of structural motigere allowed in the 3- and 6-
positions of the (thio)coumarin ring. It was intelieg to note that the isostructural
(to 21) amine 22, was 72 times less potent than the alcobal It was not
improbable that the enhanced basicity of the ardihyeompared to the alcohal,
resulted detrimental to binding within the enzynuotive site, due to a different
pattern hydrogen bonds between the two moietiesaamdo acid residues at the
entrance of the cavity, where presumably these tesi@re found. However this
hypothesis has to be checked by X-ray crystalldgrapvhich will raise new
understandings regarding the way of various swlesits on the coumarin ring to

interact with amino acid residues within the enzyawtive site. The remaining
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coumarins, e.g.6-10, 12-16 20, and 21, showed efficient, low micromolar
inhibition of CA IX, with inhibition constants irhe range of 1.6-7.4M. It may be
seen that many substitution patterns on the (tbigy@rin ring led to effective
nanomolar-low micromolar CA IX inhibitors, affordjrfor drug design campaigns
for this important drug targét.

10.Most of the investigated (thio)coumarins were dffeg; low micromolar inhibitors
on hCA XIl, another transmembrane isoform presantumors, with Ks in the
range of 3.2-9.@M. Thus, a lot of substitution patterns presentompound$-23
investigated here showed effective inhibition, altbh compounds with nanomolar
affinity for this isozyme were not evidenced sa far

11.Several low nanomolar mCA XIllII inhibitors were obgsd among the investigated
compounds, such as the thiocoumakihand the coumaring5, 18, 21, and 22,
possessing inhibition constants of 40-48 nM. Togettith CA IX, CA XlIll is thus
the isoform leading to the highest number of nanamimhibitors in this class of
derivatives. Unlike other isoforms, CA Xlll was &y inhibited by the free
carboxylic acidl5 and its methyl estet8 (K;s of 41-48 nM), whereas the longer
ethyl esterl9 was 127-148 times less inhibitory thah-18 Moderate inhibitory
activity against CA Xlll was observed with the coanns 6, 7, and11, whereas
compounds-10 12-14 16, 19, 20, and23 were medium potency, low micromolar
inhibitors (Ks of 3.8-9.6uM).

12.The transmembrane isoforms hCA XIV showed an itioibi profile with the
investigated derivatives rather similar to thah®fA XII, with which it shares some
relevant sequence homoloy§hus 11 and 14 were ineffective inhibitors (}§ of
39.6 and 82.3M), whereas all other coumarins and the thiocoumiamiestigated
here showed effective, low micromolar inhibitorytigity (K;s of 1.0-13.0uM).
The best hCA XIV inhibitor was the 3,8-disubstiiteoumarinl6 (K, of 1.0 uM),
which urges to investigate also this substitutiatigyrn represented here only by
this unique compound.

13.mCA XV, the latest mammalian CA isoform describedfar’® was not inhibited
by 2, 5 and1land was weakly inhibited by derivativésand6-11, (K;s of 43.1-
>50QuM). The ested9 was, on the other hand, a low nanomolar mCA X\itibr
(K, of 46 nM), whereas the remaining coumarins andhieoumarinl7 showed

effective, low micromolar inhibitory activity (i of 4.8-8.6uM).

37



Chapter Three.Coumarins: a daemotype for CA inhibiticn

All these data showed the potential of the coumdhiocoumarin motif to selectively and
potently inhibit some CA isoforms among the 13 lgaitzally active ones described in
mammals. For exampl@3 was a low nanomolar inhibitor of only CA IX (Kf 48 nM),
whereas it inhibited in the micromolar range allest12 CAs, a feature never evidenced
before for a sulfonamide CAf'® The same forl5 and 22, which acted as nanomolar
inhibitors against mCA XIlII (ks of 40-48 nM), whereas the remaining 12 isofornesew
inhibited in the micromolar range by these compaund

This studies confirmed our original consideratibnyas possible for this kind of structures
to develop selectivity towards one or few isofornvgorking with a mini-library of
hydroxyl-substituted coumarins type24-27 (comprehending 6-hydroxy and 7-
hydroxycoumarins), | observed that this kind ofickgives had a greater affinity for the
two tumor-associated isoenzymes hCA IX and Xll, ejimg as therapeutic target and
diagnostic tools, over the two dominant hCA | and”f® Results of these assaya are

represented in Table 3.3.

Table 3.3.Inhibition of Mammalian Isozymes CA I, Il, IX andiMXwith Coumarins24-27by a Stopped-
Flow, CQ, Hydration Assay Methotf

OH
O O O O O O HO O O
24 25 26 27

K (],IM)C
Compound hCA? hCA 112 hCA IX®° hCA XI1?P
24 79.4 >100 0.508 9..60
25 95.0 >100 0.418 6.30
26" >100 >100 0.198 0.683
27 58.4 >100 0.482 0.754

2h ) human® Catalytic domain®Errors in the range of +5% of the reported datanftbree different assays.
4 Preincubation of 6 h between enzyme and inhibitor.

The following structure—activity relationship (SAB)servations can be drawn from data
of Table 3.3:
1. The slow cytosolic isoform hCA | was weakly inhdait by coumarin@4-27, with
inhibition constants in the range of 58.4 to >10@, unlike the natural produdt
which was a very effective inhibitor (Kf 0.078uM). The ‘best’ hCA | inhibitor
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among the newly investigated derivatives was 7-bwghcoumarin27 (K, of 58.4
uM) which was anyhow 748 times weaker tHamhus, irrespective of the position
of the hydroxy moiety in the coumarin ring, in tBe 4-, or 6-position, these
compounds were very weak or totally ineffective hidahibitors.

2. The second offtarget isoform, hCA I, was not intad at all by coumarin24-27
investigated here (K >100 IM). This is a very significant result, esjpdy
considering the fact thdtwas an effective hCA Il inhibitor (Kof 0.059uM).

3. Although the tumor-associated hCA IX is not sigrafitly inhibited by coumarins
1 (Table 3.1)derivatives24-27 investigated here showed effective inhibition,hwit
Kis in the range of 0.198-0.5081. The most effective hCA IX inhibitors were 6-
hydroxycoumarin, with IKof 0.198uM.

4. The same behavior as that observed for hCA IX usasdetected for the inhibition
of the second tumor-associated isoform, hCA Xltthwhe coumarins investigated
here. Thus, the leadks was ineffective as hCA Xll inhibitors (K >48.6 uM)
(Table 3.1), wherea24-27 behaved as much more effective inhibitors, with K
the range of 0.683-9.60M. Coumarins26 and 27 showed submicromolar hCA
XII' inhibition (K;s of 0.683-0.754iM) whereas the remaining ones were low
micromolar inhibitors (ks of 6.30—9.6QuM).

In conclusion such derivatives showed to be intergdeads for the design of novel CAls
and | further proceeded developing a new seriecashpounds starting from these

consideration (see further).
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3.2 Synthesis of “compound 1-related” coumarins

As shown in Table 3.1, compouridpresented good selectivity towards the two
dominant isoforms hCA | and Il. This prompted meomsider more in detail the chemical
pattern of this scaffold, characterized by: theealos of any substituent in positions 3 and
4 (a feature that distinguished it from the mayoof compounds presented until now); a
saturated alkyl, hydroxyl substituted, chain inipos 6 and a methoxy group in position 7
of the ring. The interactions such moieties havenbgescribed above.At the beginning
my purpose was to insert different groups on thedfeltl to check eventual variations in
activity. Looking back at Figure 3.3, the superfiosi of compoundl and coumarir?
adducts within the hCA Il active site revealed thla@ molecules could bind, in their
hydrolized forms, within the active site in the samone, which is very diversified among
the a-CAs, with different geometries of the propenoiedaarm, that could be present in
eachE and Z isomers, and with different orientations, depegdon the substitution
pattern on the heterocycle. These behaviours cbeldranslated in the development of
selectivity towards specific isoforms. So | consétk to synthesise a new series of
structures “typeA” (Chart 3.3), presenting: no substituents in posg 3 and 4; the
replacement of the hydroxyl moiety &fwith a carbonyl group, altering the length of
chains in position 6, to modulate the interactiofighat zone with the active site; ether
moieties in position 7 with various lengths and insaturations to have the maximum

mobility.

Chart 3.3. TypeA structures emerging from compouhdR and R are alkyl substituents reported below.

For the design of these novel CAls “tyge¢ 36-5Q | started from the commercial

derivative umbelliferone as shown in Scheme 3.3.
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Scheme 3.3Synthesis of derivatived0-50%°1%°

oL - A, - oL
HO o~ o R OH R'J\O o~ o

Umbelliferone 28: R'= Me 30: R' = Me
29: R = Et 31: R' = Et
0]
_ .
HO o~ ~o HO 0~ SO
o~ "R
32:R'= Me 34: R'= Me
33:R'=Et 35: R' = Et

0]
R'm §
RO 0" "o RO o~ "o
o~ R
R'=Me 36:R"=Me R'=Me 42:R"=Me
37: R'"=Et 43: R" = Et
38: R!' = n-Pr 44: R" = n-Pr
39: R'"=n-Bu 45: R"=n-Bu
40: R"=Bn 46: R"=Bn
41:R" = 47:R" =
\/\® RI=Et 48R"=Me
49: R" = Et
50: R" = n-Pr

i: dry DMF, DMAP, DCC, r.t, 16h; ii: AICl5, 180°, 4h; iii:R "-OH, dry THF, PPhs, DIAD, r.t, 16h.

umbelliferone has been converted to the correspgnacetyl and propionyl este3® and
31, by reaction with carboxylic acidd8 and29 in the presence of carbodiimides (DCC,
dicyclohexyl carbodiimide and DMAP, dimethylaminojyne), as shown in Scheme 3.
Ester derivativeS80, 31 were subjected to the Fries rearrangemein, the presence of
AICI; at 180°, to give the mixture key intermediatesrisac acyl-umbelliferone82, 33
and 34, 35 These have been separated by flash-chromatograpleyratio of desired 6,7-
disubstituted versus not yet considered 7,8-disubsti coumarins, obtained after the
rearrangement, was generally of 1:9. Compowtts0were the obtained in Mitsunobu
100

conditions, - using the appropriate aliphatic alcohol and thefied key intermediate82-
35 mentioned above, in presence of DIAD and triphghgtphine. 2-(1-adamantyl)-
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ethanol53 was synthesized starting from l-adamantane aeet@51 converted in its
methyl ester derivative2, with anhydrous methanol in presence of thionybete. Such
intermediate was reduced to primary alcd®lsing LiAlH, in THF (Scheme 3.4f*

Scheme 3.4Synthesis of derivative3.

o o
i ii
OH O— OH
51 52 53

i SOCl,, MeOH, r.t, 1h; ii: LiAlH4, dry THF, r.t, 3h.

My initial aim was to isolate only 6,7 disubstitdtderivatives, but | decided to go on even
with their regioisomers to implement the SAR détaibition data with umbelliferonand
32-50against four CA isozymes, i.e., hCA I, II, IX aKdl, ®* are shown in Table 3.4.

Table 3.4.Inhibition of Mammalian Isozymes CA I, II, IX andIXwith Coumarins32-50by a Stopped-
Flow, CQ, Hydration Assay Methotf

K, ¢
Cpd hCA P (uM) hCA 112(uM)  hCA IX**(nM)  hCA XI1*"(nM)
umbelliferoné  58.4 >100 482 754
3 >100 >100 8030 >100000
33 >100 >100 8015 >100000
34 >100 >100 73.0 61.9
35 >100 >100 58.2 61.7
36" >100 >100 7800 6540
37 >100 >100 7400 >100000
3¢ >100 >100 7580 >100000
39 >100 >100 >100000 >100000
40° >100 >100 >100000 >100000
41° >100 >100 >100000 77700
420 >100 >100 78.3 60.9
43 >100 >100 70.8 1.0
44° >100 >100 56.7 0.98
45 >100 >100 61.2 8.8
46° >100 >100 72.3 22.4
47 >100 >100 63.9 31.5
48 >100 >100 37.8 26.3
49 >100 >100 46.7 33.2
50" >100 >100 50.2 38.4

2h ) human® Catalytic domain®Errors in the range of +5% of the reported datanftbree different assays.
¢ Preincubation of 6 h between enzyme and inhibitor.
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The following structure-activity relationship (SABpservations could be drawn from data
in Table 3.4.

1. The coumarins possessing 6,7-disubstituted mojetiesypes32-33 and 36-41,
showed very weak or total lack of CA inhibitory igity against all investigated
isoforms. Thus, only82 and 33 were micromolar hCA [X inhibitors36 was a
micromolar inhibitor of hCA IX and XII, whereas alther compounds generally
showed inhibition constants > 1p® against all investigated isoforms. Definitely,
this substitution pattern leads to a total lossCéf inhibitory properties to the
compounds incorporating it.

2. Compounds34,35as well ast2-5Q isomeric to the previously discussed ones, but
possessing the substitutents in the 7,8 positidrtheo coumarin ring, showed a
totally different inhibition profile. Thus, all tise compounds were ineffective as
hCA | and Il inhibitors, with ks > 100 uM, similar to the lead molecule
umbelliferone. This was a desirable feature for CAlorder to target isoforms
involved in pathological processes, and not hCAd aspecially hCA 1l (which is
the physiologically dominant isoform), whose inhitoh may be deleterious and
lead to side effects of such a driufg.

3. The tumor-associated hCA IX was inhibited by umtegibne in the submicromolar
range (K of 482 nM), as discussed above, but most of itvvaleves34,35and42-

50 weremuch better inhibitors, with K in the range of 37.8 — 78.3 nM. Thus, for
the compounds obtained after the Fries rearranggrenactivity increased from
the acetyl34 to the propionyl35 derivatives. In the case of the ethdiz-47,
activity increased from the C1 to the C3 derivafithee n-propyl derivative44 was
the best hCA IX inhibitor for ther acetyl subse)jee decrease then again for the
benzyl and adamantylethyl derivativet6 and 47. However the ethyl and
adamantylethyl derivatives had quite similar deixes, proving that SAR (which
generally for this class of CAls is very much séwsito small modifications in the
scaffold of the inhibitor) was less sharp for thése derivatives differing quite a
lot by the presence of such a bulky grougcompared t@l3). However, for the
other derivatives investigated here the reverse twees with small modifications
leading to a sharp increase or decrease of ac{etisnpare34 and 35, 43 and44,

44 and 45, respectively). For the propionyl derivativé8-5Q activity was even

more increased compared to the corresponding aceyVatives42-44 with
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inhibition constants in the range of 37.8 — 50.2. Ale best hCA IX inhibitor was
48, with a K of 37.8 nM.

4. The same behavior as that observed for hCA IX usasdetected for the inhibition
of the second tumor-associated isoform, hCA Xllhwibumarins34,35and42-50
investigated here. Thus, the lead umbelliferone avasoderate hCA XII inhibitor,
with a K, of 754 nM, whereas the new compounds reportedgwssessing the 7,8-
disubstitution pattern, behaved as much more @ffedhhibitors, with Ks in the
range of 0.98 — 61.9 nM. It was the first detectidrsubnanomolar inhibition with
a coumarin derivative a very interesting finding afm sulfonamides with
subnanomolar inhibition of various CA isozymes &rewn)!*%? The following
SAR was evidenced for these new hCA XII inhibitoFbe two key intermediates
34 and 35 had the same potency as hCA XIl inhibitorss(kf 61.7 —61.9 nM),
irrespective whether an acetyl or propionyl mow®s present in the 8 position of
the coumarin ring. This behavior is different frahmat observed with these two
compounds against hCA IX, as discussed above. Tersel2-50 showed on the
other hand enhanced inhibitory properties compaoethe parent phenols from
which they were prepared. Thus, the methoxy deviead2 and 48 were better
inhibitors than the parent phend@d and 35, but the increase in activity was not
highly significant (Ks of 60.9 nM for42 and of 26.3 nM for48 have been
measured). However for the acetyl series, the asgef the aliphatic chain in the
ether moiety from one (in compoud@) to two and three carbon atoms led to an
impressive increase in the hCA XIll inhibitory adyy the compoundg3 and44
having inhibition constants of 1 nM and of 0.98 nhkéspectively. Further
increasing the length of the aliphatic chain, ad5nor introduction of the benzyl
or adamantylethyl moieties, as46 and47, led to a decrease in activity, but these
compounds were still among the best hCA Xl coum&dAls reported so far, with
Kis of 8.8 — 341.5 nM. For the propionyl series, dhvity remained good enough
but the compoundd49 and 50 were less active compared to the corresponding
acetyl derivativegd3 and44.

SAR for the inhibition of hCA IX and XII was complébut the main features associated
with low nanomolar inhibitors have been delineat®d, starting from consideration on
natural compoundl, synthesis of 7,8 disubstituted derivatives tyf#5Q led to the
discovery of inhibitors acting in the low nanomatange, with fivefold selectivity towards
hCA Xl compared to the off-target hCA | and II.
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3.3 Assaying heterogenous coumarinic compounds

In order to increase SAR data on this class of @amgs, in particular towards
hCA IX and hCA Xll isoforms, | evaluated the intidmy activity of very different
coumarinic patterns, synthesized by Trapencienisugs. To gain an easier approach to
the data analysis | divided such compounds in siasses comprehending:
sulfonamido/sulfonate derived coumarins, hydroxamderived coumarins, methoxy
substituted coumarins, pyrrolecoumarins, coumashswing one or more hydroxyl
moiety, heterocyclic analogs of coumarins.
In Table 3.5 are shown inhibition data for sulfomdmisulfonate derivativeS4-57 against
mammalian isoforms hCAIX and hCA Xll, compared ke two housekeeping, offtarget

isoforms hCA | and II.

Table 3.5.Inhibition of Mammalian Isozymes CA I, Il, IX andiMdwith Coumarins54-57by a Stopped-
Flow, CO, Hydration Assay Methof.

(@]
HZI\CI);/I//O Hzrxcl);$//o F FF HZI\CI):/§//O o~
(Ii OO eo
(@) O HO (@) (@] (@) (@] (@) (@]
O=g_
HO™ ~O
24 55 56 57
K, (nM)°
Compound hCA{ hCA 112 hCA IX?P hCA X11°
54° 485 372 370 80.2
55° 754 821 608 81.9
56° 8.7 7.3 43.5 8.2
57 9.5 8.0 34.7 64.1

2h ) human® Catalytic domain®Errors in the range of +5% of the reported datanftbree different assays.
4 Preincubation of 6 h between enzyme and inhibitor.

In particular, the aim of this first study was tnéirm the need to avoid the presence of the
sulfonamido moiety or its bioisosteres, in ordedévelop isoform selectivity for this kind
of scaffold; indeed all reported compounds acte@féective inhibitors all over the four
isoforms, with a loss in selectivity towards thefs. expected, the sulfonamido/sulfonate
moiety exerted an inhibitory activity much more ¢mt than the one showed by the
coumarin moiety itself, lowering the, Kvalues to the range of nM (from 7.3 to 821 nM).

In a recent elegant X-Ray chrystallographic stuthagneret al. described some adducts
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of sulfonamido-coumarinyl derivatives within hCA &#ctive site’®® It was shown the
expected direct interaction between the sulfonammdeety and the metal ion, whereas the
coumarinyl tail was not hydrolyzed, but interacteith other residues of the active site, in
particular Phel31. This was in accordance witheHigst results: the loss in selectivity of
derivatives4-57was related to the sulfonamido moiety coordinatarthe catalytic zinc;
the inhibitory activity of such molecules could no¢ ascribed to the not hydrolyzed
coumarin ring,

In Table 3.6 are shownKalues for hydroxamic derivativés3-62 In particular
compound$8, 59 presented a methyl-hydroxamic moiety in positioof 4he heterocycle,
while compound$0-62 N-substituted pyrrolecoumarins, presented an hyanaxg@ortion
in position 8.

Table 3.6. Inhibition of Mammalian Isozymes CA |, Il, IX andIXwith Coumarins58-62 by a Stopped-
Flow, CO, Hydration Assay Methof.

(@)
_OH
N
H
I
MeO; -
Z (@) (@)
58: 7-OMe
59: 6-OMe
Ki (uM)°
Compound hCA? hCA 112 hCA IX®° hCA XI1?P
58 43.7 >100 0.93 0.226
5¢° 80.1 >100 0.965 0.156
60° 91.5 >100 9.21 43.7
61° 66.0 >100 9.20 50.4
62" 59.4 >100 7.34 9.60

2h ) human® Catalytic domain®Errors in the range of +5% of the reported datanftbree different assays.
4 Preincubation of 6 h between enzyme and inhibitor.

In this case | tested scaffold presenting an hyamate moiety as zinc-binding
group. With the elimination of the sulfonamido ntgi¢here was a relevant decrease in
inhibitory activity of these compounds, with, Kalues in the range ofiM. Thus,
hydroxamic acids, even if capable to bind diretblyhe catalytic zinc, do not represented

so effective substituent in inhibiting CAs, asseadblon these cumarinic scaffolds. In
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general compound588 and 59 showed a better activity profile, compared to yiriec
derivatives60-62 quite poor inhibitors of hCA IX and XllI; indeetldy showed Kvalues

in high nM range, with an important decrease invagttowards hCA | and II.

From this point we focused on tyd8, 59 scaffolds: 6- or 7-methoxy, 4-substituted
coumarings3-7Q From the early studies on compourdd3 methoxy group emerged as an
important tool for coumarins regarding CAs inhibitj it appeared of some relevance to
investigate how the postion of this substituent,tib@ heterocycle, could modulate the
inhibitory activity itself.,In this case, assys lkaleen conducted on scaffold presenting
methyl, trifluoromethyl, acetic acid or ethyl adetan position 4 of the ring. In Table 3.7

are reported inhibition data for compousi@t7Q

Table 3.7.Inhibition of Mammalian Isozymes CA 1, Il, IX andIMwith Coumarins63-70by a Stopped-
Flow, CQ, Hydration Assay Methotf

R | R
>0 o Yo o Yo

63: R =Me 67: R =Me

64: R = CF, 68: R = CFy

65: R = CH,COOH 69: R = CH,COOH

66: R = CH,COOEt 70: R = CH,COOEt

Ki (uM)°

Compound hCA{ hCA 112 hCA IX?P hCA X112°
63" 3.34 0.103 0.126 0.309
64° 4.15 10.23 0.260 0.367
65° 13.6 >100 0.759 0.315
66° 77.1 >100 0.930 0.226
67° 40.6 >50 0.261 0.323
68" >50 >50 0.423 0.274
69" 43.5 >50 0.235 0.278
70° 4.38 >100 0.481 0.845

2h ) human® Catalytic domain®Errors in the range of +5% of the reported datanftbree different assays.
¢ Preincubation of 6 h between enzyme and inhibitor.

