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Abstract

Novel analogues of oxadiazole-substituted naphtBdjRhiophene-4,9-diones were synthesized in
which the tricyclic quinone skeleton was systenadifcreplaced with simpler moieties, such as
structures with fewer rings and open-chain formkilevthe oxadiazole ring was maintained. In
addition, variants of the original 1,2,4-oxadiazofey were explored. Overall, the complete three-
ring quinone was essential for potent suppressidruiman keratinocyte hyperproliferation, whereas
analogous anthragquinones were inactive. Alsopiagliazole ring per se was not sufficient to elicit
activity. However, rearrangement of the heteroafmmsitions in the oxadiazole ring resulted in
highly potent inhibitors with compouri4b being the most potent analogue of this series stgpw

an 1G in the nanomolar range. Furthermore, experimianiolated enzymatic assays as well as in
the keratinocyte-based hyperproliferation assayndidsupport a major role of redox cycling in the

mode of action of the compounds.
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7-AAD, 7-aminoactinomycin D; CPR, NADPH-cytochroni®50 oxidoreductase; DCQY,N’-
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diethylenetriaminepentaacetic acid; NQO-1, NAD(R)iinone oxidoreductase 1; ROS, reactive
oxygen species; rt, room temperature; SAR, streetactivity relationship; SOD, superoxide

dismutase.

1. Introduction



Naphthoquinones constitute a class of naturallywoty compounds found in animals, plants and
microorganisms [1]. Due to their biological andustural properties they are regarded as privileged
structures in Medicinal Chemistry [2], and becawdetheir demonstrated activity particularly
against cancer cells these agents have been thectsab intensive research [3,4]. The exact
molecular mechanism by which naphthoquinones etkeir biological action still needs to be
elucidated. At least in part, the leading theasidl that the quinone moiety reacts with two major
enzymes such as NADPH-cytochrome P-450 oxidoredactgCPR) and NAD(P)H:quinone
oxidoreductase 1 (NQO-1), leading to redox cyclbejween the quinone and the semiquinone
radical or hydroquinone forms (Fig. 1), thereby eyating superoxide and even more reactive
oxygen species (ROS) derived therefrom that coeddtrwith biological targets [5-11].

Prominent examples of bioactive naphthoquinoneg. (&) include ortho-quinoif-lapachone X)

and the linearly anellated naphtho[dJ8dran-4,9-diones2 (napabucasin) an