7-methoxy-substituted compounds showed a bettelilgonm activity all over the four
isoforms, except fo66; in particular derivative63 and 64 manteined activity even
towards hCAIl, that was coherent with data showitable 3.2 for compound& the only

difference was a threefold activity increase towsatide two tumor-associated isoforms,
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dued to the presence of methyl or trifluoromethyliety in position 4. An enlargement in
size of this group led to a decrease, or to tatss,|in activity versus hCAIl, keeping K
values for hCA IX and XIll in the range of higiM. Despite of this increment in activity,
compared to compoung, the selectivity profile of derivative83-66 did not meet our
requirements to be ascribed as interesting lead.s@ime arguments for compourds70
which showed a lower, but always comparable, agtitowards the four isoforms. To
summarize the only interesting considerationsjmrigifom this study, are the following:
1. Not elaborated, 6- or 7- methoxy-substituted coum@arscaffolds were able to
preserve activity towards hCAII.
2. Little changes in substitution pattern, like theliion of methyl or trifluoromethyl
moieties, in certain positions, can dramaticallgré@ase the activity towards certain

CA isoforms for this kind of derivatives.
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Table 3.8. Inhibition of Mammalian Isozymes CA |, Il, IX andIXwith Coumarins71-85by a Stopped-
Flow, CQ, Hydration Assay Methotf

RII R| R” R|
L el
%
HO N Yo Yo HO o~ o
OH OH
71: R'=4-Ph;R"=H 75: R' = 4-Ph
72:R'=3-4-Cy;R"=H 76: R' = 3-4-Cy
73: R' = 4-Me; R = 5-Me 77: R' = 4-Me
74: R' = 4-Me; R" = 8-Cl
R R
HO N HO
R”_k:
o Yo R.../ Z >0 N0
78:R'= CF4 82: R'= CF3; R"=7-Me; R" = H
79:R'= Me 83: R'=Me; R"=7-Me; R"" = H

80: R' = CH,COOH 84:R'= CF5; R" = 7-Me;R" = 8-Me
81: R'= CH,COOEt; 85:R'=Me; R"=7-Me;R"' = 8-Me

Ki (uM)°
Compound hCA{ hCA 112 hCA IX?P hCA X112°
71° 3.50 13.12 0.273 0.287
72X 4.13 6.65 0.346 0.234
73 4.22 9.27 0.202 0.293
74° 6.39 >100 629 908
75 3.93 15.6 0.204 0.280
76° 3.96 12.45 0.138 0.297
77 4.21 16.60 0.215 0.269
78 >50 >50 0.335 0.360
79 40.1 >50 0.203 0.287
80" >50 >50 0.173 0.325
81 6.31 >100 312 816
Ve 47.1 >50 0.402 0.305
83 >50 >50 0.220 0.291
84 >50 >50 0.410 0.283
85" >50 >50 0.173 0.325

2h ) human® Catalytic domain®Errors in the range of +5% of the reported datanftbree different assays.
¢ Preincubation of 6 h between enzyme and inhibitor.

Thus, | proceeded considering scaffolds85presenting free hydroxyl moieties on
the heterocycle. In particular such molecules s one or more hydroxyl groups in
various position of the ring (position6, 7 or 7 ehadf the ring), a subsituent in position 4
and one or more different moieties, not always gmgsn other positions, like 5, 7 or 8 of

the ring. In Table 3.8 are shown inhibition datadompound’1-85
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This series of compounds did not show an increnmeseélectivity towards the two tumor-
associated hCA isoforms; maybe emerged a littleredse, from this point of view,
comparing such derivatives with the profile of caupds73-80shown above. In general
all these compounds maintained a certain actieiyards all the four considered isoforms;
K, values towards hCA | remained in the range of on@diM, except for compoundss-
79 and82-85 hCA Il was inhibited in the range of mediydvl by compound¥1-73and
75-77, all other derivatives did not show interestinfyratfy for such enzyme; the inhibition
profiles towards hCA IX and XlIlI were comparable lwihe ones of compound3-70
showing methoxy , but not free hydroxyl, moietidgs except for compound& and81
(K, values of 629uM and 312uM respectively for hCA IX; 908 and 816V respectively
for hCA XiII).

Considering 6-hydroxyl substituted derivativé&-85 insertion of various moieties on the
heterocycle did not modulate the activity profile such derivatives; the one and only
exception was for compour8l which presented ethyl acetate moiety in positideatling
to a better inhibitory activity towards hCA | (i&f 6.31uM) but to a total loss in activity
towards the other three considered isoformg (K 100uM). The same argument for 7-
substituted compound&l-77 maybe they showed a little enhanced activity tolwdhCA

II, but not relevant differences arose, among théegevatives, in hCA IX and XII
inhibition; the only consideration was for compourdl showing a chlorine moiety in
position 8, presenting &l-like inhibition profile.

In Table 3.9 are presented ¥Yalues for otheN-substituted pyrrolecoumari@6-93 Such
derivatives were related to compourtdl3-62 shown above, differing from these by the
lack of hydroxamic moiety in position 8 of the heigycle, replaced by carboxylic or ethyl

carboxylate groups.
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Table 3.9. Inhibition of Mammalian Isozymes CA |, I, IX andIXwith Coumarins86-93 by a Stopped-
Flow, CQ, Hydration Assay Methotf

R

O
OH
86: R =Et 90: R =Et
87: R=Ph 91: R =Ph
88: R=Bn 92: R=Bn
89: R = (2-Ph)-Et 93: R = (2-Ph)-Et
K (],IM)C
Compound hCA{ hCA 112 hCA IX?P hCA X11°
86° 93.8 >100 15.0 12.7
87 81.2 >100 0.959 5.70
8g 46.5 >100 0.923 0.145
8d° 79.2 >100 11.3 15.2
a(? >100 >100 8.36 9.35
91° 89.7 >100 9.60 58.1
9 56.3 >100 0.934 0.285
63" 59.5 >100 0.749 0.287

2h ) human® Catalytic domain®Errors in the range of +5% of the reported datanftbree different assays.
¢ Preincubation of 6 h between enzyme and inhibitor.

In general, 8-carboxy-substitited compoun8l6-89 and 8-ethyl carboxylate-
substituted derivative®0-93 presented analog inhibitory profile over the c¢desed
hCAs, with poor activity towards hCAI and Il and ¥alues for hCA 1X and XlI variable
from low to high micromolar range. However it wasrtthh noting that, in comparison with
their hydroxamic analog60-62 derivatives86-93 showed a better selectivity profile
towards the two targeted isoforms hCA IX and Xlerk, once more, the proof that the
replacement of a suitable zinc coordinating grakp the hydroxamic acid, with milder

functions (carboxylic acids or esters), arose tesybility to meet our aim.
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Table 3.10.Inhibition of Mammalian Isozymes CA |, Il, IX andIXwith Coumarins94-115by a Stopped-
Flow, CQ, Hydration Assay Methotf @ h ) human? Catalytic domain® Errors in the range of +5% of the
reported data from three different assdyreincubation of 6 h between enzyme and inhibitor.

94:R'=Me; R" = 99: R' H;R"=0OH; R"=H
95:R!' = CHZCOOEt R'=H 100:R'= CHZCOOEt 104: R' 4 |v|e R'=OH;R"=H
96:R'=CF5 R'=H 101: R' = CF4 =4-CF;;R"=0OH;R" = H
97: R'= CH,COOH; R"=H 102: R'= CH,COOH 106 = 3-Ph; Rl = H; R"'= 7-OMe
98: R' = Me; R" = Me = 3-0-To; R" = H; R""'= 7-OMe
HO
O
108:R'=H; R"=7-OH 114
109: R' = Me; R" = 7-OH
110: R'=CF3; R" = 7-OH
111: R' = CH,COOMe; R = 7-OH
112: R' Me; R = 5-OH
113: R'= CF3; R" = 5-OH
Ki (uM)°
Compound hCA{ hCA 112 hCA IX?P hCA X112°
941 >100 >100 0.388 0.796
95" >100 >100 0.314 0.589
96" >100 >100 0.256 0.611
97 >100 >100 0.292 0.759
og" 81.8 >100 0.959 5.70
9o >100 >100 0.202 0.388
100" >100 >100 0.173 0.510
101 >100 >100 0.298 0.722
102 >100 >100 0.365 0.384
103 >100 >100 0.749 0.657
104 >100 45.2 0.490 6.14
105" 60.7 28.4 0.208 3.19
106’ >100 >100 7.23 8.52
107 >100 >100 6.95 9.58
108 9.37 35.9 0.174 0.478
109 42.7 33.9 0.113 3.67
110 60.7 28.4 0.208 3.19
1171° 9.22 61.3 0.367 5.91
117 >100 >100 0.731 0.683
113 >100 >100 0.760 0.601
114 >100 25.4 0.495 7.78
115 30.4 76.5 0.243 7.35
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At the end of this intial screening, | considereximarin-like scaffold94-115
These compounds differed from the series describgdl now for the variation in the
heterocycle ring: the benzenic ring of benzopynaas substituted by thiophene, quinoline
or pyridine heterocycles. The reason to test thes@atives was to verify if changes in the
intimate heterocycle structure, correlated with i@ substitution patterns, were
responsible for a relevant modulation in selecgtiprofile towards the same four CA
isoforms. In Table 3.10 are presentgd/&lues for “coumarin-like” structureé®}-115
The trend of this series reflected the ones ofratbenpounds shown earlier: poor activity
towards the offtarget hCA | and Il,Kalues in the range qfM towards the tumor-
associated hCA IX and Xll. More in detail, hCA | svaot so relevantly affected by
derivatives94-115(K, values in the higlpM range), except fot08and111, two pyrano-
pyridine-2-one derivatives showing a free hydromiety (K of 9.37uM and 9.22uM
respectively). The same inhibition profile for tdeminant isoform hCA II: just three
compoundslO5 110 and114 presented s of 28.4uM, 28.4, 25.4uM respectively; the
other compounds did not show affinity for such asaf. Activity towards hCA IX and XIlI
remained in the low micromolar range for all theiese except forl06 and 107 which
showed a lower activity (Kof 7.23uM and 6.95uM respectively for CA IX and 8.5gM
and 9.58uM respectively for CA XIl). Even in this case norfeular selective scaffold
arose from the series, but it was possible to suiamaesults from this initial screening as
follows:

1. Insertion of zinc binding groups on coumarinic $olas leads to a loss in
selectivity towards the various isoforms. In parae, in presence of a sulfonamido
moiety, the responsible for inhibition activity m®t the hydrolysis product of the
coumarinic scaffold but the sulfonamide its&ff.This resolves in a nanomolar
range inhibition profile characterized by a poorabsent selectivity attitude.

2. On the other hand, the hydroxamic moiety, anotberrnon zinc binding grouf??
was not so effective towards CAs, built on thesedkof compounds. The effect
was to decrease the inhibition to micromolar raagd, nevertheless, despite this
decrease in activity, no particular increase iedglity could be observed.

3. With coumarinic scaffolds it is possible to develgplectivity on particular
isoforms, with no activity towards the two housgkieg off-target hCA | and hCA
[I. This is a very important peculiarity that dreguishes this class of compounds
from the more studied and common sulfonamides, mgakt an promising

“weapon” to exploit towards particular CA isoformslowever, this important
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5.

selectivity profile has not been shown by the totadf the studied compounds:
there is also for coumarins the possibility to nteim activity towards hCA 11 (e. g.
compounds3).

Little variations on the coumarinic substitutionttean can lead to changes in the
activity profile (e. g., compoundsand3); this fact could be explained in terms of
substrate arrangement inside the enzyme. As shgvahystallographic studies,
coumarins do not interact directly with the catialytinc ion, but exert their action
interacting only with allosteric zones. Thus, ewen relevant variations in terms of
ring substitution can modulate the approach oftitestrate and the way it “moves”
inside the enzyme cauvity.

The replacement of benzene ring with an heteroayadiety did not affect in terms
of variations, the activity profile in comparisonittv the one showed by usual

coumarins.

At the end of this screening, however, several ammgs showing interesting selectivity

towards the two tumor-associated CA isoforms wermd out. However such derivatives

were not satisfactory in terms of inhibitory adyyishowing K values for these two

enzymes in the range of submicromolar, such resldist prompt me to continue in this

research line.
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3.4 “Click Chemistry” coumarins

Finally, 1 synthesized a series of 6- and 7-trigipdlenyl halogeno substituted
coumarins,123-132 using a “click chemistry” approach. This kind sifategy has been
already used for other types of CAs inhibitorseldulfonamides, sulfamates and it arose
derivatives with interesting inhibitory profilesufher, this approach, cause of reactions
properties, allows to synthesize very diversifidatdries of compounds. In particular |

considered structures tygeandC, shown in Chart 3.4.

QR ,N]Aomo

N
N N
N\\ ]\/
o (@]
123:R=H 124:R=H
125: R=ClI 126: R=CI
127:R=F 128:R=F
129: R =Br 130: R =Br
131: R =1 132: R =1
Type B Type C

Chart 3.4. Structures typ® andC of “click chemistry” compound§23-132

For the synthesis of such derivatives (Scheme B.Sjarted from 6- and 7-hydroxy
coumarins reacted under sonication with propardgdteol, in Mitsunobu conditions, to
give ether compounds16 and117. These were converted to triazolylphenyl derivediv
123-132reacting with freshly prepared phenylazideks3-122through a Huisgen's 1,3
dipolar cycloaddition Cu(0) nanosized catalyzed,presence of tetramethylammonium
chloride. Phenylazides were obtained starting fritr@ correspondent anilines with a
diazotization/azidation process using sodium eitaimd sodium azide in a mixture of acetic

acid/water.
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TN i TN

o o & o Yo
6-hydroxycoumarin \\ 116: 6-OH
7-hydroxycoumarin

117: 7-OH

1
NH, Na \

R: H, CI, F, Br, | 118: R=H /
119: R =CI
120: R=F N
121: R=Br R
122: R =1

6-OH 123: R=H 7-OH124:R=H

125: R=ClI 126: R=CI
127:R=F 128:R=F
129: R =Br 130: R=Br
131: R =1 132: R=1

i Propargyl alcohol, PPhg, DIAD, dry THF, sonication; ii: Cu® nanosized, TMACI, H,O/tBUOH, r.t.
iii 1) NaNO,, AcOH/H,O 2) NaNs.

Scheme 3.5Synthesis of derivativekl6-132

Compoundd 25 128 130and131 have been chosen from this seriesifioritro assay,

together with other three derivatives, shown inf€B8a&, synthesized by Carta.

0] (@]

o
| N-N
(NN N~
134
o) HN
/ ? N\\N]\/o 0._0
N
OH N, ]\/0 Z
N
133 o~ ~o o

Chart 3.5. Structures of derivativek33-135
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In Table 3.11 are presented ¥alues for derivative$25, 128 130, 131, 133-1350ver the

four isoforms usually considerated so far.

Table 3.11.Inhibition of Mammalian Isozymes CA |, Il, IX andIXwith Coumarins94-115by a Stopped-
Flow, CQ, Hydration Assay Methotf

Ki (uM)®
Compound hCA{ hCA 112 hCA IX?P hCA X112°
125 >100000 >100000 7.5 48.6
12¢ 117 >100000 7.5 18.7
130" 40.6 >100000 6.8 27.0
1371° 57.6 >100000 6.4 40.8
133 87.8 913 9.3 49.9
134 15400 >100000 8.6 46.5
135 >100000 >100000 9.1 70.4

2h ) human® Catalytic domain®Errors in the range of +5% of the reported datanftbree different assays.

4 Preincubation of 6 h between enzyme and inhibitor.

Considered compounds showed no activity over hCAtept for compound33 they
presented a nice profile over the two tumor-assediasoforms, but many of them
conserved affinity towards hCA I. In particular thest interesting considerations arose
from derivativesl25 and135 which exerted a micromolar range activity towan@A IX
and XII (K;s from 6.4 to 70.4M), with lower activity over the offtarget isoenzegs Is
not easy to explain such behaviour, probably dodgti¢ dimension of halogen atom and to
its electronegativity. Compount33 showed the best activity profile towards all tloerf

considered isoforms, with a loss in selectivity.

3.5 Conclusions

Coumarins showed to be an interesting chemotyplevelop selectivity towards particular
CA isoforms. The time-dependant mechanism of actisith no interactions on the
catalytic zinc and dtheir capacity to orientateseveral conformations within the active
site are features showed, to far, only by thiss;lasnong all CAls. From compouidas
been synthesized a series of 8-acyl, 7 ether-sutesti coumarins showing impressive
ability in selective inhibition. From the “click emistry” approach emerged interesting
derivatives acting as selective inhibiting subsisat exerting their activity in the
micromolar range. Further developments urge taebézed using this approach that could
reveal new synthetic derivatizations, useful toreéase selectivity towards precise

isoforms.
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CHAPTER FOUR
Studies onp-Carbonic Anhydrases

4.1 Kinetic characterization and inhibition studiesof the most activep-

Carbonic Anhydrase from Mycobacterium tuberculosismtCA 2

4.1.1 Introduction

The widely spread human pathogdycobacterium tuberculosisontains threg-
carbonic anhydrase genes in its genome, that 284 (encoding for a protein we named
mtCA 1), Rv3588c, shown to be essential for baatgrowthin vivo'®®
mtCA 2) and Rv3273 (encoding for a third enzymeCAB)1*#1%The catalytic activity

and inhibition studies with a range of sulfonamide®l one sulfamate of two of these

(encoding for

enzymes, that is, mtCA 1 and mtCA 3 have been tBceeported:®’ %1% whereas
Covarrubiaset al. reported the X-ray crystal structure of mtCA 1 antCA21%%° CAs
belonging to theB-class are indeed found in many pathogenic organisms sscfungi
(Candida albicansCandida glabrataand Cryptococcus neoformar@mong others§®*
and bacteria Helicobacter pylori Arthrobacter aurescensLeptospira borgpetersenii
Legionella pneumophilaand Haemophilus influenza&™>%>**1"hyt they lack from
mammals, in which only-CAs are preseritThus, inhibition of sucl-CAs started to be
considered’®®*®as a new possible approach for designing antiivies (antifungal or
antibacterial agents) possessing a different mesimaaf action compared to the classical
pharmacological agents in clinical use for a lomgiqu, for which pathogenic fungi and
bacteria developed various degrees of resistdficé: The drug resistance problem of
antifungals and antibiotics represents a serioudicak problent®? In this context,M.
tuberculosisinfection is one of the worst example, as multigiresistant and extensively
multi-drug resistant tuberculosis (TB) is presentiiany countrie§?® Such drug-resistant
mycobacteria show a continuously reduced suscéptito the clinically used drugs, all of
which were developed 30-40 years &d* There is actually a huge interest for novel
anti-TB drugs, possessing alternative mechanisnagtidn compared to the clinically used

antibiotics?412°

4.1.2 Structure and function of mtCA 2
The fundamental structure unit in Rv3588c is a dffneomposed by the interaction

of two single subunits around a crystallographifol@- axis?® each subunit consists of a
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five strandedB-sheet, in which strands 1-4 are parallel and edl&-1-3-4. The fifth
strand is anti-parallel and connected to the fobytla short reverse turn. Th&-$2 loop is
short and irregular, thB2-83 connection includes a regulathelix (@2) packing on the
surface of the sheet, tf8-f4 loop is much longer, containing four helices M3B88c.
One of these helices packs on the sheet jear both proteins. The remaining portion of
the loop stretches across the surface of the dimerteract with the 2-fold related helix

linking B2 andp3. Figure 4.1 represents the structures of Rv35&8gle subunit (A) and
its dimeric form (B}

Figure 4.1.Overall structures of Rv3588Ribbon diagrams illustrate the single subunit strrec(A) and the
dimeric form B).
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Surprisingly, the thiocyanate complex of the sameyme crystallizes as a dimer of
dimerg? in the asymmetric unit with classic 2-2-2 symmefige tetramerization interface
of Rv3588c is stabilized by a large network of daitiges in which positively charged
residues (mostly Arg) outnumber negatively chargesidues (Asp and Glu). Dynamic
light scattering studié® show that the tetrameric form of the enzyme disges into
dimers as the pH is lowered from pH 8.4 to 7.5, @nad this quaternary structure change is
associated with changes in zinc ligation sphers. possible that Rv3588 requires high pH
for tetramerization in order tomaximize the neuttion of excess positive charge in the
tetramerization interfac€. The active site of #-CA lies near a switch point at the C-
terminal edge of its parallgl-sheet, as has been observed for otfr proteins-?®
Considering the coordination sphere around thelytatdaon and the orientation of the
nearby aminoacidic residues, Rv3588c adopts, imismomeric form, a type IB-CA
structure> Such frame presents a pseudo-tetrahedral cooiafinsiiell composed entirely
of protein ligands: Cys51, Asp53, His104 and Cys10particular, the active site residue
Asp53 displaces the water molecule and coordirditestly to the zinc ion, thus breaking
a potential salt link to Arg55 (Figure 4.2).

In complex with thiocyanate, so in its tetrameoenf, the enzyme adopts an alternate type
| B-CA structure. The nitrogen atom of thiocyanate dio the zinc ion and displaces
Asp53, which in turn interacts with Arg55 to forimet Asp-Arg dyad that is characteristic
of type I1B-CAs. This condition renders one of the zinc comation positions available for
coordination by exogenous ligands, in this casehydgroxide form of a water molecule,
deputated for the CLhydration. The carboxylate shift of Asp53 is acpamied by major
backbone changes mainly of residues Ser54 and Vala® side chain of Ser54 flips to
point in the opposite direction with atomic shififsup to 8 A. In concert, Val56 undergoes
an equally dramatic change, whereas the side afaikrg55 undergoes relatively small
shifts. The result of these molecular gymnasti¢hescreation of a salt link between Asp53
and Arg55.

To sum up, the real significance of the two Rv3588ctures is that they suggest that type
II B-CAs are able to adopt two different conformatidns solution, mediated by a
reorientation, called “carboxylate shift” of thetige site Asp from acting as a zinc ligand
to forming a dyad with the active site Arg residd¢.pH 7.5 the protein is in its dimeric
inactive form, with the zinc coordination shell alty occupied by aminoacidic ligands

(one of them is Asp53); at pH 8.4 the protein r@ages in its tetrameric, catalytically
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active form, with Asp53 shifted towards interactiovith Arg55, leaving one zinc

coordination position free for exogenous ligands.

Figure 4.2. Active siteof Rv3588c. Residues involved in metal coordinatima shown withball-and-stick
models with the hydrogen bonds mentioned in the texidaikd by black dotted lines.

4.1.3 Kinetic investigation and inhibition studies

Covarrubiaset al?®

reported that mtCA 2 has catalytic activity as,@@drase, so,
considering the interest +tCAs as possible new drug targets, | proceeded \Withethe
characterization and inhibition studies, with aglawf sulfonamides/sulfamates, of mtCA
2. This enzyme has been reported and charactesrgsthllographically by Covarrubia
al.”>?° put its kinetic parameters, as well as inhibitibas not been investigated for the
moment. | performed a kinetic investigation of fied mtCA 2, prepared as described
earlier by one of our groups,comparing its kinetic parameters{Kand K./Ky) with
those of thoroughly investigatedCAs, such as the cytosolic, ubiquitous human isezsy/
hCA | and 11! as well the other two mycobacterial enzymes, miCand mtCA ¥°1%
investigated earlier (Table 4.1). As CAs are susSbkp to be inhibited by
sulfonamideg?821271281%qat5 of Table 4.1 also present the inhibition tamtsof these

enzymes with acetazolamid&AZ ), a clinically used drug.
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Table 4.1.Kinetic parameters for the G@ydratiorf reaction catalyzed by thehCA isozymes |, Il at 20

°C and pH 7.5 in 10 mM HEPES buffer, and the tiviseobacterium tuberculosisnzymes Rv1284 (mtCA
1), Rv3273 (mtCA 3) and Rv3588c (mtCA 2) at 20 pE, 8.3 in 20 mM Tris—HCI buffer and 20 mM NacCl
and their inhibition data with acetazolamide AAZ.

Isoenzyme Activity level | Ke (s1) KeadKm (M1SY) K, (AAZ) (NM)
hCA II Moderate 2.0x 10 5.0 x 16 250

hCA Il Very high 1.4 x 10 1.5x 16 12

mtCA 1 Moderate 3.9x 10 3.7x10 480

mtCA 3 Moderate 4.3x 10 4.0 x 10 104

mtCA 2 High 9.8x 16 9.3 x 10 9.8

Data of Table 4.1 show that mtCA 2 has the higha#dlytic activity for the physiologic
reaction among the three mycobacterial enzymes nit€3\ with kinetic parameters in the
same range as those for or B-CAs investigated earlier, such as hCA | and
||, 419.67.70.129.130127. 1% jaed, mtCA 2 has a kcat of 9.8 X K3, and KafKy of 9.3 x 10
M1 s', being thus 2.5 times more active than mtCA 1, ar¥ltimes more active than
mtCA 3 as a catalyst for the physiological reactiOnly the human isoforms hCA Il was
slightly more active (1.6 times) a catalysts for G@®dration compared to mtCA 2 among
the enzymes shown in Table 4.1,

Tables 4.2 and 4.3 show mtCA2 inhibition data wattpanel of sulfonamides and one
sulfamate (obtained for the G@ydration reaction catalyzed by CASsome of which are
clinically used drug$,such as acetazolamidedZ , methazolamid&1ZA , ethoxzolamide
EZA, dichorophenamid®CP, dorzolamideDZA, brinzolamideBRZ, benzolamidd3ZA,
topiramate TPM, sulpiride SLP, indisulam IND, zonisamideZNS, celecoxib CLX,
valdecoxibVLX, sulthiameSLT and saccharit8AC. The simpler derivative&36-157
were also included in the study as they represeniniost extensively used scaffolds for

designing potent or isoform-selective CAls (Chatf)4>*3%1%
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Chart 4.1. Sulfonamidic scaffolds for biological assays.
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Table 4.2.Inhibition of hCA Il, andM. tuberculosinzymes mtCA 1-3 with sulfonamid&36-157and 15
clinically used derivativeAAZ-SAC.

*

Ki

Compound hCAIF (nM) | mtCA P (uM) mtCA ST (uM)  mtCA 2 (uM)
136 295 9.23 6.24 33.7
137 240 9.84 7.11 29.6
138 495 7.93 7.83 28.4
139 320 4.92 7.02 38.9
140 170 8.69 7.33 30.7
141 160 9.56 3.42 29.1
142 60 8.74 7.90 28.9
143 110 7.52 1.51 27.7
144 40 0.186 7.32 31.6
145 70 7.71 5.81 32.4
146 63 8.10 2.35 29.6
147 75 1.72 21.7 32,5
148 60 11.54 7.63 2.09
149 19 12.65 7.92 2.38
150 2 0.905 3.10 0.978
151 46 0.612 2.21 3.21
152 50 0.853 0.170 2.29
153 33 0.750 0.091 2.63
154 12 7.48 7.60 45.2
155 80 9.56 7.82 38.3
156 125 5.51 2.51 34.5
157 133 8.21 7.40 39.2
AAZ 12 0.481 0.104 0.009
MZA 14 0.781 0.562 0.66
EZA 8 1.03 0.594 0.027
DCP 38 0.872 0.611 2.01
DZA 9 0.744 0.137 0.099
BRZ 3 0.839 0.201 0.127
BZA 9 0.810 0.338 0.467
TPM 10 0.612 3.02 0.474
SLP 40 2.30 7.92 0.266
IND 15 0.097 7.84 0.717
ZNS 35 28.68 0.208 0.876
CLX 21 10.35 7.76 0.713
VLX 43 12.97 7.81 0.682
SLT 9 5.16 6.72 0.664
SAC 5950 7.96 7.15 0.792

2 Human recombinant isozyme, stopped-flow.@@drase assay method, pH 7.5, 20 mM Tris—HCI biffe
b¢ Bacterial recombinant enzymes, at 20 °C, pH 8 20mM Tris—HCI buffer and 20 mM NaCl, from Refs.
106.108 Data of isoform Il are from Re¥’ whereas data of mtCA 1 and 3 from Ré$§:%

9 Bacterial recombinant enzyme, at 20 °C, pH 8.34rmM Tris—HCI buffer and 20 mM NaCl, this work.

" Errors in the range of 5-10% of the shown datanfthree different assays.
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Data for the inhibition of the dominant human isofchCA II* as well as those of the other
two M. tuberculosisenzymes, mtCA 1 and mtCA'%¥% are also included, in Table 4.2,
with these compounds for comparison reasons.

The following SAR can be observed from data of €ahP:

1. A number of the investigated derivatives, suchl@6-147and 154-157 showed
modest mtCA 2 inhibitory activity, with activity ithe micromolar range, and
inhibition constants of 27.7-45,M. It may be observed that these compounds are
either simple 2- or 4-substituted benzenesulfonamidncorporating amino,
alkylamino, carboxyalkyl, carboxyl or hydroalkyl mties (36-141and155-157%,
halogeno-substituted sulfanilamidesl42-145 or benzene-1,3-disulfonamide
derivatives {46 and 147). Generally, all these compounds were more effecti
mtCA 1 and mtCA 2 inhibitors (i in the low micromolar or even submicromolar
range, Table 4.2).

2. Activity in the low micromolar range has been obserfor six of the investigated
derivatives:148 149, 151-153andDCP, with K;s in the range of 2.01-3.2IM.
These compounds are either heterocyclic derivatiy#48 and 149 the
acetazolamide and methazolamide precursors), dylfasulfonamides151 and
152 as well as the pyrimidyl-substituted benzenesafoide 153
DichlorophenamideDCP is the only disulfonamide having this interestiagd
rather effective mtCA 2 inhibitory activity (comal to the structurally relateldi6
and147 discussed above, which showed a much weaker tohyactivity). It may
be observed that the elongation of the inhibitotenale 140 and141 by means of
a sulfanilyl moiety, such as itb1 and152, leads to a roughly 10 times increase of
the inhibitory power of the corresponding sulfondenagainst mtCA 2.

3. Submicromolar mtCA 2 inhibitory activity has beehserved for a rather large
number of derivatives, such 450, MZA andBRZ-SAC, which showed k§ in the
range of 127-978 nM. Compourtb0 is structurally related td51 and 152
discussed above, but it has the acetazolamide hdeleas most other compounds
are heterocyclic sulfonamides in clinical use, @cEPM which is a sulfamate.
These data clearly show that many chemotypes leaff¢ctive, submicromolar
mtCA 2 inhibitors. Many of these compounds alsediff/ely inhibit the other two
mycobacterial CAs as well as hCA 1I.

4. Very effective mtCA 2 inhibitors were acetazolamiddzZ (K, of 9 nM),
etoxzolamideEZA (K, of 27 nM) and dorzolamidBZA (K, of 99 nM). These are
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very encouraging data, as we detected CAls witafanity <100 nM for mtCA 2,
but on the other hand, all these compounds are petgnt inhibitors of most
mammalian (host) CA isoformsyhich make them less appropriate for developing
inhibitors targeting specificallg-CAs.
Thus, my purpose was to detect compounds whichhaag better affinity for mtCA 2 but
at the same time behave as weaker hCA Il inhibitioas the clinically used drugSAZ,
EZA or DZA discussed above. In a recent study by Cairtal. it was demonstrated that
several diazenylbenzenesulfonamides act as wealemaiedinhibitors of the ubiquitous,
house-keeping human isoforms hCA | and®IThus, by using this observation and data
reported in Table 4.2, showing that compounds \a&ithelongated tail geometry such as
150-152 possess good (low micromolar) mtCA 2 inhibitorytiaty, | decided to
investigate a series of recently repotfédiiazenylbenzenesulfonamid&58 and 159, as
well as their precursord60 and 161, derived from sulfanilamide or metanilamide,
prepared by Cart®®> The mtCA 2 data with the new compounds were indeeite

interesting, as the following SAR was observed.
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Table 4.3. Inhibition of CAs of human (hCA 1) and mycobadesdrCAs mtCA 1-3 with sulfonamides
158and159, the sulfonate$60and161, by a stopped-flow Cohydrase assdy

SO,NH,
SO,NH,
©/ SO3Na SO3Na
N
! ©
158 161
Ki (uM)*

Cpd R hCA IP mtCA P mtCA 3 mtCA 2
158a  OH 0.665 9.27 12.40 0.678
158b  NH; 0.106 7.20 8.78 0.955
158c  NHMe 0.093 7.69 9.18 0.346
158d NMe 0.638 6.86 30.7 5.48
158e  NHCH,SQNa 0.105 6.78 8.90 0.059
158f  N(Me)CHSQNa 0.104 8.71 9.03 0.045
159a  OH 0.106 8.97 9.23 6.48
159b  NH;, 0.088 7.00 8.68 1.98
159d  NMe 0.105 7.54 9.36 2.13
159e  NHCH,SQNa 0.107 7.51 9.45 6.56
159f  N(Me)CHSQ:Na 0.109 63 7.4 6.90
160 - 58.3 8.67 8.90 42.9
161 - 63.6 7.86 9.11 54.0

2 Human recombinant isozyme, stopped-flow,®@drase assay method, pH 7.5, 20 mM Tris—HCI biffe

® Bacterial recombinant enzymes, at 20 °C, pH 8.30rmM Tris—HCI buffer and 20 mM NaCl, from Ref.
134

f Bacterial recombinant enzyme, at 20 °C, pH 8.30mM Tris—HCI buffer and 20 mM NacCl, this work.
Errors in the range of 5-10% of the shown datanfthree different assays.

First, all the para-substituted azo dyés8 were much more effective mtCA 2 inhibitors

compared to the corresponding meta-substitutedateres 159 Thus, the metanilamide

derivatives are less effective than the sulfanitlerones. For the sulfanilamide derivatives

159, the dimethylamino-substituted compound was thstleffective mtCA 2 inhibitor (K

of 5.48 uM), whereas the compounds possessing OH, NHMe aHd mHoieties as

substituents to the benzenediazenium system wéter lrghibitors, with Ks of 346— 955

nM. Thus, a very small structural change in the enole of these compounds (e.g., an

additional methyl moiety in the amino, methylammodimethylamino compoundsb8b—
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d, leads to drastic changes of inhibitory activitigut the best activity has been observed
for the aminomethylene sodium sulfonate derivatii8e and the correspondindyl-
methylated analogu&58f, which showed inhibition constants in the low nawdar range
(K;s of 45-59 nM). The precursors sulfonal€® and 161 were on the other hand very
weak mtCA 2 inhibitors. It is also important to edhat these two compounds show some
selectivity as mtCA 2 versus hCA Il inhibitors, Wwiselectivity ratios for inhibiting the
parasite over the host enzyme of 1.8-2.2. Thus thiug design strategy may be
considered a good one (for tparasubstituted derivatives) in obtaining effectivewlo
nanomolar) and selective mtCA 2 inhibitors. Thearmibstituted compound$9a, 159D,
159d-fwere less effective mtCA 2 inhibitors, withs<of 1.98—6.9QuM.

4.1.4 Conclusions

In conclusion, is reported here the kinetic chamazation and the first inhibition studies of
the third CA from the widespread human patholyertuberculosis mtCA 2, encoded by
the gene Rv3588c, which has been shown to podsedsghest catalytic activity for GO
hydration (K of 9.8 x 10 s*, and K./Ky of 9.3 x 16 M™ s') among the three CAs
encoded in the genome of this pathogen. A seriessilidnamides/sulfamates was assayed
for their interaction with mtCA 2, whereas somezéiaylbenzenesulfonamides were newly
synthesized from sulfanilamide/metanilamide by digation followed by coupling with
amines or phenols. Several low nanomolar mtCA 2bitdrs have been detected among
which acetazolamide, ethoxzolamide and some 4edhenzenesulfonamides &of 9—

59 nM). As this gene is essential for the growthMof tuberculosis inhibition of this
enzyme may be relevant for the design of anti-Tigdrpossessing a novel mechanism of

action.
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4.2 Substituted phenyl-H-indole-5-sulfonamides: new B-CAs strong
inhibitors
4.2.1 Studies on mtCA 1 and mtCA 3

In preliminary work$®®*%® have been reported the cloning and kinetic
characterizations of two dfl. tuberculosis3-CAs: Rv1284% (mtCA 1, essential for the
growth/virulence of this bacteria) and Rv32F3(mtCA 3, not essential). Molecular
biology data, based on mutagenesis studies imsHai7RV" and up-regulation of the
encoding genes under the starvation conditions ueechodel persistent bacteri&,
suggested that inhibition of mycobacteiflaCAs may be used for drug design campaigns
aiming to find antimycobacterial agents.
Although it was showed that Rv128%and Rv327%* can be inhibited by many types of
sulfonamides or sulfamates, the best inhibitorseaet! so far showed only medium
potency, with the best Rv1284 inhibitors possessirgin the range of 100-200 nM and
the best Rv3273 inhibitors havingsin the range of 90-500 nM, as shown above ind abl
4.2. Furthemore, the best such compounds possesseple scaffolds (e.g., 3-
bromosulfanilamidel44 and indisulamIND were the most effective Rv1284 inhibitors,
whereas acetazolamideAZ and 2-amino-pyrimidin-4-yl-sulfanilamidé53 were the best
Rv3273 inhibitors, Chart 4.2), which are not easilyenable to derivatization. Thus, |
decided to explore different scaffolds incorporgtithe sulfamoyl zinc-binding groups

(ZBGs) for the design di-CA inhibitors targeting these mycobacterial enzgme

SO,NH,
HN—< >—SOZNH2
o}
e /Z< /< )\ —
- s SONH, ('
SO,N NH,
153

N
H,

HoNO,S \ HN-NH, H,NO,S \ HN

162 163-177

Chart 4.2. Sulfonamidi¢—Cas inhibitors.
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Recently has been reported the excellent inhibidativity against various mammalian CA
isozymes (belonging to theCA genetic family) of a series of of 2-(hydrazinocarbonyl)-

3-aryl-1H-indole-5-sulfonamides, synthesized by GuUZ&l*® Considering this X-ray

crystal structure of the hCA 1162 adduct as starting poiif and the good inhibitory

activity of this class of sulfonamides against man€A isoforms>**%*3| decided to

investigate whether this scaffold may also lea@ftective B-CA inhibitors targeting the

mycobacterial enzymes.

Inhibition data of the tw@-CAs of M. tuberculosis encoded by the genes Rv1284 and

Rv3273, are shown in Table 4.4. Data of Table 4sé aresent the inhibitory activity

against two physiologically relevant host CA isosgm(hCA | and Il) of the new
compoundsl62-177reported here (Chart 4.2), as the search of patheglective CAls is

an important aspect in the design of new applioatifor this class of pharmacological

agents. Inhibition data with the best mycobactefislls detected so fdf*'% i.e.,

compoundd44, IND, AAZ, 153are also shown in Table 4.4 for comparison reasons.

Table 4.4.Inhibition of CA Human Isoforms hCA I, II, and Mybacterial Enzymes Rv1284 and Rv3273
with Sulfonamidesl62-177 and 144, IND, AAZ, 153 as standard$. Errors in the range of 5-10% of the
shown data, from three different assays, by a G@iration stopped flow assay.Human, recombinant
isozymes, pH 7.5, 20 mM TRIS-HCI bufférBacterial recombinant enzyme, at 20 °C, pH 8.30nnaM
TRIS-HCI buffer and 20 mM Nacl.

Ki (nM)?®
Cpd R hCA P hCA 11° mtCA T mtCA 3
162 7.5 7.2 48 31
163 H 9.0 71 6.5 7.0
164  2-F 8.5 91 9.3 6.9
165  3-F 11.3 3380 7.6 6.0
166  4-F 7.6 65 9.7 6.5
167  2-Cl 25.1 100 35.3 6.7
168  3-Cl 113 1800 31.8 6.6
169  4-Cl 3.2 77 20.9 0.96
170  2-Br 43.4 38 25.1 1.01
171  3-Br 30.8 74 3.2 0.97
172  4-Br 12.3 85 5.2 0.96
173 2-Me 10.5 106 0.98 6.8
174  3-Me 110 104 1.5 7.8
175  4-Me 5.1 68 0.97 3.6
176  3-OMe 8.6 2840 0.92 1.8
177  Fs 9.7 0.93 0.93 0.88
144 6500 40 186 7320
IND 31 15 97 7840
AAZ 250 12 481 104
153 109 33 750 91
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The following should be noted regarding the inhioitdata of Table 4.4:

1. Rv1284 was effectively inhibited by the lead molec62 possessing a new
indolesulfonamide scaffold, with a, Kf 48 Nm, thus already two times a better
Rv1284 CAIl as compared to the best such compoutetteel so far, indisulam
IND (K, of 97 nM). Probably this new scaffold fitted betteithin the Rv1284
active site compared to the scaffolds of derivativevestigated earlier for the
inhibition of this enzyme. However, the pyridiniuderivatives 163-177 were
much more effective CAls as comparedlL&®? or any other sulfonamide/sulfamate
investigated earlie’®® Thus, the new class of sulfonamides reported Bkosved
inhibition constants in the range of 0.92-35.3 nihiast Rv1284. The least
effective derivatives werg67-170 which, presenting | in the range of 20.9-35.3
nM, were anyhow much more effective Rv1284 CAls pared to compoundsi4
and IND investigated previously (K of 97-186 nM). These least effective CAls
incorporate 2-, 3-, 4-chloroand 2-bromophenyl megetin position 3 of the
indolesulfonamide scaffold. Another group of thevngerivatives, among which
163-166 171, 172, and 174, showed an enhanced inhibitory activity toward
Rv1284, with Ks in the range of 1.5-9.7 nM. These compounds purated the
following substitution patterns at the 3-phenyl etgiof the indolesulfonamide
scaffold: unsubstituted phenyl; 2-, 3-, and 4-famhenyl, 3-bromo- and 4-
bromophenyl and 3-tolyl. The remaining derivativég3 and 175177 were
subnanomolar inhibitors of Rv1284, withskof 0.92-0.98 nM. They incorporate 2-
and 4-tolyl, 3-methoxyphenyl, and perfluorophengiaties in the 3 position of the
indolesulfonamide scaffold. Thus, not only the gditazinocarbonyl)-3-
substituted-phenylH-indole-5-sulfonamide derivatives led to highly esfive
Rv1284 CAls but the pyridinium derivatives obtainfedm this lead molecule
showed a very interesting SAR, with the natureh® group substituting the 3-
phenyl ring strongly influencing the enzyme inhiloyt activity.

2. Rv3273 was also highly inhibited W62 and its pyridinium derivative463-177
investigated here, with K in the range of 0.88-31 nM62 was the least effective
such CAI (K of 31 nM) although being at least a 3 times beiteibitor compared
to compoundsAAZ and 153 investigated earlié?® and found to be the most
effective inhibitors of this mycobacterial CA. Aubstitution patterns presented in
the pyridinium derivativesl63-177 were highly effective in inducing excellent

Rv3273 inhibitory properties, as the entire claksampounds showed a compact
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behavior of very potent CAls, with inhibition coasts <8 nM. Thus, the
unsubstituted compount3 its 2-, 3-, 4-fluoro, 2- and 3-chloro, 2-, 3-,dad-
methyl, as well as 3-methoxy derivatives, showesl ¢ 1.8-8.0 nM, whereas the
remaining compounds were even better CAls, witlibition constants in the range
of 0.88-1.01 nM. These last derivatives incorpatatechlorophenyl, 2-, 3-, and 4-
bromophenyl, and perfluorophenyl moieties in posit8 of the indolesulfonamide
scaffold. It should be noted that the simple swdfoides144, IND, AAZ, 153
investigated earlief®® as Rv3273 inhibitors are several orders of mageitueaker
CAls as compared to the compounds investigated here

. Compoundsl63-117were also investigated as inhibitors of two humaks Cthe
cytosolic isoforms hCA | and Il. Against the cytbsasoform hCA I, the new
pyridinium sulfonamided63-177generally showed good inhibitory activity, with
Kis in the range of 3.2-113 nM, being thus more acthan the clinically used
sulfonamide acetazolamideAZ and having a similar activity to indisulaiND, a
compound in clinical development as an anticanagnd Most of the new
derivatives163-177 similarly to the leadl62 were in fact low nanomolar hCA |
inhibitors (Ks in the range 3.2-30.8 nM), except 1&8 170 and174, which were
less active (ks in the range 43.4-113 nM). SAR was thus ratlegrefkcept for the
three less active compounds mentioned earlier,ipgahat most of the substitution
patterns present in the phenyl ring in position &eavbeneficial for the hCA |
inhibitory properties of these compounds.

. Although the lead 62 showed excellent hCA Il inhibitory activity (Kf 7.2 nM),
the derivatived 63-177reported here were generally much less effectifaéitors
of this ubiquitous isoform, with }s in the range of 38-3380 nM, except for the
pentafluorophenyl derivativé77, which was a subnanomolar hCA 11 inhibitor, (K
of 0.93 nM). These data were indeed very intergstas they proved that the
substitution pattern of the phenyl moiety in therighpium salts163177 was
crucial for their hCA 11 inhibitory activity. Thusa very active compound has been
detected 177), together with moderate inhibitors (suchl&s, 164, 166, 167, 169
175 K;s in the range 38-106 nM), as well as three veeffective inhibitors %, 8,
andl16, possessing K in the range 1800-3380 nM). It should be noted &l these
ineffective hCA Il inhibitors had the substituerittbe phenyl moiety in the meta-
position, probably provoking a clash with some améeid residues present in the

hCA Il active site, as already documented earlieliterature*®> However, in the
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absence of detailed structural data for this classnhibitors this remains a
hypothesis to be checked. The pentafluorophenyatere 177 on the other hand,
was 7.7 times more effective as a hCA Il inhibasrcompared to the ledé2, and
it would be also of great interest to resolve iighhresolution X-ray crystal
structure in adduct with hCA 1l for understandirge telements leading to this
excellent inhibitory activity.
5. Many of the new sulfonamides reported here showetlieh better inhibition of
the mycobacterigl-CAs Rv1284 and Rv3273 than for the host enzymes hahd
[I. Furthermore, many of these compounds showedeamble inhibition of only
hCA I, an enzyme whose physiologic function is wetl understood but seems to
be marginal, whereas the physiologically dominant hCA Il showadweak
inhibition with these compounds (except one of th&@). Thus, these finding
was important not only for detecting low nanomaad subnanomolar inhibitors
of the two mycobacterial CAs but also because tleesepounds showed a much
higher affinity for thesg-CAs than for hCA Il. Thus, the selectivity ratifis the
inhibition of the pathogen over the host enzymesevideed very favorable for the
potential use of these compoundsifovivo antimycobacterial studies.
In conclusion, the-CAs encoded by the genes Rv1284 and Rv327Blyafobacterium
tuberculosis which show appreciable catalytic activity for fhieysiological reaction, were
inhibited by sulfonamides; in particular among thariously substituted series of 2-
(hydrazinocarbonyl)-3-arylH-indole-5-sulfonamides, compound$2-177 were highly
effective, low nanomolar or subnanomolar inhibitofsthe two mycobacterial enzymes,
having a good affinity for the host enzyme hCA I lbouch lower inhibitory properties
against the major, physiologically dominant isofdn@A 1l. These new compounds were
several orders of magnitude Dbetter mycobacterial ISCAcompared to

sulfonamides/sulfamates investigated earlier.
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4.2.2 Studies op—CAs from Cryptococcus neoformans and Candida adis
In the search for antiinfectives possessing a miffe mechanism of action,
compared to the classical antibiotic/antifungalgs?®*+ 1411514113t considered3-CAs

42143 and Candida albicans

from the fungal pathogerSryptococcus neoformar(€an 2
(CaNce103)" that can be inhibited by sulfonamides, as recesherged! Up to now
only simple sulfonamide scaffolds have been ingastid as well as the 20 clinically used
sulfonamides, among which acetazolamid@A and ethoxzolamideEZA, for the
inhibition of these enzymes, finding very few eftfee inhibitors against the fungal
enzymes:! Indeed AZA was a good Can?2 inhibitor (with a & 10 nM) whereas it had a
more modest activity against CaNce103 (with aoK 132 nM)*** EZA was even less
effective, with Ks of 87 nM against Can2 and 1070 nM against CaNg;eE3pectively.
Thus, in the search for more effective sulfonamabenpounds targeting the fungal
pathogenic enzymes Can2 and CaNcel03, | consitleeeskries, synthesized by Guzel, of
compounds shown earlier, presenting excellent iagtitowards p-CAs from M.
tuberculosis enlarged in this study, with other derivativas;particular | considered the
phenyl-1H-indole-5-sulfonamidesl62, 178-191 and their trimethylpyridinium salts
analogsl63-177shown in Table 4.5. Inhibition data with such datives, as well as the
standard drugdZA andEZA against Can2 and CaNcel03, as well as the offtagA |

and Il are presented in Table 4.5.

Table 4.5.Inhibition of humaru-CA (hCA) isozymes | and Il and funggdCAs fromC. neoformangCan2)
and C. albicans (CaNcel03) with sulfonamide$62 178-191 and 163-177 acetazolamide AZA) and
ethoxzolamideEZA) as standard¥.

)
RN RN clo,
H,NO,S HN—NH H,NO,S HN—elr)\I o
\ 2 \ /
N o) N
H H ©
162, 178-191 163-177
o)
A /QN\S\ /@:N\>—SO NH
2 2
N s TSONH, EtO s
AAZ EZA
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K, (nM)”
Cpd R hCA hCA 112 Can? CaNcel03
162  H 7.5 7.2 72 85
178  2-Me 107 11.6 9.2 78
179  3-Me 730 48.4 9.1 43
180  4-Me 104 60.5 10.5 52
181  2-F 621 36.0 7.9 47
182  3-F 116 8.6 7.2 54
183  4-F 108 15.5 8.6 61
184  2-Cl 640 38.8 8.0 45
185  3-Cl 311 9.2 7.4 52
186  4-Cl 112 11.6 70 55
187  2-Br 110 48.5 62 81
188  3-Br 510 54.1 93 87
189  4-Br 659 40.8 118 94
190  3-OMe 342 7.4 12.0 128
191  Fs 110 7.0 103 7.5
163 H 9.0 71 16.5 42
164  2-F 8.5 91 16.2 19
165  3-F 11.3 3380 8.3 24
166  4-F 7.6 65 8.7 21
167  2-Cl 25.1 100 15.4 33
168  3-Cl 113 1800 4.4 31
169  4-Cl 3.2 77 3.1 29
170  2-Br 43.4 38 12.1 45
171  3-Br 30.8 74 14.3 48
172 4-Br 12.3 85 10.9 53
173  2-Me 10.5 106 6.5 62
174  3-Me 110 104 6.1 64
175  4-Me 5.1 68 5.9 41
176  3-OMe 8.6 2840 8.3 119
177  Fs 9.7 0.93 60.1 5.1
AAZ - 250 12 10 132
EZA - 25 8 87 1070

* Errors in the range of +5% of the reported datanf three different assays by a stopped-flow, CO
hydration method?

The following SAR can be drawn by considering d#tdable 4.5:

1. Against Can2, the indolesulfonamid&62 and 178-191showed good inhibitory
activity, with Kis in the range of 7.2-118 nM, making this entifkdosiamide class
among the best sulphonamide Can2 inhibitors deteste far. Thus, the lead
compoundl62 and derivative486-189and191 showed medium- high potency as
Can2 inhibitors, with inhibition constants in thange of 62-118 nM. These

derivatives incorporateD the 4-chloro, 2-, 3- andbrdmo as well as
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pentafluorophenyl moieties (together with the 1&&8@). In contrast, the remaining
derivatives, incorporating methyl-, fluoro-, 2-/Bloro- and methoxy-substituted
phenyl moieties in the position 3 of the indolegrirof types178-185 and 190,
showed a much stronger Can2 inhibitory effect, Witk in the range of 7.2-10.5
nM. Thus, the nature of the group substituting 8¥phenyl ring present in
compounds 1 and 2 strongly influences the CanZbitdny activity, with the
methyl-, methoxy-, fluoro- and chloro-substitutedridatives showing a better
activity (around 10-fold) compared to the led62 or the bromosubstituted
compounds187-189 The position of the substituent of the phenylgriwas
somehow less influential on the inhibitory activifgxcept for the chloro-
derivatives 184-186 case in which the 4-chlorosubstituted compoddé was
around 8.7-9.4 times a weaker inhibitor comparethéo2- or 3-chlorosubstituted
isomers184 and 185). Indeed, the 2-, 3- or 4-methyl-substituted coomms 178-
180 or the 2-, 3- or 4-fluoro-substituted compou84-183 respectively, showed
comparable Can2 inhibitory activities. The pyridim-substituted sulfonamides
163-177showed similar activity with the correspondingiegiof sulfonamides just
described. However they were better Can2 inhibit@smpared to the
corresponding carbohydrazid&82 178-191 with inhibition constants in the range
of 4.4-60.1 nM. Again the best Can2 inhibitor wasclalorine-substituted
derivative, 168 whereas the least effective one the pentaflu@ophderivative
177. Overall, this subseries of positively-chargedfandamides showed excellent
inhibitory capacity against the fungal enzyme Cabhzhould be also mentioned
that the most active compounds among the indolesaihides investigated here
showed a better activity than acetazoland® , the most effective Can2 inhibitor
detected before this stud

. CaNcel03 was slightly less susceptible to be indobi by the tested
indolesulfonamides, compared to Can2, a situatiomady observed with other
classes of sulfonamidé: Thus, derivatived62, 178-191showed Ks of 7.5-128
nM for the inhibition of CaNcel03, being more effee CAls compared t&\ZA
(K, of 132 nM, the best sulfonamide inhibitor detedbediore this study) oEZA
(K, of 1070 nM). The 3-methoxysubstituted derivath@) was the least effective
CaNcel03 inhibitor in this series, with a, Kf 128 nM, whereas the
pentafluorophenyl- substituted on#9l, the most effective inhibitor (Kof 7.5
nM). This is one of the best CaNcel03 inhibitorgedied so far, with efficiency
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17.6 times better than that &ZA, and also possessing a quite hydrophobic
character due to the presence of the pentafluorgpmeoiety. This was a positive
feature indeed, as sulfonamides are normally irgefftly lipophilic to penetrate
the cell walls and membranes of some bacteriaragifd* a fact which is attributed
to the highly polar nature of the sulfonamidic grohe remaining derivatives, of
types 162 and 178-189 showed a rather flat SAR, and were only modeyatel
inhibitory against CaNcel03, with inhibition cons® of 43-94 nM. Both the
substitution pattern and the nature of the 3-stisti phenyl moieties influence
the CaNcel03 inhibitory activity of this series inflolesulfonamides. Thus, the
lead162was moderately active (Kf 85 nM) and all substitution patterns at the 3-
phenyl moiety (except the bromophenyl ones, preseni87-189 led to an
increase of the CaNcel03 inhibitory power. Actualhe bromophenyl derivatives
187-189 showed similar 187 and 188 or slightly diminished 189 CaNcel03
inhibitory activity compared ta62 For the halogenosubstituted compounds, the 2-
halogeno derivative was a better CaNcelO3 inhibitmmpared to the
corresponding 3-halogeno substituted compound, twhic turn was a better
inhibitor compared to the 4-halogeno substitutedivddve. For the methyl
substituted compounds, the best CaNcelO3 inhibitais the 3-substituted
compoundl179. Thus, minor structural changes in the scaffoldcompounds 2
strongly influence the CaNcel03 inhibitory activity this series of derivatives.
The compoundd63-177 bearing the trimethylpyridinium moiety instead tbe
terminal amino one present 178--191 were also effective CaNcel03 inhibitors,
with inhibition constants in the range of 5.1-114.rS5AR for these positively-
charged derivatives was rather similar to the spoeding carbohydrazides from
which they were prepared, with the pentafluoropheaiterivative 177 being the
most effective CaNcelO3 inhibitor reported so fs 6f 5.1 nM) and the 3-
methoxy-substituted onE76 the least effective (Kof 119 nM). Generally, all the
positively charged, trimethylpyridinium derivativé63-177were better CaNcel103
inhibitors compared to the corresponding nonchadget/atives analogs.

. The investigated sulfonamides were generally |&&steve hCA | inhibitors (Ks

of 110-730 nM) except for the led®2 which was a very potent hCA | inhibitor
(K, of 7.5 nM), but most of them were highly effectik€A Il inhibitors (Ks of
7.2-60.5 nM). However, some interesting selectixatiyos for the inhibition of the

fungal over the host enzymes have been observedoime of the investigated
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sulfonamides. Thus, compourdd9 had a selectivity ratio of 5.1 for inhibiting
Can2 over hCA 1l, and of 80.2 for inhibiting Can2eo hCA I. This is the first
example of a fungal pathogenic CA-selective inloib{bver the off-target hCA II).
Similar features were also observed 1&4, with selectivity ratios of 4.8 (Can2
over hCA IlI) and 80 (Can2 over hCA ). However, @aNcel03 selective
inhibitors (over hCA 1I) have been detected soifathis as in other studiés

4.3 Conclusions
In conclusion, thep-CAs encoded by the genes Rv1284 and Rv3273 of

Mycobacterium tuberculosishowing appreciable catalytic activity for theypiological
reaction, were inhibited by sulfonamides; in pantac among the variously substituted
series of 2-(hydrazinocarbonyl)-3-aryHdindole-5-sulfonamides, compounds62-177
were highly effective, low nanomolar or subnanomataibitors of the two mycobacterial
enzymes, having a good affinity for the host enzymA | but much lower inhibitory
properties against the major, physiologically dasin isoform hCA 1l. These new
compounds were several orders of magnitude betigrolbacterial CAls compared to
sulfonamides/sulfamates investigated earlier.

Both B-CAs from the fungal pathogen€. neoformans(Can 2) andC. albicans
(CaNcel03), were potently inhibited by these swdfoides, with inhibition constants in
the range of 4.4-118 nM against Can2, and of 58-ddainst CaNcel03, respectively.
SAR was rather well defined, with minor structucalanges in the 3-substituted phenyl
moiety being the main contributors to the enzymhbibitory activity. Some of the
investigated sulfonamides also showed acceptaldbetsaty ratios for inhibiting Can2

over the host, human enzymes hCA | and II.
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CHAPTER FIVE
Inhibition studies on mitochondrial CA VA and VB \h

sulfonamides

5.1 CAls as potential anti-obesity drugs
Among thea-CA isoforms found in animals, two CA isozymes, VAdaVB, are

present in mitochondriX:*** These isozymes are involved in several biosyrtheti
processes, such as ureagen¥éigjuconeogenesi®’ and lipogenesis, in vertebrates (for
example, rodents) and in invertebrates (for example locust)****° The provision of
enough substrate bicarbonate, in several biosyoth@tocesses involving pyruvate
carboxylase (PC), acetyl-CoA carboxylase (ACC) aatbamoyl phosphate synthetases |
and I, is assured mainly by the catalytic reactiovolving the mitochondrial isozymes
CA VA and VB, probably assisted by the high acyiwtytosolic isozyme CA 1l (Figure
5.1)1%°

Mitochondrion Cytosol
[Pynuvate],
o J-eo
Craloacetate
Malonyl-CoA
o Py ruvate transporter l— o,
Bl Tricarboxylate transporter
Fatty acids

Figure 5.1.Fatty-acid biosynthesis and the role of carbonttydrase isozymes.

Mitochondrial pyruvate carboxylase (PC) is needsmttlie efflux of acetyl groups from the mitochorrdrd
the cytosol where fatty-acid biosynthesis takexgia*® Pyruvate is carboxylated to oxaloacetate in the
presence of bicarbonate under the catalytic infteesf the mitochondrial isozymes CA VA and/or CA VB
The mitochondrial membrane is impermeable to ag@bA, which reacts with oxaloacetate, leading te th
formation of citrate, which is then translocated th® cytoplasm by means of the tricarboxylic acid
transporter. As oxaloacetate is unable to crossrib@echondrial membrane, its decarboxylation regates
pyruvate, which can then be transported into theoghbndria by means of the pyruvate transportee Th
acetyl-CoA thus generated in the cytosol is in fastd forde novolipogenesis, by carboxylation in the
presence of acetyl-CoA carboxylase (ACC) and bimaale, with formation of malonyl-CoA, the conversio
between C@and bicarbonate being assisted by CA Il. Subsdagteps involving the sequential transfer of
acetyl groups lead to longer-chain fatty acids.ré&faee, CA isozymes are critical to the entire st of
fatty-acid biosynthesis: VA and/or VB within the toghondria (to provide enough substrate to PC),@Ad

Il within the cytosol (for providing sufficient setrate to ACC).
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Several studies have provided evidence that CAl® lpotential as anti-obesity drugs,
which might be due to their effects on CA isozym&spiramate TPM) is an anti-
epileptic drug possessing potent anticonvulsamce$fdue to a multifactorial mechanism
of action: blockade of sodium channels and kaiddt#/A (a-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid) receptors, £f@tention secondary to inhibition of the red
blood cell and brain CA isozymes, as well as enbarant of GABA {-aminobutyric
acid)-ergic transmissioff. A side effect of this drug observed in obese padiavas the
loss of body weight, although no pharmacologicgblaration of this phenomenon has
been provided® Furthermore, Topiramate was shown to reduce enanglyfat gain in
lean Fa/?) and obesed/fa) Zucker rats>* It was recently demonstrated that Topiramate
is also a potent inhibitor of several CA isozym&sch as Il, VA, VB, VI, VII, XII and
Xlll, and the Xvray crystal structure of its complex with human QKA has been
determined, revealing the molecular interactionst texplain the high affinity of this
compound for the CA active site.

Zonisamide ZNS) is another anti-epileptic drug used as adjundinerapy for refractory
partial seizure§****?|t has multiple mechanisms of action, and exhiaitsoad spectrum
of anticonvulsant activity. Similar to Topiramatecent clinical studies have demonstrated
additional potential for therapeutic use for neatbpc pain, bipolar disorder, migraine,
obesity, eating disorders and Parkinsan diseas&’ Zonisamide is an aliphatic
sulfonamide, which also potently inhibits cytosodind mitochondrial CAs involved in
lipogenesig! Furthermore, Zonisamide in conjunction with a meetircalorie diet (deficit
of 500 kcal per day), resulted in an additional m&&g (11-pound) weight loss compared
with diet alone in obese female patieftfsThus, inhibition of mitochondrial isoforms CA
VA and VB, probably in conjunction with that of thiiquitous cytosolic isoform CA I,
may represent targets for novel anti-obesity drilngd reduce lipogenesis by inhibiting
CAs*®

5.2  (R)-/(S)-10-Camphorsulfonyl-substituted = aromati/heterocyclic
sulfonamides selectively inhibit mitochondrial over cytosolic carbonic

anhydrases

Sulfonamidet’191°31°498.13%nd sulfamatés®*>**®*%are among the most potent
CAls reported up to now against all the physiolatiicrelevant CA isozymes, including
the mitochondrial ones CA VA and VB?®*Thus, | decided to explore new series of

aromatic as well as heterocyclic sulfonamides whsbbuld also incorporate lipophilic
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moieties, in order to endow them with good membrpeemeability and thus access to

mitochondria, where these isoforms are locatedvetltonsidered the reactions oR(4(-)-
10-camphorsulfonyl chloridel92 and (1I-(+)-10-camphorsulfonyl chloridel93 with

aromatic/heterocyclic sulfonamides incorporatingremor imino moieties, as a facile way

to generate such new compounds (Scheme 5.1).
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141: n=2, p-NH, 199: (1'R), n=2, p-NH,  200: (1'S), n=2 p-NH,
194: n=0, m-NH, 201: (1'R), n=0, m-NH, 201: (1'S), n=0 m-NH,
8
9
4 7
3
5 S SOZNHZ i
AN =TT
s © HCI  N-N
g /
192: (1R) 149 203: (1'R)
193: (1S) 204: (1's)

i: dry DMF, dry TEA, N, O°tor.t

Scheme 5.1Synthesi®of sulfonamide derivatives95-204

Indeed, reaction of sulfonyl chloridd®92 and 193 with amino/imono-sulfonamide$37,
140, 141, 194afforded a series of chiral new sulfonamides gdety}t95-204 which
incorporated the highly lipophilic camphorsulfomgbieties. Such derivatizations (the “tail
approach”) have been investigated earlier extelste my research grouft;*"**®peing
shown that they may lead to effective CAls.

The new sulfonamides reported here, of typ85-204 as well as the classical CAls in
clinical use AAZ-ZNS, have been assayédor the inhibition of four physiologically
relevant CA isoforms, the cytosolic, off-target hCAnd II, as well as the mitochondrial
hCA VA and hCA VB (Table 5.1).
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Table 5.1.hCA |, I, VA and VB inhibition data with sulfonaisies195-204and the standard inhibitors
AAZ- ZNS, by a stopped-flow, CChydration assay meth8@Data for the standard inhibitors are from™ref.

Ky (nM)”
Compound hCA{ hCA 112 hCA VA hCA VB
195 1241 1207 17.1 26.4
196 3130 1165 68.6 30.0
197 920 1563 16.6 40.3
198 1042 2459 27.5 67.3
199 4964 963 64.5 36.2
200 5513 2254 33.2 54.1
201 9711 78.9 35.3 38.4
202 81.5 2304 48.7 44.3
203 5246 1773 5.9 7.8
204 4382 398 21.0 7.3
AAZ 250 12 63 54
MZA 50 14 65 62
EZA 25 8 25 19
DCP 1200 38 630 21
TPM 250 10 63 30
ZNS 56 35 20 6033

2 Full length, cytosolic recombinant isoforfiull length, mitochondrial recombinant enzyme.
* Errors in the range aof 5-10 % of the reported value, from 3 differentagss
The following should be observed regarding CA iitioh data with these compounds:

1. Sulfonamidesl95-204incorporating the lipophilic moieties of tHe and S10-
camphorsulfonyl type, behaved as weak inhibitorshef cytosolic, slow isoform
hCA I, with inhibition constants in the micromoleange (Ks of 0.92-9.71uM).
Only one of these derivative€202 showed more efficient inhibition of this
isoform, with K of 81.5 nM. It was interesting to note the hugéedence in
inhibitory power between the two enantiom2€d and202 with the last one being
approximately 120 times a better hCA | inhibitomgmared to the other. Thus, the
nature of the moiety on which the sulfonamide grougs grafted (aromatic or
heterocyclic) as well as the spacer between thiemand the camphorsulfonyl
group, did not influence markedly the activity bEse compounds. It was however
difficult to explain the rather good inhibitory adty of 202 but a recent work
showed a very variable binding pattern within thzyeme active site even for
structurally very similar congeners belonging te sulfonamide$>® It may be
observed, on the other hand, that the clinicalgduderivativesAAZ-ZNS showed
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more potent inhibitory activities against thesdasms, with inhibition constants in
the range of 25 nM-1.gM.

. A rather similar inhibition pattern with compounti85-204(as for hCA 1) has been
also observed against isoform hCA II. Thus, wedkhbition, in the micromolar
range (ks of 0.96-2.4%M) was observed for all these compounds ex28fptand
204, more effective hCA Il inhibitors (§ of 78.9—398 nM). Again, important
differences of activity have been observed for digeenantiomers of the same
sulfonamide (e.g.,201 versus 202, or 203 versus 204), and this has been
documented by crystallographic work on differentassles of chiral
sulfonamides®*° The clinically used derivatives were on the othand low
nanomolar inhibitors of this isoform, withi&Kin the range of 8-38 nM.

. The mitochondrial isoform hCA VA was much more smdle to inhibition by
compoundsl95-204compared to the cytosolic ones discussed aboveethdss

in the range of 5.9 — 68.6 nM have been measunethése derivatives. SAR was
here more intriguing compared to the inhibitiontbé cytsolic isoforms. Thus,
generally theR enantiomer was more effective as a hCA VA inhibdompared to
the correspondin§-enantiomer (except for the pdi®9-200where the reverse was
true). The most effective inhibitor was thus theéehecyclic derivative203 (K, of
5.9 nM), which is the most effective hCA VA inhibit reported to far. Its
enantiomer,204, was a 3.5 times weaker inhibitor, being anyhowimotent to
ZNS, one of the best hCA VA inhibitors among the dally used drugs.

. The second mitochondrial isoform, hCA VB was alggnificantly inhibited by
sulfonamidesl 95-204 with inhibition constants in the range of 7.3-%7AM, two
orders of magnitude better than the inhibitionh# tytosolic isoforms hCA | and
Il discussed above. Again the best inhibitors wéee heterocyclic sulfonamides
203 and 204, and generally th&® enantiomer was more active compared to the
correspondingS one, as for the inhibition of hCA VA discussed abdthe only
exception is the paz03-204.

. The selectivity ratios for the inhibition of the tmchondrial over the cytosolic
isoforms, for the new compounds reported here, werg good. For exampl@03

a low nanomolar hCA VA and VB inhibitor, had a stiety ratio of 889 for the
inhibition of hCA VA over hCA 1, and of 300.5 fohe inhibition of hCA VA over
hCA 1l. The selectivity ratios for the inhibitiorf bCA VB over hCA | and of hCA
VB over hCA 1l were of 672 and 227, respectivelpr [Ethoxzolamidd&eZA, one
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of the best classical mitochondrial CA inhibitattsese parameters were of 1 (hCA
VA over hCA 1), 0.32 (hCA VA over hCA 11); 1.31 (VB over hCA 1) and 0.42
(hCA VB over hCA 1), respectively. Thus, most ofhet classical
sulfonamides/sulfamates were much better hCA hhiibtors than hCA VA/VB
inhibitors, whereas exactly the reverse was trug¢hie new sulfonamide¥95-204
reported here.
In conclusion, the new derivatives, synthesizeddaction of the sulfonyl chlorides with
amino/imino-containing sulfonamides, were invegggafor the inhibition of CA I, II, VA
and VB. The new sulfonamides selectively inhibitee mitochondrial isozymes hCA VA
and VB over the cytosolic, offtarget ones hCA | dhavith inhibition constants in the low
nanomolar range (5.9-68.6 nM). The nature, chyraind position of the groups

substituting the sulfonamide greatly influenced @#einhibitory properties.
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CHAPTER SIX

Experimental section

6.1 Chemistry

Nuclear magnetic 'd, °C, *F, COSY, DEPT, HSQC and HMBC) spectra
determined in DMS&ls and CDC4-d and were recorded using a Bruker Advance Ill 400
MHz instrument. The chemical shift§ §cale) are reported in parts per million (ppm) and
the coupling constantg)(are expressed in hertz (Hz). Splitting pattemesdesignated as
follows: s, singlet; d, doublet; t, triplet; q, gqiraplet; m, multiplet; dd, doubledoublet. For
all new compounds DEPT, COSY, HSQC and HMBC wergimely used to definitely
assign the signals dH and**C. Infrared (IR) spectra were recorded on a PeEimer
Spectrum R X! spectrometer as solids on KBr plaed are expressed in (cm?).
Melting points (mp) were measured in open capillaiyes, unless otherwise stated, using
a Buchi Melting Point B-540 melting point apparatsd are uncorrected. Polarimetric
measurements were performed on a Perkin-Elmer 8éB8imeter at 20°C in 0.1 N NaOH
(A=589 nm) solutions. Electron ionization mass spe30eV) were recorded in positive
or negative mode on a Water MicroMass ZQ spectremdthin layer chromatography
(TLC) was carried out on Merck Silica Gel 60 F23dnainum backed plates. Elution of
the plates was carried out using ethyl acetdt®xane or MeOH/DCM systems.
Visualization was achieved with UV light at 254 nby dipping into a 0.5% aqueous
potassium permanganate solution, by Hanessiarnis stéution and heating with a hot air
gun or by exposure to iodine. Flash column chrograjohy was carried out using Merck
SilicaGel 60A, 230-400 mesh, (obtained from Aldrichemical Co.) as stationary phase.
The crude product was introduced into the columa sslution in the same elution solvent
system, alternatively as a powder obtained by mgixime crude product with the same
weight of silica gel in acetone and then removimgdolvent in vacuo at room temperature,
or dissolved into a minimum amount of DCM or carlietrachloride. All moisture or air
sensitive reactions were carried out in oven-dgssware under a positive pressure of
nitrogen or argon using standard syringe/septantqals to transfer solutions. All the inert
gases used (nitrogen and argon) were passed thjackgt columns fitted with activated
silica gel containing cobalt(ll) chloride adsorbad humidity indicator. umbelliferone,
aliphatic acids28, 29, 51, sulfanyl chloridesl92193 and all the sulfonamides used for

synthesis are commercially available from Sigma+i&hd (Milan, Italy), and were used
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without further purification. All other solvents é@rchemicals were used as supplied from
Aldrich Chemical Co., Acros, Fisher, Alfa Aesarl@ancaster Synthesis. All CA isozymes
were recombinant ones produced and purified in daloratory as described

earlier/130:154.98

6.2 CA Inhibition Assays

An SX.18MV-R Applied Photophysics stopped-flow mshent has been used for
assaying the CA catalyzed ¢@ydration activity’> Phenol red (at a concentration of 0.2
mM) has been used as indicator, working at therégbsee maximum of 557 nm, with 10-
20 mM Hepes (pH 7.5, for-CAs) or Tris (pH 8.3 fo}-CAs) as buffers, and 20 mM
NaSO, (for a-CAs) or 20 mM NacCl forp-CAs (for maintaining constant the ionic
strength), following the initial rates of the CAtalyzed CQ hydration reaction for a
period of 10-100 s. The GOconcentrations ranged from 1.7 to 17 mM for the
determination of the kinetic parameters and inlubitonstants. For each inhibitor, at least
six traces of the initial 5-10% of the reaction @aween used for determining the initial
velocity. The uncatalyzed rates were determinethénsame manner and subtracted from
the total observed rates. Stock solutions of inbrb{0.1 mM) were prepared in distilled-
deionized water and dilutions up to 0.01 nM weraalthereafter with distilled-deionized
water. Inhibitors and enzyme solutions were prdiated together for 15 min in case of
sulfonamidic/sulfamatic inhibitors, or for 15 mim 72 h at room temperature (15 min) or 4
°C (all other incubation times), in case of (thm)marinic inhibitors, prior to assay in
order to allow for the formation of the E-I1 complexfor the eventual active site mediated
hydrolysis of the inhibitor. Data reported for @ifjgoumarins show the inhibition after 6 h
incubation, which led to the completion of timesitu hydrolysis of the (thio)coumarin and
formation of the hydroxy/mercapto-cinnamic atid.

The inhibition constants were obtained by nonlirleastsquares methods using PRISM 3,

?,51,73,132

as reported earlié and represent the mean from at least three differe

determinations.
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6.3 Synthesis

6.3.1 General procedure for preparation of etherijatives 6-18°

Reaction of umbelliferone (7-hydroxycoumarin) withlkyl halides was done in
Williamson conditions. In a round bottom flask,0AC and under nitrogen atmosphere, to
a suspension in dry DMF (2 ml) of sodium hydrid®%® mineral oil dispersion) (1.2
mmol), previously washed with-Hexane, umbelliferone (1.0 mmol) was carefully edld
After five minutes a solution of the appropriat&yalhalide (1.0 mmol) in dry DMF (1.0
ml) was added dropwise. The mixture was left stgriat r.t until it was complete
(monitoring by TLC); then it was quenched with dred ice (2 g) extracted with ethyl
acetate (5 ml), washed with brine (5 x 5 ml). Tlolected organic phase was dried on
anhydrous Nz5Qy, filtered and evaporated under vacuum. The cruake purified by silica
gel column chromatography usimgHexane/ethyl acetate mixture as eluent, affording
compounds 6-10 as white solids in medium yields.

7-ethoxy-2H-chromen-2-one(6)

5 4
10
1 6 \3
" 7 2
o Z90 0

Compoundé was synthesized by reacting umbelliferone (0.2.9,eq) with bromoethane
(0.09 ml, 1.0 eq.), in presence of sodium hydri@&6nineral oil dispersion following the
general procedure mentioned above. The crude wasieduby silica gel column
chromatography eluting with 20% AcOEtnrHexane to afford compour@las white solid
in 45% yield. m.p: 90.5-92.5 °C; silica gel TL& 0.29 (AcOEth-Hex 20%, V/V);V max
(KBr) cm®, 2918 (C-H), 1721 (C=0), 1609 (C=C), 1522 (aromjatil226 (C-O);5
(400MHz, DMSQOds) 1.37 (3H, tJ 7.2, 2'-H), 4.15 (2H, ¢qJ 7.2, 1’-H), 6.30 (1H, dJ
9.6, 3-H), 6.95 (1H, dd 8.8, 2.2, 6-H), 6.98 (1H, d 2.2, 8-H), 7.63 (1H, d 8.8, 5-H),
8.00 (1H, dJ 9.6, 4-H);dc (100 MHz, DMSQds) 162.6 (C-7), 161.2 (C-2), 159.2 (C-9),
145.2 (C-4), 130.3 (C-5), 113.5 (C-6), 113.2 (C43)3.1 (C-10), 101.9 (C-8), 64.9 (C-1"),
15.3 (C-2)); m/z (ESI+) 191.18 ([M+H]+ 12%), 213.15 ([M+Na]+ 25%),03.17
([2M+Na]+ 100%).

7-propoxy-2H-chromen-2-one (7)

5 4
6 10 N 3
3 1 7 2
"0 Z 97070

Compound 7 was synthesized by reacting umbelliferone (0.21d) eq) with 1-
bromopropane (0.11 ml, 1.0 eq.), in presence ofiusodhydride 60% mineral oll
dispersion (0.06 g, 1.2 eq.) following the gengnalcedure mentioned above. The crude
was purified by silica gel column chromatographytiely with 20% AcOEt im-Hexane to
afford compound? as white solid in 40% vyield. m.p: 66-68 °C; siligal TLC Rr 0.55
(AcOEth-Hex 20%, V/V);v max (KBr) cmi?, 2927 (C-H), 1718 (C=0), 1611 (C=C), 1525
(aromatic), 1218 (C-O)y (400MHz, DMSQdg) 0.99 (3H, tJ 6.8, 3’-Hs), 1.75 (2H, m,
2'-Hy), 4.04 (2H, 11 6.8, 1'-H,), 6.28 (1H, d) 9.4, 3-H), 6.94 (1H, dd 8.4, 2.2, 6-H), 6.97
(1H, dJ 2.2, 8-H), 7.62 (1H, d 8.4, 5-H), 7.99 (1H, d] 9.4, 4-H);5¢ (100 MHz, DMSQ

dg) 162.7 (C-7), 161.1 (C-2), 156.3 (C-9), 145.1 (C4B0.3 (C-5), 113.5 (C-6), 113.2 (C-
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3), 113.1 (C-10), 101.9 (C-8), 70.6 (C-1"), 22.7-2Q, 11.1 (C-3’); m/z (ESI+) 205.23
([M+H]+ 5%), 227.20 ([M+Na]+ 100%), 241.19 (4).

7-butoxy-2H-chromen-2-one (8)

Compound 8 was synthesized by reacting umbelliferone (0.41d) eq) with 1-
bromobutane (0.26 ml, 1.0 eq.), in presence ofusndiydride 60% mineral oil dispersion
(0.12 g, 1.2 eq.) following the general proceduentioned above. The crude was purified
by silica gel column chromatography eluting with%d4AcOEt in n-Hexane to afford
compoundd as white solid in 45% yield. m.p: 60-62 °C; siligal TLCR; 0.28 (AcOEM-
Hex 14%, VIV):v max (KBr) cm*, 2915 (C-H), 1720 (C=0), 1608 (C=C), 1523 (aronjati
1219 (C-0);54 (400MHz, DMSQdg) 0.97 (3H, tJ 7.0, 4’-Hs), 1.47 (2H, m, 3-H), 1.75
(2H, m, 2'-H,), 4.11 (2H, 1 7.0, 1'-H,), 6.31 (1H, d) 9.4, 3-H), 6.97 (1H, dd 8.4, 2.4, 6-
H), 7.01 (1H, dJ 2.4, 8-H), 7.65 (1H, d 8.4, 5-H), 8.02 (1H, d 9.4, 4-H);5¢ (100 MHz,
DMSO-dg) 162.8 (C-7), 161.2 (C-2), 156.3 (C-9), 145.2 (C430.4 (C-5), 113.6 (C-6),
113.3 (C-3), 113.1 (C-10), 102.0 (C-8), 68.9 (C-B).4 (C-2'), 19.5 (C-3’), 14.5 (C-4");
m/z (ESI+) 219.21 ([M+H]+ 7%), 241.19 ([M+Na]+ 100%),72.22 (4), 301.26 (12),
441.34 (5), 459.20 (.[2M+Na]+ 47%).

7-(benzyloxy)-H-chromen-2-one (9)

Compound 9 was synthesized by reacting umbelliferone (0.4 1g0 eq) with
(bromomethyl)benzene (0.29 ml, 1.0 eq.), in presesfcsodium hydride 60% mineral oil
dispersion (0.12 g, 1.2 eq.) following the gengnalcedure mentioned above. The crude
was purified by silica gel column chromatographytiely with 25% AcOEt im-Hexane to
afford compound® as white solid in 40% vyield. m.p: 93.5-95.5 °Qicsi gel TLCR; 0.41
(ACOEth-Hex 25%, V/V);v max (KBr) cmi?, 2919 (C-H), 1716 (C=0), 1614 (C=C), 1531
(aromatic), 1224 (C-OjH (400MHz, DMSQdg) 5.26 (2H, s, O8), 6.32 (1H, dJ 9.6, 3-
H), 7.06 (1H, ddJ 8.8 2.6, 6-H), 7.11 (1H, d2.6, 8-H), 7.46 (5H, m, 2’- 3'-H,, 4'-H)
7.67 (1H, dJ 8.8, 5-H) 8.02 (1H, d 9.6, 4-H);dc (100 MHz, DMSQdg) 162.4 (C-7),
161.2 (C-2), 156.3 (C-9), 145.2 (C-4), 137.2 (C-1'30.5 (C-5), 129.5 (C-3’), 129.0 (C-
4"), 128.8 (C-2’), 113.9 (C-6), 113.5 (C-3), 113@-10), 102.6 (C-8), 70.8 (@Hy); m/z
(ESI+) 205.23 (7), 253.24 ([M+H]+ 70%), 275.22 ([M&]+ 92%), 307.12 (5), 493.17
(15), 527.29 (.[2M+Na]+ 55%).
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7-phenethoxy-H-chromen-2-one(10)

3 5 4
4 2 6NN 3
1 7 2
O s O O” O

Compound 10 was synthesized by reacting umbelliferone (0.41d) eq) with (2-
bromoethyl)benzene (0.34 ml, 1.0 eq.), in presesfceodium hydride 60% mineral oll
dispersion (0.12 g, 1.2 eq.) following the gengnalcedure mentioned above. The crude
was purified by silica gel column chromatographytiely with 17% AcOEt im-Hexane to
afford compoundLO as white solid in 50% vyield. m.p: 84-86 °C; siligal TLC R 0.30
(ACOEth-Hex 17%, VIV);v max (KBr) cmt, 2936 (C-H), 1718 (C=0), 1628 (C=C), 1540
(aromatic), 1217 (C-O)n (400MHz, DMSQdg) 3.09 (2H, tJ 6.8, Ar-CHy), 4.34 (2H, ©J
6.8, OHy), 6.31 (1H, dJ 9.6, 3-H), 6.96 (1H, dd 8.4, 2.4, 6-H), 7.02 (1H, d2.4, 8-H),
7.31 (5H, m, 2'-H, 3’-H,, 4’-H), 7.63 (1H, dJ 8.4, 5-H), 8.01 (1H, d 9.6, 4-H);5¢ (100
MHz, DMSO-dg) 162.5 (C-7), 161.2 (C-2), 156.3 (C-9), 145.2 (¢¥B8.9 (CCH,), 130.4
(C-5), 129.9 (C-3), 129.2 (A€GH,), 127.3 (C-4’), 113.6 (C-6), 113.4 (C-3), 113.310),
102.2 (C-8), 69.7 (C-1’), 35.6 (C-2)m/z (ESI+) 267.22 ([M+H]+ 42%), 289.20
([M+Na]+ 100%), 321.17 (4), 357.07 (4), 393.21 (14)3.36 (35), 441.47 (5), 507.23 (8),
555.27 (.[2M+Na]+ 55%).

6.3.2 Synthesis of compounds 3225¢°

6.3.2.1 General procedure for preparation of estkarivatives 30,31

To a solution of umbelliferone (1.0 mmol) and aceicid 28 or propionic acid29 (1.0
mmol) in dry DMF (1.0 ml), cooled at 0° and undetroagen atmosphere, was added
dropwise a solution of DCC (1.2 mmol) and DMAP @®mol.) in dry DMF (1.0 ml).
After five minutes the mixture was left stirringratbom temperature.

When complete (monitoring by TLC), the reaction wgaenched with crushed ice (2 g),
filtered on celite, extracted with ethyl acetatenff, washed with brine (5 x 5 ml). The
collected organic phase was dried on anhydrousS@a filtered and evaporated under
vacuum. The crude was purified by silica gel colurohromatography using-
Hexane/ethyl acetate mixture as eluent. Furtherysealization in isopropilic alcohol
afforded compound30,31as white solids in high yields.

2-0x0-H-chromen-7-yl acetate (30)

5 10 4

0 6 X 3
)J\7 2
NO) 90 (@]
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Compound30 was synthesized by reacting umbelliferone (3.0.@,eq) with glacial acetic
acid28 (1.05 ml, 1.0 eq.) following the general procedoentioned above. The crude was
purified by silica gel column chromatography elgtiwith 20% AcOEt inn-Hexane and
then recrystalized from isopropilic alcohol to atfacompound30 as white solid in 85%
yield. mp 141-143 °C; silica gel TL& 0.20 (AcOEth-Hex 20%, V/V):v max (KBF) cm™,
2928 (C-H), 1724 (C=0), 1618 (C=C), 1531 (aromati}30 (O-CO);éy4 (400 MHz,
DMSO-dg), 2.34 (3H, s, 2'-H), 6.52 (1H, dJ 9.6, 3-H), 7.20 (1H, dd 8.4, 2.4, 6-H), 7.32
(1H, dJ 2.4, 8-H), 7.81 (1H, d 8.4, 5-H), 8.11 (1H, d= 9.6, 4-H):5¢ (100 MHz, DMSO-
ds) 169.7 (C-1"), 160.7 (C-2), 155.0 (C-7), 153.89%;-144.8 (C-4), 130.3 (C-5), 119.6 (C-
6), 117.6 (C-3), 116.5 (C-10), 111.1 (C-8), 21.8XL

92



Chapter Six. Experimental section

2-0x0-H-chromen-7-yl propionate (31)
o 8 R0 4\ 3
it @) g 90 0O

Compound31 was synthesized by reacting umbelliferone (3.@.Q, eq) with propionic
acid29 (1.38 ml, 1.0 eq.) following the general procedomentioned above. The crude was
purified by silica gel column chromatography elgtiwith 20% AcOEt inn-Hexane and
then recrystalized from isopropilic alcohol to atfacompound31 as white solid in 85%
yield. mp 97-99 °C; silica gel TL& 0.25 (ACOEth-Hex 20%, V/V);v max (KBr) cm?,
2926 (C-H), 1721 (C=0), 1618 (C=C), 1522 (aromati}12 (O-CO);éy4 (400 MHz,
DMSO-dg) 1.18 (3H, 13 7.2, 3'-Hs), 2.68 (2H, g 7.2, 2'-H,), 6.52 (1H, dJ 9.6, 3-H), 7.20
(1H, ddJ 8.4, 2.4, 6-H), 7.32 (1H, 2.4, 8-H), 7.81 (1H, d 8.4, 5-H), 8.11 (1H, d 9.6,
4-H); 6c (100 MHz, DMSQdg) 173.4 (C-1"), 160.7 (C-2), 155.0 (C-7), 153.99-144.8
(C-4), 130.3 (C-5), 119.6 (C-6), 117.6 (C-3), 116510), 111.0 (C-8), 27.8 (C-2'), 9.6
(C-3).

6.3.2.2 General procedure for preparation of deriwas 32-35

In an air opened round bottomed flask, a finely gergd mixture of estei?0 or 31 (1.0
mmol) and anhydrous aluminium chloride (4 mmol) wesated slowly in an oil bath,
under nitrogen flow, from r.t to 180 °C. After foumours the reaction was complete
(monitoring by TLC). The mixture was cooled and @leposed with crushed ice (20 g),
extracted with AcOEt (20 ml), washed with brinex(25 ml). The collected organic phase
was dried on anhydrous p&0, filtered and evaporated under vacuum. The cruds w
purified by silica gel column chromatography usimgdexane/ethyl acetate mixture as
eluent, affording compound®-35as solids in low-medium yields.

6-acetyl-7-hydroxy-2H-chromen-2-one (32)

Compound32 was synthesized by reacting 2-oxo-2H-chromen-#egtate30 (0.3 g, 1.0
eq) with anhydrous aluminium chloride (0.78 g, éd) following the general procedure
mentioned above. The crude was purified by silieh @gplumn chromatography eluting
with 20% AcOEt inn-Hexane, to afford compour@R as white solid in 35% yield. mp
173-175 °C; silica gel TLG& 0.13 (ACOEm-Hex 20%, V/V):v max (KBr) cm*, 3071 (O-
H), 2927 (C-H), 1736 (C=0), 1638 (C=C),1521 (aram)atl192 (O-CO)dy (400 MHz,
DMSO-dg) 2.71 (3H, s, 2™-H), 6.38 (1H, d1 9.4, 3-H), 6.93 (1H, s, 8-H), 8.07 (1H,)®.4,
4-H), 8.37 (1H, s, 5-H)éc (100 MHz, DMSQGdg) 203.7 (C-1"), 164.3 (C-7), 160.5 (C-2),
159.2 (C-9), 145.2 (C-4), 133.9 (C-5), 119.7 (CH4.2 (C-3), 112.6 (C-10), 104.7 (C-8),
29.1 (C-2)).
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7-hydroxy-6-propionyl-2H-chromen-2-one (33)

Compound33 was synthesized by reacting 2-oxo-2H-chromen-grgpionate31 (0.94 g,
1.0 eq) with anhydrous aluminium chloride (2.30 440 eq.) following the general
procedure mentioned above. The crude was purifyesilita gel column chromatography
eluting with 20% AcOEt im-Hexane to afford compourB as pale yellow solid in 15%
yield. mp 168-170 °C; silica gel TL& 0.15 (ACOEth-Hex 20%, V/V):v max (KBF) cm™,
3066 (O-H), 2921 (C-H), 1744 (C=0), 1632 (C=C), 95aromatic), 1187 (O-CO}x
(400 MHz, DMSQdg) 1.15 (3H, tJ 7.2, 3'-Hy), 3.17 (2H, ¢J 7.2, 2"-H), 6.39 (1H, dJ
9.6, 3-H), 6.94 (1H, s, 8-H), 8.07 (1H,Jd9.6, 4-H), 8.39 (1H, s, 5-Hjc (100 MHz,
DMSO-ds) 206.1 (C-1), 164.3 (C-7), 160.8 (C-2), 159.2 §¥;-145.2 (C-4), 133.1 (C-5),
119.5 (C-6), 114.1 (C-3), 112.6 (C-10), 104.7 (C3B.6 (C-2"), 8.9 (C-3)).

8-acetyl-7-hydroxy-2H-chromen-2-one (34)

Compound34 was synthesized by reacting 2-oxo-2H-chromen-Zegtate30 (0.3 g, 1.0
eq) with anhydrous aluminium chloride (0.78 g, éd) following the general procedure
mentioned above. The crude was purified by silieh @plumn chromatography eluting
with 20% AcOEt inn-Hexane to afford compour# as pale green solid in 65% yield. mp
169-171 °C; silica gel TLGR; 0.27 (AcOEth-Hex 20%, V/V):v max (KBr) cm*, 3061 (O-
H), 2927 (C-H), 1735 (C=0), 1615 (C=C),1526 (aran)atl178 O-C=0); oy (400 MHz,
DMSO-dg) 2.65 (3H, s, 2'-H), 6.33 (1H, dJ 9.4, 3-H), 6.95 (1H, d 8.6, 6-H), 7.70 (1H, d
J 8.6, 5-H), 8.03 (1H, d 9.4, 4-H);5c (100 MHz, DMSGds) 201.6 (C-1"), 160.8 (C-2),
160.4 (C-7), 153.4 (C-9), 145.6 (C-4), 132.8 (CH)5.7 (C-8), 114.4 (C-6), 112.7 (C-3),
112.1 (C-10), 33.4 (C-2)).

7-hydroxy-8-propionyl-2H-chromen-2-one (35)

Compound35 was synthesized by reacting 2-oxo-2H-chromen-@grgpionate31 (0.94 g,
1.0 eq) with anhydrous aluminium chloride (2.30 490 eq.) following the general
procedure mentioned above. The crude was purifyesillta gel column chromatography
eluting with 20% AcOEt im-Hexane to afford compourb as pale yellow solid in 45%
yield. mp 165-167 °C; silica gel TL& 0.32 (ACOEth-Hex 20%, V/V):v max (KBF) cm™,
3067 (O-H), 2940 (C-H), 1748 (C=0), 1617 (C=C),1546omatic), 1157 @-C=0); oy
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(400 MHz, DMSQdg) 1.13 (3H, t1 7.2, 3-H), 2.94 (2H, ¢J 7.2, 2'Hb), 6.30 (1H, dJ 9.6,
3-H), 6.93 (1H, dJ 8.6, 6-H), 7.66 (1H, d 8.6, 5-H), 8.02 (1H, d 9.6, 4-H):5c (100
MHz, DMSO-dg) 204.0 (C-1'), 160.5 (C-2), 159.6 (C-7), 152.8 §%5-145.5 (C-4), 131.8
(C-5), 116.7 (C-8), 114.1 (C-6), 112.7 (C-3), 11@110), 38.3 (C-2"), 8.5 (C-3).

6.3.2.3 General procedure for preparation of deriiaes 36-50

To a solution of one key intermedi&&6-50 (1.0 mmol) in dry THF (5 ml), cooled at 0°C
and under nitrogen atmosphere, was added tripheosfihine (1.2 mmol), the appropriate
aliphatic alcohol (1.0 mmol) and finally DIAD (1r2mol). The mixture was left stirring
over night at room temperature, then quenched witlshed ice (2 g), extracted with
AcOEt (10 ml) and washed with brine (2 x 10 ml)eTdollected organic phase was dried
on anhydrous N&Q,, filtered and evaporated under vacuum. The crude purified by
silica gel column chromatography usingHexane/ethyl acetate mixture as eluent,
affording compound86-50in medium-high yields.

6-acetyl-7-methoxy-H-chromen-2-one (36)

Compound 36 was synthesized by reacting 6-acetyl-7-hydroxyetitamen-2-one32
(0.06 g, 1.0 eq) with anhydrous methanol (0.01 ml) eq.), in presence of
triphenylphosphine (0.09 g, 1.2 eq.) and DIAD (0r@lf 1.2 eq.), following the general
procedure mentioned above. The crude was purifyesilita gel column chromatography
eluting with 14% AcOEt im-Hexane to afford compour86 as a white solid in 60% yield;
mp 182-184 °C. silica gel TL& 0.13 (AcOEt-Hex 14%, V/V):v max (KBr) cm*, 2928
(C-H), 1732 (C=0), 1646 (C=C),1533 (aromatic), 11@6CO);éy (400 MHz, DMSQds)
2.58 (3H, s, 2'-H), 4.02 (3H, s, 1"-H), 6.41 (1H, dJ 9.6, 3-H), 7.24 (1H, s, 8-H), 8.06
(1H, s, 5-H), 8.12 (1H, d 9.6, 4-H);5c (100 MHz, DMSQGds) 198.0 (C-1'), 162.3 (C-7),
160.6 (C-2), 158.5 (C-9), 145.2 (C-4), 131.4 (C136.0 (C-6), 114.4 (C-3), 112.9 (C-10),
101.3 (C-8), 57.7 (C-1"), 32.4 (C-2)).

6-acetyl-7-ethoxy-#H-chromen-2-one (37)

Compound 37 was synthesized by reacting 6-acetyl-7-hydroxyetitamen-2-one32
(0.05 g, 1.0 eq) with absolute ethanol (0.01 n0,€q.), in presence of triphenylphosphine
(0.08 g, 1.2 eq.) and DIAD (0.076 ml, 1.2 eq.)|daling the general procedure mentioned
above. The crude was purified by silica gel coluamomatography eluting with 14%
AcOEt inn-Hexane to afford compour¥ as a white solid in 60% yield. mp 164-166 °C;
silica gel TLCR; 0.16 (AcOEth-Hex 14%, V/V);v max (KBr) cm, 2935 (C-H), 1732
(C=0), 1622 (C=C), 1533 (aromatic), 1240 (C-0O), 110-C=0); é4 (400 MHz, DMSQ

ds) 1.47 (3H, tJ 6.8, 2"-Hg), 2.60 (3H, s, 2'-H), 4.29 (2H, ¢J 6.8, 1"-H,), 6.39 (1H, dJ
9.6, 3-H), 7.20 (1H, s, 8-H), 8.04 (1H, s, 5-H)1B.(1H, dJ 9.6, 4-H);5c (100 MHz,
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DMSO-dg) 198.0 (C-1"), 161.6 (C-7), 160.6 (C-2), 158.4 9§;-145.3 (C-4), 131.4 (C-5),
125.9 (C-6), 114.4 (C-3), 112.8 (C-10), 101.7 (C&®.1 (C-1"), 32.6 (C-2), 15.4 (C-2").

6-acetyl-7-propoxy-2H-chromen-2-one (38)
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Compound 38 was synthesized by reacting 6-acetyl-7-hydroxyetitamen-2-one32
(0.08 g, 1.0 eq) witim-propanol (0.03 ml, 1.0 eq.), in presence of triphehosphine (0.13
g, 1.2 eq.) and DIAD (0.09 ml, 1.2 eq.), followitige general procedure mentioned above.
The crude was purified by silica gel column chromgaaphy eluting with 17% AcOEt in
n-Hexane to afford compourigB as white solid in 70% vyield. mp 131-133 °C; siligeal
TLC R 0.22 (ACOEt-Hex 17%, VIV);v max (KBr) cm?, 2943 (C-H), 1728 (C=0), 1646
(C=C), 1569 (aromatic), 1284 (C-0), 11@2-C=0); oy (400 MHz, DMSQde) 1.07 (3H, t
J 6.8, 3"-H3), 1.87 (2H, m, 2"-H), 2.61 (3H, s, 2'-hH), 4.20 (2H, tJ 6.8, 1"-H,), 6.39
(1H, dJ 9.6, 3-H), 7.20 (1H, s, 8-H), 8.05 (1H, s, 5-H}1 B (1H, dJ 9.6, 4-H);5c (100
MHz, DMSO-dg) 197.9 (C-1"), 161.7 (C-7), 160.7 (C-2), 158.5 §;-145.3 (C-4), 131.5
(C-5), 125.8 (C-6), 114.3 (C-3), 112.8 (C-10), BO(EC-8), 71.8 (C-1"), 32.5 (C-2'), 22.7
(C-2"), 11.5 (C-3").

6-acetyl-7-butoxy-H-chromen-2-one (39)
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Compound 39 was synthesized by reacting 6-acetyl-7-hydroxyetitamen-2-one32
(0.05 g, 1.0 eq) witm-butanol (0.03 ml, 1.0 eq.), in presence of triphehosphine (0.08
g, 1.2 eq.) and DIAD (0.06 ml, 1.2 eq.), followitige general procedure mentioned above.
The crude was purified by silica gel column chromgaaphy eluting with 14% AcOEt in
n-Hexane to afford compour®d as white solid in 60% vyield. mp 128-130 °C; silgal
TLC R 0.16 (AcOEth-Hex 14%, VIV);v max (KBr) cm, 2959 (C-H), 1739 (C=0), 1653
(C=C), 1521 (aromatic), 1284 (C-0), 11588-C=0); 6y (400 MHz, DMSQdg) 0.99 (3H, t
J 6.8, 4"-Hs3), 1.52 (2H, m, 3"-H), 1.84 (2H, m, 2"-H), 2.60 (3H, s, 2'-H), 4.24 (2H, ¥
6.8, 1”-Hy), 6.40 (1H, dJ 9.6, 3-H), 7.23 (1H, s, 8-H), 8.05 (1H, s, 5-H}1B(1H, dJ 9.6,
4-H); 6c (100 MHz, DMSQdg) 197.9 (C-1"), 161.7 (C-7), 160.6 (C-2), 158.59-145.2
(C-4), 131.5 (C-5), 125.9 (C-6), 114.4 (C-3), 11@810), 101.7 (C-8), 70.0 (C-1"), 32.5
(C-2), 31.31 (C-2"), 19.8 (C-3"), 14.6 (C-4").

96



Chapter Six. Experimental section

6-acetyl-7-(benzyloxy)-H-chromen-2-one (40)
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Compound40 was synthesized by reacting 6-acetyl-7-hydroxyetiamen-2-one32
(0.05 g, 1.0 eq) with benzylic alcohol (0.02 mBD &q.), in presence of triphenylphosphine
(0.08 g, 1.2 eq.) and DIAD (0.06 ml, 1.2 eq.), daling the general procedure mentioned
above. The crude was purified by silica gel coluamomatography eluting with 17%
AcOEt in n-Hexane to afford compourdD as white solid in 70% vyield. mp 166-168 °C;
silica gel TLCR; 0.26 (ACOEth-Hex 17%, VIV);v max (KBr) cm™, 2930 (C-H), 1734
(C=0), 1622 (C=C), 1534 (aromatic), 1235 (C-0), 21@-C=0); é4 (400 MHz, DMSQG
ds), 2.56 (3H, s, 2’-H), 5.39 (2H, s, 0H,), 6.41 (1H, dJ 9.6, 3-H), 7.34 (1H, s, 8-H),7.44
(5H, m, 2”-H,, 3”-H», 4”-H), 8.08 (1H, s, 5-H), 8.12 (1H, d 9.6, 4-H);5c (100 MHz,
DMSO-dg) 197.9 (C-1'), 161.2 (C-7), 160.6 (C-2), 158.39};-145.1 (C-4), 136.6 (C-1"),
131.5 (C-5), 129.5 (C-37), 129.2 (C-4"), 128.9 ), 126.2 (C-6), 114.6 (C-3), 113.1
(C-10), 102.1 (C-8), 71.8 (@Hy), 32.5 (C-2)).

6-acetyl-7-(2"-(1""-adamantyl)-ethoxy)-2H-chromen-2-one (41)

Compound41 was synthesized by reacting 6-acetyl-7-hydroxyetitamen-2-one32
(0.05 g, 1.0 eq) with 2-(1-adamantyl)-ethars8 (0.04 g, 1.0 eq.), in presence of
triphenylphosphine (0.08 g, 1.2 eq.) and DIAD (0rAk 1.2 eq.), following the general
procedure mentioned above. The crude was purifyesillta gel column chromatography
eluting with 14% AcOEt im-Hexane to afford compountll as white solid in 75% yield.
mp 175-177 °C; silica gel TL& 0.22 (AcOEth-Hex 14%, VIV):v max (KBr) cm™*, 2899
(C-H), 1739 (C=0), 1615 (C=C), 1558 (aromatic), 42€-0), 1098 Q-C=0); o4 (400
MHz, CDCk-d) 1.61 (14H, m, 4"’-K, 2""H g, 2"-H>), 1.99 (3H, m, 3"’-H;), 2.64 (3H, s,
2'-H3), 4.19 (2H, 13 7.2, OCH,), 6.28 (1H, dJ 9.6, 3-H), 6.86 (1H, s, 8-H), 7.66 (1HJd
8.8, 4-H), 7.93 (1H, s, 5-Hjc (100 MHz, CDC4-d) 198.0 (C-1%), 161.7 (C-7), 160.6 (C-
2), 158.4 (C-9), 143.7 (C-4), 131.2 (C-5), 125.86)C114.4 (C-3), 112.4 (C-10), 100.8
(C-8), 66.1 (@Hy), 43.1 (C-27), 42.9 (C-4™), 37.3 (C-2), 32.4C-2"), 32.2 (C-1™)
28.9 (C-3™).
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8-acetyl-7-methoxy-H-chromen-2-one (42)

Compound42 was synthesized by reacting 8-acetyl-7-hydroxyeiromen-2-one34
(0.46 g, 1.0 eq) with anhydrous methanol (0.09 ml) eq.), in presence of
triphenylphosphine (0.75 g, 1.2 eq.) and DIAD (OrBB 1.2 eq.), following the general
procedure mentioned above. The crude was purifyesillta gel column chromatography
eluting with 50% AcOEt im-Hexane to afford compour® as a white solid in 88% vyield.
mp 122-124 °C; silica gel TL& 0.32 (AcOEt-Hex 50%, V/V):v max (KBr) cm™*, 2955
(C-H), 1717 (C=0), 1616 (C=C),1521 (aromatic), 12650), 1154 Q-C=0); 64 (400
MHz, DMSO-dg) 2.54 (3H, s, 2'-H), 3.94 (3H, s, 1"-H), 6.37 (1H, dJ 9.6, 3-H), 7.21
(1H, dJ 8.8, 6-H), 7.81 (1H, d 8.8, 5-H), 8.06 (1H, d 9.6, 4-H);5c (100 MHz, DMSQ
ds) 200.0 (C-1"), 160.3 (C-2), 159.0 (C-7), 151.29%;145.2 (C-4), 131.4 (C-5), 119.3 (C-
8), 114.0 (C-3), 113.6 (C-10), 109.6 (C-6), 57.51(Q, 33.1 (C-2)).

8-acetyl-7-ethoxy-H-chromen-2-one (43)

Compound43 was synthesized by reacting 8-acetyl-7-hydroxyetitbmen-2-on&4 (0.2

g, 1.0 eq) with absolute ethanol (0.06 ml, 1.0,dq.presence of triphenylphosphine (0.31
g, 1.2 eq.) and DIAD (0.23 ml, 1.2 eq.), followitige general procedure mentioned above.
The crude was purified by silica gel column chromgaaphy eluting with 33% AcOEt in
n-Hexane to afford compourtB as a white solid in 80% yield. mp 102-104 °C;csilgel
TLC R 0.22 (AcOEth-Hex 33%, VIV);v max (KBr) cm, 2938 (C-H), 1718 (C=0), 1647
(C=C),1522 (aromatic), 1246 (C-O), 1168-C=0); 64 (400 MHz, DMSQde) 1.37 (3H, t

J 6.8, 2"-Hg), 2.54 (3H, s, 2'-H), 4.24 (2H, ¢J 6.8, 1"-H,), 6.36 (1H, dJ 9.6, 3-H), 7.18
(1H, dJ 8.8, 6-H), 7.77 (1H, d 8.8, 5-H), 8.05 (1H, d 9.6, 4-H);5c (100 MHz, DMSQ

ds) 199.9 (C-1"), 160.3 (C-2), 158.4 (C-7), 151.29145.1 (C-4), 131.3 (C-5), 119.6 (C-
8), 113.9 (C-3), 113.5 (C-10), 110.3 (C-6), 65.71(Q, 33.0 (C-2'), 15.3 (C-2").

8-acetyl-7-propoxy-2H-chromen-2-one (44)

Compound44 was synthesized by reacting 8-acetyl-7-hydroxyetibmen-2-on&4 (0.2

g, 1.0 eq) witm-propanol (0.07 ml, 1.0 eq.), in presence of triphehosphine (0.31 g, 1.2
eg.) and DIAD (0.23 ml, 1.2 eq.), following the geal procedure mentioned above. The
crude was purified by silica gel column chromatpma eluting with 33% AcOEt im-
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Hexane to afford compounii! as a white solid in 70% yield. mp 79-81 °C; silgel TLC
R 0.19 (AcOEth-Hex 33%, VIV);v max (KBr) cmi', 2972 (C-H), 1733 (C=0), 1635
(C=C),1534 (aromatic), 1254 (C-0O), 1165-C=0); 64 (400 MHz, DMSQdg) 0.99 (3H, t
J 7.0, 3"-Hg), 1.77 (2H, m, 2"-H), 2.54 (3H, s, 2"-H), 4.21 (2H, tJ 7.0, 1"-H,), 6.36
(1H, dJ 9.6, 3-H), 7.19 (1H, d 8.8, 6-H), 7.78 (1H, d 8.8, 5-H), 8.05 (1H, d 9.6, 4-H);
dc (100 MHz, DMSGds) 200.9 (C-1"), 160.5 (C-2), 158.8 (C-7), 151.39%;-145.1 (C-4),
131.3 (C-5), 114.8 (C-8), 113.8 (C-3), 113.5 (C;10)0.2 (C-6), 71.3 (C-1"), 33.0 (C-2),
22.7 (C-2"), 11.2 (C-3").

8-acetyl-7-butoxy-H-chromen-2-one (45)

Compound45 was synthesized by reacting 8-acetyl-7-hydroxyetibmen-2-on&4 (0.2

g, 1.0 eq) witm-butanol (0.09 ml, 1.0 eq.), in presence of triptyehosphine (0.31 g, 1.2
eg.) and DIAD (0.23 ml, 1.2 eq.), following the geal procedure mentioned above. The
crude was purified by silica gel column chromatpma eluting with 25% AcOEt im-
Hexane to afford compountb as a white solid in 50% yield. mp 74-76 °C; silgel TLC

R 0.22 (ACOEth-Hex 25%, V/V);v max (KBr) cm™, 2955 (C-H), 1720 (C=0), 1653
(C=C),1522 (aromatic), 1270 (C-O), 117-C=0); 6y (400 MHz, DMSQGdg) 0.96 (3H, t

J 7.0, 4"-Hg), 1.44 (2H, m, 3"-H), 1.74 (2H, m 2"-H), 2.54 (3H, s, 2"-H), 4.18 (2H, 1
7.0, 1"-H), 6.36 (1H, dJ 9.6, 3-H), 7.20 (1H, d 8.8, 6-H), 7.78 (1H, d 8.8, 5-H), 8.05
(1H, dJ 9.6, 4-H);6c (100 MHz, DMSQdg) 199.8 (C-17), 160.3 (C-2), 158.5 (C-7), 151.2
(C-9), 145.1 (C-4), 131.3 (C-5), 119.4 (C-8), 11@293), 113.5 (C-10), 110.3 (C-6), 69.6
(C-17), 33.0 (C-2'), 31.4 (C-2"), 19.5 (C-3"),4.5 (C-4").

8-acetyl-7-(benzyloxy)-H-chromen-2-one (46)

Compound46 was synthesized by reacting 8-acetyl-7-hydroxyetibmen-2-on&4 (0.2

g, 1.0 eq) with benzylic alcohol (0.10 ml, 1.0 ein)presence of triphenylphosphine (0.31
g, 1.2 eq.) and DIAD (0.23 ml, 1.2 eq.), followitige general procedure mentioned above.
The crude was purified by silica gel column chromgaaphy eluting with 25% AcOEt in
n-Hexane to afford compountb as a white solid in 98% yield. mp 116-118 °C;csilgel
TLC R 0.19 (AcCOEt-Hex 25%, VIV);v max (KBr) cm?, 2951 (C-H), 1727 (C=0), 1653
(C=C),1521 (aromatic), 1232 (C-0), 118B-C=0); 6 (400 MHz, DMSQds) 2.55 (3H, s,
2'-H3), 5.33 (2H, s, 0H8,), 6.38 (1H, dJ 9.6, 3-H), 7.29 (1H, d 8.8, 6-H),7.40 (5H, m,
2"-H,, 3"-H,, 47-H) 7.78 (1H, dJ 8.8, 5-H), 8.05 (1H, d 9.6, 4-H);6c (100 MHz,
DMSO-ds) 199.9 (C-1’), 160.2 (C-2), 158.0 (C-7), 151.29;-145.1 (C-4), 136.9 (C-1"),
131.3 (C-5), 129.4 (C-3”), 129.0 (C-4"), 128.4 ), 119.8 (C-8), 114.1 (C-3), 113.8
(C-10), 110.8 (C-6), 71.2 (@Hy), 33.0 (C-2)).
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8-acetyl-7-(2"-(1""-adamantyl)-ethoxy)-2H-chromen-2-one (47)

Compound47 was synthesized by reacting 8-acetyl-7-hydroxyeiromen-2-one34
(0.07 g, 1.0 eq) with 2-(1-adamantyl)-etharg® (0.06 g, 1.0 eq.), in presence of
triphenylphosphine (0.11 g, 1.2 eq.) and DIAD (0rB 1.2 eq.), following the general
procedure mentioned above. The crude was purifyesilita gel column chromatography
eluting with 20% AcOEt im-Hexane to afford compourd¥ as a white solid in 50% vyield.
mp 178-180 °C; silica gel TL& 0.16 (AcCOEt-Hex 20%, V/V):v max (KBr) cm*, 2914
(C-H), 1728 (C=0), 1635 (C=C),1533 (aromatic), 12890), 1140 Q-C=0); 64 (400
MHz, CDCk-d) 1.65 (14H, m, 4"-H;, 2""H 6, 2”-H3), 1.97 (3H, m, 3""-H;), 2.59 (3H, s,
2'-H3), 4.13 (2H, 0 7.2, OWtH,), 6.25 (1H, dJ 9.6, 3-H), 6.86 (1H, d 8.8, 6-H), 7.42 (1H,
dJ 8.8, 5-H), 7.61 (1H, d 9.6, 4-H);6c (100 MHz, CDC-d) 199.4 (C-1'), 160.2 (C-2),
158.6 (C-7), 151.6 (C-9), 143.4 (C-4), 129.8 (C130.0 (C-8), 114.0 (C-3), 113.0 (C-10),
108.9 (C-6), 65.8 (OH,), 42.9 (C-2"), 42.8 (C-4™), 37.3 (C-2"), 32.1C-2"), 32.1 (C-
1) 28.9 (C-3™).

7-methoxy-8-propionyl-2H-chromen-2-one (48)

Compound48 was synthesized by reacting 7-hydroxy-8-propiditkchromen-2-on&5
(0.10 g, 1.0 eqg) with anhydrous methanol (0.02 mlQ) eq.), in presence of
triphenylphosphine (0.14 g, 1.2 eq.) and DIAD (Ortill. 1.2 eq.), following the general
procedure mentioned above. The crude was purifyesillta gel column chromatography
eluting with 17% AcOEt im-Hexane to afford compourB as a white solid in 60% vyield.
mp 102-104 °C; silica gel TL& 0.13 (AcOEth-Hex 17%, VIV):v max (KBr) cm™, 2946
(C-H), 1717 (C=0), 1646 (C=C), 1534 (aromatic), 372-0), 1162 Q-C=0); d4 (400
MHz, DMSO-dg) 1.11 (3H, tJ 7.2, 3'-Hs), 2.84 (2H, qJ 7.2, 2'-H), 3.92 (3H, s, O83),
6.37 (1H, dJ 9.6, 3-H), 7.20 (1H, d 8.8, 6-H), 7.80 (1H, d 8.8, 5-H), 8.07 (1H, d 9.6,
4-H); ¢ (100 MHz, DMSGds) 203.0 (C-1'), 160.3 (C-2), 159.0 (C-7), 151.29%;-145.2
(C-4), 131.3 (C-5), 119.2 (C-8), 114.0 (C-3), 118610), 109.5 (C-6), 57.5 (@H3), 38.4
(C-2)), 8.4 (C-3).
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7-ethoxy-8-propionyl-2H-chromen-2-one (49)

Compound49 was synthesized by reacting 7-hydroxy-8-propiditkchromen-2-on&5
(0.03 g, 1.0 eq) with absolute ethanol (0.008 mlp leq.), in presence of
triphenylphosphine (0.04 g, 1.2 eq.) and DIAD (0rAB 1.2 eq.), following the general
procedure mentioned above. The crude was purifyesillta gel column chromatography
eluting with 20% AcOEt im-Hexane to afford compourt as a white solid in 60% vyield.
mp 105-107 °C; silica gel TL& 0.13 (AcOEth-Hex 20%, V/V):v max (KBr) cm™*, 2940
(C-H), 1715 (C=0), 1646 (C=C), 1534 (aromatic), 242-0), 1165 Q-C=0); d4 (400
MHz, DMSO-dg) 1.24 (3H, 13 7.2, 3”-H3), 1.34 (3H, 1 6.8, 2'-H), 2.83 (2H, @) 7.2, 2”-
H,), 4.21 (2H, ) 6.8, OCH.), 6.36 (1H, dJ 9.6, 3-H), 7.18 (1H, d 8.8, 6-H), 7.77 (1H, d
J 8.8, 5-H), 8.05 (1H, d 9.6, 4-H);5c (100 MHz, DMSQdg) 203.1 (C-1"), 160.3 (C-2),
158.4 (C-7), 151.3 (C-9), 145.2 (C-4), 131.2 (CH)9.4 (C-8), 113.9 (C-3), 113.5 (C-10),
110.3 (C-6), 65.7 (OHy), 38.3 (C-2"), 15.2 (C-2’), 8.5 (C-3").

8-propionyl-7-propoxy-2H-chromen-2-one (50)

Compounds0 was synthesized by reacting 7-hydroxy-8-propid2ikchromen-2-on&5
(0.03 g, 1.0 eq) witim-propanol (0.01 ml, 1.0 eq.), in presence of triphehosphine (0.04
g, 1.2 eq.) and DIAD (0.03 ml, 1.2 eq.), followitige general procedure mentioned above.
The crude was purified by silica gel column chromgaaphy eluting with 20% AcOEt in
n-Hexane to afford compourn as a white solid in 80% yield. mp 82-84 °C; silgal
TLC R 0.12 (AcCOEt-Hex 20%, V/V);v max (KBr) cm*, 2932 (C-H), 1747 (C=0), 1635
(C=C), 1534 (aromatic), 1287 (C-0), 11710-C=0); oy (400 MHz, DMSQds) 0.98 (3H, t

J 7.2, 3"-Hg), 1.13 (3H, tJ 7.4, 3-Hs), 1.74 (2H, m, 2"-H), 2.83 (2H, ¢J 7.4, 2"-Hp),
4.13 (2H, t3 7.2, 1”-Hy), 6.36 (1H, dJ 9.6, 3-H), 7.19 (1H, d 8.8, 6-H), 7.77 (1H, d
8.8, 5-H), 8.06 (1H, d 9.6, 4-H);5c (100 MHz, DMSGds) 202.9 (C-1'), 160.3 (C-2),
158.5 (C-7), 151.3 (C-9), 145.2 (C-4), 131.2 (CH)9.4 (C-8), 113. (C-3), 113.5 (C-10),
110.2 (C-6), 71.2 (C-1"), 38.3 (C-2), 22.7 (C-2"11.1 (C3"), 8.4 (C-3)).
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6.3.3 Procedure for preparation of alcohol 83
Synthesis of 1-adamantane-acetic acid-methyl estés2)

To a solution of 1-Adamantane-acetic abitl (0.5 g, 1.0 eq.) in dry methanol (10 ml),
cooled at 0°C and under nitrogen atmosphere, wdsdadropwise thionyl chloride (0.28
ml, 1.5 eq.). The mixture was left stirring at rodemperature. After one hour, when
complete (monitoring by TLC), the reaction was evaped under vacuum. The crude was
purified by silica gel column chromatography elgtinvith 5% AcOEt inn-Hexane
affording compoun®?2 as colorless oil in 90% vyield. Silica gel TIR0.67 (AcOEWh-Hex
5%, VIV); v max (KBr) cm?, 2911 (C-H), 1712 (C=0), 1122(C=0); &y (400 MHz,
CDClz-d), 1.63 (12H, m, 2-, 4-B), 1.97 (3H, m, 3-K), 2.07 (2H, s, €,CO), 3.64 (3H, s,
OCHp3); 6c (100 MHz, CDCd-d) 172.6 (C=0), 51.4 (OH3), 49.1 CH,CO), 42.7 (C-2),
37.1(C-4), 33.1 (C-1), 28.9 (C-3).

Synthesis of 2-(1’-adamantyl)-ethanol (53)

o

¥ OH

K%
To a sospension of lithium aluminum hydride (0.22@ eq.) in dry THF (10 ml), cooled
at 0°C and under nitrogen atmosphere, was addquveéie a solution of 1-adamantane-
acetic acid-methyl estes2 (0.48 g, 1.0 eq.) in dry THF (3 ml). The mixtureasvleft
stirring at room temperature. After three hour, wlvemplete (monitoring by TLC), the
reaction was quenched with careful addition of kkeasice and 1N KOH solution. The
mixture was acidified with 1N HCI solution, extradtwith AcCOEt and washed with brine.
The collected organic phase was dried on anhyd\auSQO,, filtered and evaporated under
vacuum. The crude was purified by silica gel coluamomatography eluting with 9%
AcOEt in n-Hexane affording compoung3 as white solid in 90% yield. m.p 71-73 °C;
silica gel TLCR; 0.22 (ACOEth-Hex 9%, V/V):v max (KBr) cmit, 3293 (O-H), 2906 (C-H);
on (400 MHz, CDC4-d), 1.27 (2H, m, 2-K), 1.50 (6H, m, 2’-H), 1.63 (6H, m, 4’-H),
1.93 (3H, m, 3-H), 3.47 (2H, m, 1-k), 4.22 (1H, tJ 5.2, CH); 6¢c (100 MHz, CDG}-d)
57.1(C-1), 47.8 (C-2), 43.2 (C-2'), 37.6 (C-4'R.3 (C-1"), 28.9 (C-3)).

6.3.4 General procedure for synthesis of derivagiip3-13%°%162

6.3.4.1 Preparation of ether compounds 116, 117

Reaction of 6-hydroxy or 7-hydroxycoumarin (1.0ld) eq) and propargyl alcohol (1.0 eq)
was carried out in Mitsunobu conditions at 0°C undenication, in presence of
triphenylphoshine (1.0 eq) and drop-wised diisoplapadicarboxylate (1.1 eq) in dry
THF as solvent (90 ml). The solution was sonicaed.t. under a nitrogen atmosphere
until starting material was consumed (TLC monitg)inSolvents were removed under
vacuoto give a white solid that was recrystallized frdfeOH to give compoundtl6 and
117 as brown and colorless soligsspectively, in medium yields.
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6-(prop-2’-ynyloxy)-2H-chromen-2-one (116)

Compound116 was synthesised by reacting 6-hydroxycoumarin @.8L.0 eq) with
propargyl alcohol (0.28 ml, 1.0 eq.), in presenteriphenylphosphine (1.29 g, 1.0 eq.)
and DIAD (0.97 ml, 1.0 eq.), following the genepabcedure mentioned above. The crude
was recrystallized from MeOH to afford compoutib as a brown solid in 50% yield. mp
202-204 °C; silica gel TLQR 0.23 (AcCOEth-Hex 10%, V/V);v max (KBr) cm®, 3302
(C=C-H), 2167 C=CH), 1755 (C=0), 1674 (C=C), 1601 (aromatic), 1328(), 1199 O-
C=0); 4 (400 MHz, DMSQdg) 3.64 (1H, tJ 2.4, 3'-H), 4.89 (2H, dJ 2.4, 1’-H;), 6.54
(1H, d,J 9.4, 3-H), 7.30 (1H, dd] 9.0, 3.0, 7-H), 7.38 (1H, &, 3.0, 5-H), 7.41 (1H, d)
9.0, 8-H), 8.06 (1H, dJ 9.4, 4-H);d¢c (100 MHz, DMSOe) 161.1 (C-2), 154.3 (C-9),
149.2 (C-6), 144.8 (C-4), 120.9 (C-7), 120.0 (C;118.3 (C-8), 117.7 (C-3), 113.3 (C-5),
79.8 (C-2), 79.4 (C-3’), 57.0 (C-1").

7-(prop-2’-ynyloxy)-2H-chromen-2-one (117)

5 10 4
6 X 3
2> v 2

.
/07890 o)

Compound117 was synthesised by reacting 7-hydroxycoumarin @.8L.0 eq) with
propargyl alcohol (0.28 ml, 1.0 eq.), in presenteriphenylphosphine (1.29 g, 1.0 eq.)
and DIAD (0.97 ml, 1.0 eq.), following the genepabcedure mentioned above. The crude
was recrystallized from MeOH to afford compoutiti7 as a white solid in 40% yield. mp
117-119 °C; silica gel TLGR 0.20 (AcOEt-Hex 10%, V/V);v max (KBr) cm’, 3310
(C=C-H), 2160 C=CH), 1715 (C=0), 1642 (C=C), 1584 (aromatic), 1301(), 1175 O-
C=0); 64 (400 MHz, DMSQdg) 3.69 (1H, tJ 2.4, 3'-H), 4.97 (2H, dJ 2.4, 1’-H;), 6.36
(1H, d,J 9.6, 3-H), 7.03 (1H, dd] 8.5, 2.3, 6-H), 7.09 (1H, d&, 2.3, 8-H), 7.69 (1H, d)
8.5, 5-H), 8.03 (1H, dJ 9.6, 4-H);dc (100 MHz, DMSOek) 161.1 (C-2), 161.0 (C-7),
156.0 (C-9), 145.1 (C-4), 130.4 (C-5), 113.9 (C43)3.8 (C-10), 113.7 (C-6), 102.7 (C-8),
79.8 (C-3), 79.4 (C-2), 57.0 (C-1").

6.3.4.2 General procedure for synthesis of phenidas 118-12%2

Halogenoaniline (0.3g, 1.0eq) was dissolved in latem H,O/AcOH (1/2 v/v, 10 ml) at
0°C. NaNQ (1.4 eq) was slowly added and the resulting smtutias stirred at the same
temperature for 1h. Then NaN1.5 eq) was added portion-wise and the mixture wa
stirred at r.t. until starting material was consdnf@LC monitoring). The reaction was
qguenched with slush, extracted with ethyl acetate 0 ml) and the combined organic
layers were washed with 5% NaHEQ x 20 ml), dried over N&Q,, filtered off and
solvent evaporated inacuoto afford the corresponding phenylazide which wasdu
without further purification.

6.3.4.3 General procedure for synthesis of triazalgrivatives 123-13%2

Azide (1.0 eq) and alkyne (1.0 eq) were dissolvedtart-ButOH/H,O and then
tetramethylamonium chloride (1.0 eq) and copperosme (5% mol) were added. The
mixture was vigorously stirred at r.t. until stagi material was consumed (TLC

103



Chapter Six. Experimental section

monitoring). Solvents were removed undarcuo (temperature has not to exceed 40 °C)
and the brown residue was purified by silica gélicon chromatography eluting with ethyl
acetate im-Hexane to afford compounds 123-132 as yellow satidnedium vyields.

6-((1’-phenyl-1"H-1",2’,3'-triazol-4’-yl)methoxy)-2 H-chromen-2-one (123)

Compound123 was synthesized by reacting azidobenzéh® (0.52g, 1.1 eq) with 6-
(prop-2-ynyloxy)-2H-chromen-2-on&16 (0.8g, 1.0 eq.), dissolved itert-ButOH/H,O
(1/1 v/v, 2.0 ml) in presence of tetramethylamonicintoride (0.04g, 1.0 eq) and copper
nanosize (5 % mol), following the general procedorentioned above. The crude was
purified by silica gel column chromatography elgtwith 33% ethyl acetate in-hexane
to afford123 as a light brown solid in 40% yield. mp 154-156 %ica gel TLCR; 0.19
(ACOEth-Hex 33%, VIV);v max (KBr) cm*, 2935 (C-H), 1726 (C=0), 1635 (C=C),1549
(aromatic), 1244 (C-0O), 1186 (C-N), 1108-C=0); oy (400 MHz, DMSQds) 5.34 (2H, s,
OCHy), 6.54 (1H, dJ 9.4, 3-H), 7.36 (1H, m, 7-H), 7.42 (1H, m, 8-H)5Y.(1H, d,J 2.8,
5-H), 7.54 (1H, m, 4”-H), 7.65 (1H, m, 3"H), 7.94H, m, 2”-H), 8.06 (1H, d,J 9.4, 4-
H), 9.01 (1H, s, 5’-H)pc (100 MHz, DMSQGdg) 161.0, 155.2, 149.0, 144.9, 144.5, 137.5,
130.8, 129.7,123.9, 121.1, 120.9, 120.1, 118.4,6.1112.9, 62.6.

7-((1’-phenyl-1"H-1",2’,3'-triazol-4’-yl)methoxy)-2 H-chromen-2-one (124)
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Compound124 was synthesized by reacting azidobenzéh® (0.52g, 1.1 eq) with 7-
(prop-2-ynyloxy)-2H-chromen-2-on&17 (0.8g, 1.0 eq.), dissolved itert-ButOH/H,O
(1/1 v/v, 2.0 ml) in presence of tetramethylamonicintoride (0.04g, 1.0 eq) and copper
nanosize (5 % mol), following the general procedorentioned above. The crude was
purified by silica gel column chromatography elgtwith 33% ethyl acetate in-hexane
to afford124 as a light brown solid in 40% yield. mp 163-165 %ica gel TLCR; 0.11
(ACOEth-Hex 33%, V/V);v max (KBr) cmit, 2938 (C-H), 1719 (C=0), 1642 (C=C),1538
(aromatic), 1243 (C-0), 1191 (C-N), 1110-C=0); dn (400 MHz, DMSQds) 5.41 (2H, s,
OCHy), 6.35 (1H, d,J 9.4, 3-H), 7.10 (1H, dd 8.4, 2.4, 6-H), 7.25 (1H, d2.4, 8-H), 7.54
(1H, ,m, 4”-H), 7.65 (1H, m, 3”-H), 7.70 (1H, nk-H), 7.95 (1H, m, 2”-H), 8.05 (1H, d,
J9.4, 4-H), 9.04 (1H, s, 5’-H}c (100 MHz, DMSGdg) 161.9, 161.1, 156.2, 145.2, 144.1,
138.9,130.8, 130.4, 129.7, 124.1, 121.1, 113.8,71113.6, 102.6, 62.6.
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6-((1’-(2”-chlorophenyl)-1" H-1’,2’,3'-triazol-4’-yl) methoxy)-2 H-chromen-2-one (125)

Compoundl25 was synthesized by reacting 1-azido-2-chlorobemd® (0.07g, 1.1 eq)
with 6-(prop-2-ynyloxy)-2H-chromen-2-ond16 (0.08g, 1.0 eq.), dissolved itert-
ButOH/H,O (1/1 v/v, 2.0 ml) in presence of tetramethylannomichloride (0.04g, 1.0 eq)
and copper nanosize (5 % mol), following the gelnpracedure mentioned above. The
crude was purified by silica gel column chromatpdraeluting with 33% ethyl acetate in
n-hexane to afford25as a light brown solid in 45% yield. mp 164-166 ¥ica gel TLC
R 0.11 (ACOEth-Hex 33%, VIV);v max (KBr) cm?, 2914 (C-H), 1761 (C=0), 1648
(C=C),1552 (aromatic), 1266 (C-0), 1210 (C-N), 1187C=0); 64 (400 MHz, DMSQ
ds) 5.35 (2H, s, OEy), 6.54 (1H, dJ 9.6, 3-H), 7.37 (1H, m, 7-H), 7.42 (1H, m, 8-H),
7.51 (1H, d,J 2.8, 5-H), 7.64 (1H, m, 5”-H), 7.68 (1H, m, 4"-HY.76 (1H, m, 6"-H),
7.82 (1H, m, 3”-H), 8.06 (1H, d] 9.6, 4-H), 8.77 (1H, s, 5’-H)}ic (100 MHz, DMSQds)
161.0 (C-2), 155.2 (C-9), 149.0 (C-6), 144.9 (C#)3.4 (C-4"), 135.3 (C-2"), 132.7 (C-
4”), 131.5 (C-37), 129.5 (C-1"), 129.4 (C-5")129.3 (C-6"), 127.9 (C-5’), 121.0 (C-7),
120.1 (C-10), 118.4 (C-8), 117.6 (C-3), 113.1 (CER.4 (CCH.).

7-((1’-(2”-chlorophenyl)-1" H-1’,2",3'-triazol-4’-yl) methoxy)-2 H-chromen-2-one (126)
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Compoundl26 was synthesized by reacting 1-azido-2-chlorobem4® (0.07g, 1.1 eq)
with 7-(prop-2-ynyloxy)-2H-chromen-2-ond17 (0.08g, 1.0 eq.), dissolved itert-
ButOH/H,O (1/1 v/v, 2.0 ml) in presence of tetramethylannomichloride (0.04g, 1.0 eq)
and copper nanosize (5 % mol), following the gelnpracedure mentioned above. The
crude was purified by silica gel column chromatpiraeluting with 33% ethyl acetate in
n-hexane to afford26as a light brown solid in 45% yield. mp 136-138 %ica gel TLC
R 0.11 (AcOEth-Hex 33%, VIV);v max (KBr) cmi', 2925 (C-H), 1725 (C=0), 1653
(C=C),1560 (aromatic), 1280 (C-O), 1208 (C-N), 11e4C=0); 64 (400 MHz, DMSQ
ds) 5.42 (2H, s, O6l,), 6.34 (1H, dJ 9.6, 3-H), 7.11 (1H, dd 8.4, 2.4, 6-H), 7.24 (1H, d
J 2.4, 8-H), 7.63 (1H, m, 6”-H), 7.68 (1H, m, 5")H7.70 (1H, m, 5-H), 7.76 (1H, m, 4”-
H), 7.82 (1H, m, 3"-H), 8.04 (1H, d19.6, 4-H), 8.78 (1H, s, 5'-H)jc (100 MHz, DMSQ
ds) 162.0 (C-7), 161.1 (C-2), 156.2 (C-9), 145.2 (C443.0 (C-4), 135.3 (C-2"), 132.7
(C-5"), 131.5 (C-3”), 130.5 (C-5), 129.5 (C-1"129.4 (C-6"), 129.3 (C-4"), 113.8 (C-
6), 113.7 (C-3), 113.6 (C-10), 102.6 (C-8), 62.£tD).

105



Chapter Six. Experimental section

6-((1’-(2"-fluorophenyl)-1” H-1',2’,3'-triazol-4’-yl)methoxy)-2 H-chromen-2-one (127)

Compoundl27 was synthesized by reacting 1-azido-2-fluorobeaZ&t® (0.08g, 1.1 eq)
with 6-(prop-2-ynyloxy)-2H-chromen-2-ond16 (0.08g, 1.0 eq.), dissolved itert-
ButOH/H,O (1/1 v/v, 2.0 ml) in presence of tetramethylannomichloride (0.04g, 1.0 eq)
and copper nanosize (5 % mol), following the gelnpracedure mentioned above. The
crude was purified by silica gel column chromatpiraeluting with 33% ethyl acetate in
n-hexane to afford27 as a light brown solid in 40% yield. mp 156-158 %ica gel TLC

R 0.14 (AcCOEth-Hex 33%, VIV);v max (KBr) cm?, 2918 (C-H), 1721 (C=0), 1647
(C=C),1563 (aromatic), 1274 (C-0O), 1213 (C-N), 1X60C=0); 6y (400 MHz, DMSQ
ds) 5.42 (2H, s, OB), 6.54 (1H, d,) 9.6, 3-H), 7.37 (m, 1H), 7.41 (m, 1H), 7.49 (m, 1H)
7.52 (m, 1H), 7.62 (m, 1H), 7.67 (m, 1H), 7.90 (Hi), 8.06 (1H, dJ 9.6, 4-H), 8.81 (1H,
s, 5-H); 8¢ (376 MHz, DMSQdg) -127.1 (s, 1F)$c (100 MHz, DMSQds) 161.0, 155.1,
154.6, 149.1, 144.9, 143.9, 132.3, 127.2, 126.8,5.2120.9, 120.1, 118.4, 118.1, 117.9,
117.6, 112.9, 62.4.

7-((1’-(2"-fluorophenyl)-1" H-1',2’,3'-triazol-4’-yl)methoxy)-2 H-chromen-2-one (128)
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Compoundl28 was synthesized by reacting 1-azido-2-fluorobeaZet® (0.08g, 1.1 eq)
with 7-(prop-2-ynyloxy)-2H-chromen-2-ond17 (0.08g, 1.0 eq.), dissolved itert-
ButOH/H,O (1/1 v/v, 2.0 ml) in presence of tetramethylannomichloride (0.04g, 1.0 eq)
and copper nanosize (5 % mol), following the gelnpracedure mentioned above. The
crude was purified by silica gel column chromatpdraeluting with 25% ethyl acetate in
n-hexane to afford28as a light brown solid in 30% yield. mp 161-163 ¥ica gel TLC

R 0.09 (ACOEth-Hex 25%, VIV);v max (KBr) cm?, 2922 (C-H), 1730 (C=0), 1626
(C=C),1548 (aromatic), 1271 (C-0), 1221 (C-N), 1I3&=0); 6y (400 MHz, DMSQds)
5.42 (2H, s, OEy), 6.35 (1H, dJ 9.6, 3-H), 7.11 (m, 1H), 7.25 (m, 1H), 7.49 (m, 1H)
7.61 (m, 1H), 7.64 (m, 1H), 7.67 (m, 1H), 7.71 @hi), 7.90 (m, 1H), 8.04 (1H, d,9.6,
4-H), 8.83 (1H, s, 5-H)d¢ (376 MHz, DMSQOdg) -121.1 (s, 1F)pc (100 MHz, DMSQ
ds) 161.9, 161.1, 156.2, 154.0, 153.5, 145.2, 1433F.4, 132.3, 130.4, 127.4, 126.9,
126.5, 118.0, 113.8, 113.6, 102.5, 62.3.
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6-((1’-(2”-bromophenyl)-1” H-1’,2’,3’-triazol-4’-yl)methoxy)-2 H-chromen-2-one
(129)

Compoundl29 was synthesized by reacting 1-azido-2-bromoben22d€0.09g, 1.1 eq)
with 6-(prop-2-ynyloxy)-2H-chromen-2-ond16 (0.04g, 1.0 eq.), dissolved itert-
ButOH/H,O (1/1 v/v, 2.0 ml) in presence of tetramethylannomichloride (0.04g, 1.0 eq)
and copper nanosize (5 % mol), following the gelnpracedure mentioned above. The
crude was purified by silica gel column chromatpdraeluting with 50% ethyl acetate in
n-hexane to afford29as a light brown solid in 60% yield. mp 174-176 ¥ica gel TLC
R 0.20 (ACOEth-Hex 50%, VIV);v max (KBr) cm?, 2927 (C-H), 1733 (C=0), 1646
(C=C),1521 (aromatic), 1266 (C-0O), 1211 (C-N), 1X8#C=0); 6y (400 MHz, DMSQO
ds) 5.35 (2H, s, OEy), 6.55 (1H, dJ 9.4, 3-H), 7.37 (1H, m, 7-H), 7.42 (1H, m, 8-H),
7.51 (1H, dJ 2.8, 5-H), 7.60 (1H, m, 4”-H), 7.66 (1H, m, 5”HY,.71 (1H, m, 6"-H), 7.96
(1H, m, 3”-H), 8.06 (1H, dJ 9.4, 4-H), 8.75 (1H, s, 5-H)jc (100 MHz, DMSQGds)
161.0 (C-2), 155.2 (C-9), 149.0 (C-6), 144.9 (C#)3.3 (C-4"), 137.4 (C-2"), 134.5 (C-
3”), 132.9 (C-4"), 129.9 (C-57), 129.6 (C-6")127.9 (C-5’), 121.0 (C-7), 120.1 (C-10),
119.8 (C-1"), 118.4 (C-8), 117.6 (C-3), 113.1 (§;-62.5 (CCH,).

7-((1’-(2”-bromophenyl)-1" H-1’,2’,3'-triazol-4’-yl)methoxy)-2 H-chromen-2-one
(130)
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Compoundl30 was synthesized by reacting 1-azido-2-bromoben22d€0.08g, 1.1 eq)
with 7-(prop-2-ynyloxy)-2H-chromen-2-ond17 (0.09g, 1.0 eq.), dissolved itert-
ButOH/H,O (1/1 v/v, 2.0 ml) in presence of tetramethylannomichloride (0.04g, 1.0 eq)
and copper nanosize (5 % mol), following the gelnpracedure mentioned above. The
crude was purified by silica gel column chromatpiraeluting with 33% ethyl acetate in
n-hexane to afford30as a light brown solid in 60% yield. mp 133-135 %ica gel TLC
R 0.16 (ACOEth-Hex 33%, VIV);v max (KBr) cmi', 2924 (C-H), 1717 (C=0), 1646
(C=C),1540 (aromatic), 1295 (C-O), 1207 (C-N), 1x@26C=0); 64 (400 MHz, DMSQ
ds) 5.42 (2H, s, OB)), 6.35 (1H, d,J 9.6, 3-H), 7.11 (1H, dd 8.4, 2.4, 6-H), 7.26 (1H, d
J 2.4, 8-H), 7.61 (1H, m, 4’-H), 7.67 (1H, m, 5")H7.71 (1H, m, 6”-H), 7.72 (1H, m, 5-
H), 7.96 (1H, m, 3”-H), 8.05 (1H, d19.6, 4-H), 8.78 (1H, s, 5™-H)jc (100 MHz, DMSQ
ds) 162.0 (C-7), 161.1 (C-2), 156.2 (C-9), 145.2 (C442.9 (C-4), 136.9 (C-2"), 134.5
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(C-3"), 132.9 (C-4"), 130.5 (C-5), 129.9 (C-6"Y129.7 (C-5"), 128.0 (C-5), 119.8 (C-
1"), 113.9 (C-6), 113.7 (C-3), 113.6 (C-10), 102G8), 62.4 (TH,).

6-((1’-(2"-iodophenyl)-1" H-1',2’,3'-triazol-4’-yl)methoxy)-2 H-chromen-2-one (131)

Compound131 was synthesized by reacting 1l-azido-2-iodobenZét#e(0.11g, 1.1 eq)
with 6-(prop-2-ynyloxy)-2H-chromen-2-ond16 (0.08g, 1.0 eq.), dissolved itert-
ButOH/H,O (1/1 v/v, 2.0 ml) in presence of tetramethylanaomichloride (0.04g, 1.0 eq)
and copper nanosize (5 % mol), following the gelnpracedure mentioned above. The
crude was purified by silica gel column chromatpdraeluting with 33% ethyl acetate in
n-hexane to afford31as a yellow solid. in 30% vyield. mp 162-164 °Cicsilgel TLCR
0.13 (AcOEth-Hex 33%, V/V);v max (KBr) cm?, 2927 (C-H), 1716 (C=0), 1670
(C=C),1540 (aromatic), 1266 (C-O), 1188 (C-N), 112tC=0); 6y (400 MHz, DMSQ
ds) 5.35 (2H, s, O8)), 6.54 (1H, dJ 9.4, 3-H), 7.37 (1H, m, 7-H), 7.42 (1H, m, 8-H),
7.44 (1H, m, 47-H), 7.51 (1H, d] 2.8, 5-H), 7.60 (1H, m, 6”-H), 7.66 (1H, m, 5"H®.06
(1H, d J 9.4, 4-H), 8.14 (1H, ddj 9.4, 1.2, 3"-H), 8.69 (1H, s, 5-H)dc (100 MHz,
DMSO-ds) 161.0 (C-2), 155.2 (C-9), 149.0 (C-6), 144.9 (C3.3 (C-4"), 140.7 (C-1"),
140.6 (C-3"), 132.9 (C-4"), 130.4 (C-5"), 128.8C-6"), 127.6 (C-5’), 121.0 (C-7), 120.1
(C-10), 118.3 (C-8), 117.6 (C-3), 113.1 (C-5), 96C72"), 62.5 (CCH,).

7-((1’-(2"-iodophenyl)-1" H-1",2’,3'-triazol-4’-yl)methoxy)-2 H-chromen-2-one (132)

6 510

4

O

7 2
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N,[\‘]Ao < 9070
N 5

Compound132 was synthesized by reacting 1-azido-2-iodobenZet#e(0.11g, 1.1 eq)
with 7-(prop-2-ynyloxy)-2H-chromen-2-ond17 (0.08g, 1.0 eq.), dissolved itert-
ButOH/H,O (1/1 v/v, 2.0 ml) in presence of tetramethylannomichloride (0.04g, 1.0 eq)
and copper nanosize (5 % mol), following the gelnpracedure mentioned above. The
crude was purified by silica gel column chromatpdraeluting with 33% ethyl acetate in
n-hexane to afford.32 as a light brown sticky oil in 30% yield; SilicalgéLC R 0.13
(AcOEth-Hex 33%, VIV);v max (KBr) cm*, 2928 (C-H), 1722 (C=0), 1632 (C=C),1539
(aromatic), 1266 (C-O), 1187 (C-N), 1142-C=0); 6y (400 MHz, DMSQdg) 5.41 (2H, s,
OCHy), 6.35 (1H, d, 9.6, 3-H), 7.11 (1H, dd 8.6, 2.4, 6-H), 7.26 (1H, d2.4, 8-H), 7.41
(1H, m, 47-H), 7.61 (1H, m, 6"-H), 7.65 (1H, m,"8H), 7.70 (1H, dJ 8.6, 5-H), 8.05 (1H,
d,J9.6, 4-H), 8.15 (1H, m, 3"-H), 8.78 (1H, s, 5-H)¢ (100 MHz, DMSQGds) 162.1 (C-
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7), 161.2 (C-2), 156.3 (C-9), 145.2 (C-4), 143.84%; 140.7 (C-3”), 140.6 (C-2”), 132.9
(C-4™), 130.5 (C-5), 130.3 (C-5"), 129.0 (C-6")127.8 (C-5'), 113.9 (C-6), 113.7 (C-3),
113.6 (C-10), 102.6 (C-8), 62.5 @Bl).

6.3.5 General procedure for preparation of sulfona&io derivatives 195-204

Reactions of (R)-(-)-10-Camphorsulfonyl chlorid@92 and (1I5)-(+)-10-Camphorsulfonyl
chloride193 (0.3 g, 1.0 eq.) with amino derivativé87,140, 141, 149, 194.0 eq.) were
carried out at 0° to room temperature in SchottanfBann conditions under nitrogen
atmosphere, in the presence of a stoichiometricuainof dropwised dry TEA (1.0 eq. for
137, 141, 194nd 2.0 eq. fot40, 149), in dry DMF as solvent (2 ml).

When complete (monitoring by TLC), reactions wewnernrched with crushed ice, extracted
with ethyl acetate (20 ml), washed with 1N HCI (A& ml) and brine (2 x 10 ml). The
collected organic phase was dried on anhydrousS@Qa filtered and evaporated under
vacuum. The crude was purified by silica gel coluoimomatography eluting with-
Hexane/ethyl acetate or DCM/methanol to afford coomus195-204as white solids in
medium yields.

4-((('R)-7’,7-dimethyl-2’-oxobicyclo[2’.2’.1'Thep tan-1"-yl)methylsulfonamido)
benzenesulfonamide (195)

Compound195 was synthesized by reactingRji(-)-10-Camphorsulfonyl chloridd92
(1.129 mmol, 300 mg) with sulfanilamide37 (1.19 mmol, 204.9 mg) following the general
procedure mentioned above. The crude was purifyesilita gel column chromatography
eluting with 3% MeOH in DCM to afford compoundi85 as white solid in 60% yield. mp
150-152 °C; §]% -6.3; silica gel TLCR; 0.27 (MeOH/DCM 3% V/V)y max (KBr) cm?,
3263 (N-H), 2963 (C-H), 1739 (C=0), 1597 (aromatit333 (S@NH); o4 (400 MHz,
DMSO-tg) 0.81 (3H, s, 9'-H), 1.04 (3H, s, 8'-H), 1.46 (1H, m, 6’-H), 1.60 (1H, m, 5’-H),
1.96 (1H, m, 3'-H), 1.99 (1H, m, 6'-H), 2.10 (1H, Bi-H), 2.37 (1H, m, 5'-H), 2.38 (1H,
m, 4’-H), 3.12 (1H, dJ 14.8, SQCH), 3.49 (1H, dJ 14.8, SQCH), 7.30 (2H, s, SeNH,,
exchange with BD), 7.40 (2H, m, 2 x 3-H), 7.81 (2H, m, 2 x 2-HY.39 (1H, s, SEeNH,
exchange with BD); ¢ (100 MHz, DMSOdg) 215.0 (C-2°), 142.5 (ipso), 139.2 (ipso),
128.1 (C-2), 118.6 (C-3), 58.7 (C-1"), 49.1 (=3B1,), 48.6 (C-7"), 42.9 (C-4"), 42.8 (C-3"),
27.1 (C-6’), 25.5 (C-5"), 20.2 (C-8), 20.1 (C-9'm/z (ESI-) 385.1 ([M-H]- 100%), 771.2
([2M-H]- 5%); m/z (ESI+) 387.2 ([M+H]+ 85%), 773(M+H]+ 15%).
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4-(((1'S)-7",7-dimethyl-2’-oxobicyclo[2’.2’.1'Theptan-1"-yl)methylsulfonamido)
benzene sulfonamide (196)

SO,NH,

Compound196 was synthesized by reactingg4(+)-10-Camphorsulfonyl chloridé93
(2.129 mmol, 300 mg) with sulfanilamide7 (1.19 mmol, 204.9 mg) following the general
procedure mentioned above. The crude was purifyesillta gel column chromatography
eluting with 3% MeOH in DCM to afford compoundi86 as white solid in 63% yield. mp
151-153 °C; ¢]*p +6.1; silica gel TLCR 0.27 (MeOH/DCM 3% V/V)y max (KBr) cm™,
3265 (N-H), 2959 (C-H), 1741 (C=0), 1595 (aromatit336 (S@-NH); 6y (400 MHz,
DMSO-t) 0.81 (3H, s, 9'-H), 1.05 (3H, s, 8'-H), 1.46 (1H, m, 6’-H), 1.59 (1H, m, 5’-H),
1.96 (1H, m, 3'-H), 1.98 (1H, m, 6'-H), 2.10 (1H, Bi-H), 2.36 (1H, m, 5’-H), 2.38 (1H,
m, 4’-H), 3.12 (1H, dJ 14.8, SQCH), 3.50 (1H, dJ 14.8, SQCH), 7.31 (2H, s, SeNH,,
exchange with BD), 7.40 (2H, m, 2 x 3-H), 7.81 (2H, m, 2 x 2-HD.4 (1H, s, SENH,
exchange with BD); ¢ (100 MHz, DMSOdg) 215.0 (C-2°), 142.4 (ipso), 139.2 (ipso),
128.0 (C-2), 118.6 (C-3), 58.7 (C-1"), 49.1 (C-8H), 48.5 (C-7"), 42.9 (C-4"), 42.8 (C-
3), 27.2 (C-6"), 25.5 (C-5), 20.2 (C-8’), 20.1 {€); m/z (ESI-) 385.1 ([M-H]- 100%),
771.2 ([2M-H]- 5%); m/z (ESI+) 387.1 ([M+H]+ 75%J73.1 ([2M+H]+ 25%).

4-((((’R)-7’,7-dimethyl-2’-oxobicyclo[2'.2’.1]he ptan-1'-yl)methylsulfonamido)
methyl) benzenesulfonamide (197)

Compound197 was synthesized by reactingRji(-)-10-Camphorsulfonyl chloridd92
(2.19 mmol, 300 mg) with 4-Aminomethylbenzenesudiionide hydrochloridel40 (1.19
mmol, 265 mg) following the general procedure nemed above. The crude was purified
by silica gel column chromatography eluting with 584eOH in DCM to afford
compoundd97 as white solid in 55% vyield. mp 160-162 °@}¥p-13.2; silica gel TLQR;
0.28 (MeOH/DCM 5% V/V)y max (KBr) cm?, 3256 (N-H), 2965 (C-H), 1730 (C=0), 1601
(aromatic), 1324 (SENH); 6y (400 MHz, DMSO€k) 0.81 (3H, s, 9'-H), 1.04 (3H, s, 8'-
Hs), 1.43 (1H, m, 6’-H), 1.59 (1H, m, 5’-H), 1.95 (1kh, 3'-H), 1.97 (1H, m, 6’-H), 2.08
(1H, m, 3'-H), 2.36 (1H, m, 5-H), 2.39 (1H, m, #), 2.93 (1H, d, 10.4, SQCH), 3.36
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(1H, d,J 10.4, SQCH), 4.33 (2H, dJ 6.4, GH,NH), 7.37 (2H, s, SeNH,, exchange with
D,0), 7.56 (2H, m, 2 x 3-H), 7.83 (2H, m, 2 x 2-H)7® (1H, t,J 6.4, SQNH, exchange
with D0); é¢ (100 MHz, DMSOdg) 215.6 (C-2’), 143.9 (ipso), 143.5 (ipso), 128383,
126.6 (C-2), 58.7 (C-1"), 49.3 (C- SCH,), 48.5 (C-7’), 46.6 CH,NH), 43.0 (C-3’), 42.9
(C-4), 27.2 (C-6’), 25.4 (C-5’), 20.3 (C-8), 20(2-9’); m/z (ESI-) 399.1 ([M-H]- 100%),
799.3 ([2M-H]- 5%); m/z (ESI+) 401.2 ([M+H]+ 1009801.3 ([2M+H]+ 18%).

4-((((’S)-7’,7’-dimethyl-2’-oxobicyclo[2’.2’.1'lheptan-1'-yl)methylsulfonamido)
methyl) benzenesulfonamide (198)

HNO,S 17 3

Compound198 was syntheszed by reactingS(4+)-10-Camphorsulfonyl chloridd93
(2.19 mmol, 300 mg) with 4-Aminomethylbenzenesudiioride hydrochloridel40 (1.19
mmol, 265 mg) following the general procedure nemed above. The crude was purified
by silica gel column chromatography eluting with 584eOH in DCM to afford
compoundd98as white solid in 55% vyield. mp 162-163 °@}¥p-12.9; silica gel TLQR;
0.28 (MeOH/DCM 5% V/V)y max (KBr) cm®, 3259 (N-H), 2964 (C-H), 1733 (C=0), 1604
(aromatic), 1327 (SENH); 64 (400 MHz, DMSOsg) 0.81 (3H, s, 9'-H), 1.05 (3H, s, 8-
Hs), 1.43 (1H, m, 6’-H), 1.57 (1H, m, 5’-H), 1.95 (1kh, 3'-H), 1.97 (1H, m, 6’-H), 2.09
(1H, m, 3'-H), 2.36 (1H, m, 5-H), 2.40 (1H, m, #), 2.93 (1H, d,J 10.4, SQCH), 3.35
(1H, d,J 10.4, SQCH), 4.33 (2H, dJ 6.4, H,NH), 7.37 (2H, s, SeNH,, exchange with
D,0), 7.56 (2H, m, 2 x 3-H), 7.83 (2H, m, 2 x 2-H)7® (1H, t,J 6.4, SQNH, exchange
with D,0); d¢ (100 MHz, DMSOdg) 215.5 (C-2), 143.8 (ipso), 143.5 (ipso), 128%3),
126.6 (C-2), 58.7 (C-1"), 49.3 (C- $CH,), 48.6 (C-7'), 46.6 CH.NH), 43.1 (C-3’), 42.9
(C-4"), 27.3 (C-6"), 25.5 (C-5"), 20.3 (C-8), 20(Z-9"); m/z (ESI-) 399.1 ([M-H]- 100%),
799.3 ([2M-H]- 8%); m/z (ESI+) 401.2 ([M+H]+ 100%801.3 ([2M+H]+ 48%).
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4-(2’-(((1"R)-7",7"-dimethyl-2"-oxobicyclo[2”. 2”.1”]heptan-1"-yl)methyl
sulfonamido)ethyl) benzenesulfonamide (199)

SO,NH,

Compound199 was synthesized by reactingRji(-)-10-Camphorsulfonyl chloridd93
(2.19 mmol, 300 mg) with 4-(2-Aminoethyl)benzenésadmide141 (1.19 mmol, 238.3
mgq) following the general procedure mentioned abdWe crude was purified by silica gel
column chromatography eluting with 2.5% MeOH in DA@Mafford compound499 as
white solid in 65% yield. mp 139-141 °Cu]f% -11.1; silica gel TLCR: 0.27
(MeOH/DCM 2.5% V/V);v max (KBr) cm®, 3251 (N-H), 2956 (C-H), 1745 (C=0), 1599
(aromatic), 1326 (SONH); 64 (400 MHz, DMSOe€g) 0.82 (3H, s, 9”-H), 1.03 (3H, s,
8"-H3), 1.42 (1H, m, 6”-H), 1.53 (1H, m, 5”-H), 1.93LlH, m, 3"-H), 1.96 (1H, m, 6"-
H), 2.07 (1H, m, 3"-H), 2.34 (1H, m, 5”-H), 2.36LH, m, 4"-H), 2.90 (3H, m, 1-H,
SO,CH), 3.28 (3H, m, 2'-H, SQCH), 7.29 (2H, s, S&NH,, exchange with BED), 7.47
(2H, m, 2 x 3-H), 7.79 (2H, m, 2 x 2-Hjr (100 MHz, DMSOdg) 215.5 (C-2"), 144.0
(ipso), 143.1 (ipso), 130.2 (C-3), 126.6 (C-2),8C-1"), 48.5 (C- SECH,), 48.4 (C-
7”), 44.5 (C-2), 42.9 (C-3"), 42.8 (C-4"), 36.4C-1"), 27.2 (C-6"), 25.3 (C-5"), 20.3
(C-8"), 20.2 (C-9”); m/z (ESI-) 413.2 ([M-H]- 10®), 827.3 ([2M-H]- 2%); m/z (ESI+)
415.2 ([M+H]+ 100%), 829.4 ([2M+H]+ 28%).

4-(2’-(((1"S)-7",7-dimethyl-2”-oxobicyclo[2”. 2”.1"]heptan-1"-yl)methyl
sulfonamido)ethyl) benzenesulfonamide (200)

SO,NH,

Compound200 was synthesized by reactingg4(+)-10-Camphorsulfonyl chloridé93
(2.29 mmol, 300 mg) with 4-(2-Aminoethyl)benzenésadmide141 (1.19 mmol, 238.3
mg) following the general procedure mentioned abd¥We crude was purified by silica gel
column chromatography eluting with 2.5% MeOH in DA@Mafford compound200 as
white solid in 70% vyield. mp 140-142 °Cp]f% +11.1; silica gel TLCR: 0.27
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(MeOH/DCM 2.5% VIV);v max (KBr) cm?, 3250 (N-H), 2954 (C-H), 1741 (C=0), 1599
(aromatic), 1328 (SONH); 64 (400 MHz, DMSOe€g) 0.83 (3H, s, 9”-H), 1.03 (3H, s,
8"-H3), 1.42 (1H, m, 6”-H), 1.51 (1H, m, 4”-H), 1.92lH, m, 3"-H), 1.97 (1H, m, 6”-
H), 2.07 (1H, m, 3"-H), 2.34 (1H, m, 5”-H), 2.36LH, m, 4"-H), 2.89 (3H, m, 1-H,
SO,CH), 3.29 (3H, m, 2'-H, SGCH), 7.29 (2H, s, SNH,, exchange with BD), 7.48
(2H, m, 2 x 3-H), 7.79 (2H, m, 2 x 2-Hjr (100 MHz, DMSOdg) 215.6 (C-2"), 144.2
(ipso), 143.1 (ipso), 130.3 (C-3), 126.8 (C-2),-8C-1"), 48.5 (SQCH,), 48.4 (C-7"),
44.5 (C-2'), 42.9 (C-3”), 42.8 (C-4"), 36.5 (C-1'27.2 (C-6"), 25.3 (C-5"), 20.3 (C-8"),
20.3 (C-9”); m/z (ESI-) 413.1 ([M-H]- 100%), 827 ($2M-H]- 18%); m/z (ESI+) 415.2
([M+H]+ 100%), 829.3 ([2M+H]+ 50%).

3-(((’R)-7’,7’-dimethyl-2’-oxobicyclo[2’.2".1'hep tan-1'-yl)methylsulfonamido)
benzene sulfonamide (201)
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Compound201 was synthesized by reactingR)i(-)-10-Camphorsulfonyl chloridd92
(0.08 mmol, 200 mg) with metanilamid®4 (0.08 mmol, 137.4 mg) following the general
procedure mentioned above. The crude was purifyesillta gel column chromatography
eluting with 50% ethyl acetate mHexane to afford compoun@91as white solid in 52%
yield. mp 148-150 °C;of*’5 -13.3; silica gel TLQR; 0.3 (ethyl acetatafHexane 50% v/v);
v max (KBr) cm?, 3263 (N-H), 2963 (C-H), 1739 (C=0), 1600 (aromptl336 (S@NH):;

dn (400 MHz, DMSOsdg) 0.80 (3H, s, 9'-H), 1.03 (3H, s, 8’-H), 1.45 (1H, m, 6’-H), 1.58
(1H, m, 5-H), 1.97 (1H, m, 3"-H), 2.00 (1H, m, &), 2.09 (1H, m, 3'-H), 2.39 (1H, m,
5'-H), 2.40 (1H, m, 4’-H), 3.09 (1H, d, 15.2, SQCH), 3.45 (1H, dJ 15.2, SQCH), 7.45
(2H, s, SONH,, exchange with BD), 7.49 (1H, m, 5-H), 7.58 (2H, m, 6-H, 4H), 7(dH,
m, 2-H), 10.2 (1H, s, SDIH, exchange with BED); 6¢ (100 MHz, DMSOsdg) 215.0 (C-2),
146.1 (ipso), 139.9 (ipso), 130.9 (C-6), 122.6 (C121.4 (C-4), 116.8 (C-5), 58.7 (C-1"),
48.9 (SQCHy), 48.5 (C-7"), 42.9 (C-4'), 42.8 (C-3’), 27.1 (C}625.5 (C-5’), 20.3 (C-8),
20.1 (C-9); m/z (ESI-) 385.1 ([M-H]- 100%), 771(2M-H]- 40%); m/z (ESI+) 387.1
([M+H]+ 100%), 773.3 ([2M+H]+ 55%).
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3-(((2’S)-7",7’-dimethyl-2’-oxobicyclo[2’.2’.1'Theptan-1'-yl)methylsulfonamido)
benzene sulfonamide (202)

5 <~ "SONH,

Compound202 was synthesized by reactingg4(+)-10-Camphorsulfonyl chloridé93
(0.08 mmol, 200 mg) with metanilamid®4 (0.08 mmol, 137.4 mg) following the general
procedure mentioned above. The crude was purifyesilita gel column chromatography
eluting with 50% ethyl acetate mHexane to afford compoun@92 as white solid in 52%
yield. mp 149-151 °C;d]*% +14.4; silica gel TLCR; 0.3 (ethyl acetata/Hexane 50%
VIV); v max (KBr) cm®, 3265 (N-H), 2962 (C-H), 1740 (C=0), 1602 (aromjti332 (SG-
NH); 34 (400 MHz, DMSOe€k) 0.80 (3H, s, 9'-H), 1.04 (3H, s, 8'-H), 1.44 (1H, m, 6’-H),
1.58 (1H, m, 5’-H), 1.96 (1H, m, 3’-H), 1.96 (1H, ®&'-H), 2.09 (1H, m, 3’-H), 2.38 (1H,
m, 5’-H), 2.40 (1H, m, 4-H), 3.08 (1H, d, 15.2, SGCH), 3.46 (1H, dJ 15.2, SGCH),
7.43 (2H, s, SeNH,, exchange with BD), 7.49(1H, m, 5-H), 7.57 (2H, m, 6-H, 4-H), 7.71
(1H, m, 2-H), 10.2 (1H, s, SAH, exchange with BD); 6c (100 MHz, DMSO¢dg) 215.1
(C-2"), 146.2 (ipso), 139.9 (ipso), 130.8 (C-6)212(C-2), 121.4 (C-4), 117.0 (C-5), 58.7
(C-1), 48.9 (SQCHy), 48.6 (C-7"), 42.9 (C-4"), 42.9 (C-3)), 27.1 (C}625.4 (C-5’), 20.3
(C-8), 20.1 (C-9"); m/z (ESI-) 385.0 ([M-H]- 100%)71.1 ([2M-H]- 5%); m/z (ESI+)
387.2 ([M+H]+ 100%), 773.3 ([2M+H]+ 45%).

5-(((’R)-7’,7’-dimethyl-2’-oxobicyclo[2’.2".1'hep tan-1'-yl)methylsulfonylimino)-4-
methyl-4,5-dihydro-1,3,4-thiadiazole-2-sulfonamid€203)

Compound203 was synthesized by reactingR)i(-)-10-Camphorsulfonyl chloridd92
(0.08 mmol, 200 mg) with derivativi49->* (0.08 mmol, 185. mg) following the general
procedure mentioned above. The crude was purifyesillta gel column chromatography
eluting with 3% MeOH in DCM to afford compoun@83 as white solid in 46% yield. mp
248-250 °C; §]*% -47.5; silica gel TLOR; 0.27 (MeOH/DCM 3% V/V)y max (KBr) cm™,
3265 (N-H), 2962 (C-H), 1736 (C=0), 1654 (C=N), 237 SQ-NH); 64 (400 MHz,
DMSO-tg) 0.82 (3H, s, 9'-H), 1.06 (3H, s, 8'-H), 1.45 (1H, m, 6’-H), 1.52 (1H, m, 5’-H),
1.96 (1H, m, 3'-H), 1.98 (1H, m, 6'-H), 2.09 (1H, Bi-H), 2.38 (1H, m, 5'-H), 2.38 (1H,
m, 4’-H), 3.15 (1H, dJ 14.8, SQCH), 3.45 (1H, dJ 14.8, SQCH), 3.74 (3H, s, NE3),
8.60 (2H, s, SeNH,, exchange with BD); 6c (100 MHz, DMSOdg) 215.4 (C-2"), 165.7
(C-2), 157.0 (C-5), 58.5 (C-1"), 50.5 (9CHy), 48.7 (C-7"), 42.9 (C-3), 42.8 (C-4"), 38.6
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(NCHs), 27.2 (C-6)), 25.2 (C-5), 20.1 (C-8), 20.1 (Cx9m/z (ESI-) 407.0 ([M-H]-
100%), 815.0 ([2M-H]- 8%); m/z (ESI+) 409.1 ([M+H]E00%), 817.2 ([2M+H]+ 5%).

5-(((2’S)-7",7’-dimethyl-2’-oxobicyclo[2’.2'.1'heptan-1'-yl)methylsulfonylimino)-4-
methyl-4,5-dihydro-1,3,4-thiadiazole-2-sulfonamid€204)

Compound204 was synthesized by reactingg4(+)-10-Camphorsulfonyl chloridé93
(0.08 mmol, 200 mg) with derivativi94>* (0.08 mmol, 185 mg) following the general
procedure mentioned above. The crude was purifyesillta gel column chromatography
eluting with 3% MeOH in DCM to afford compoun@84 as white solid in 53% yield. mp
246-248 °C; §]*°% -45.6; silica gel TLOR; 0.27 (MeOH/DCM 3% V/V)y max (KBr) cm™,
3262 (N-H), 2965 (C-H), 1739 (C=0), 1655 (C=N), 43 SQ-NH); 64 (400 MHz,
DMSO-tg) 0.81 (3H, s, 9'-H), 1.05 (3H, s, 8-H), 1.42-1.47 (1H, m, 6’-H), 1.63 (1H, m,
5'-H), 1.96 (1H, m, 3'-H), 1.98 (1H, m, 6’-H), 2.0@H, m, 3'-H), 2.39 (1H, m, 5-H),
2.37 (1H, m, 4’-H), 3.15 (1H, &, 14.8, SQCH), 3.44 (1H, dJ 14.8, SQCH), 3.73 (1H, s,
NCHs), 8.59 (2H, s, S&NH,, exchange with BD); 6c (100 MHz, DMSOds) 215.5 (C-2),
165.7 (C-2), 157.2 (C-5), 58.6 (C-1"), 50.5 (&Bl,), 48.8 (C-7"), 42.9 (C-3"), 42.8 (C-4"),
38.7 (NCH3y), 27.2 (C-6'), 25.2 (C-5"), 20.2 (C-8"), 20.1 (C}9m/z (ESI-) 407.1 ([M-H]-
100%); m/z (ESI+) 409.1 ([M+H]+ 100%), 817.2 ([2M}HH10%).
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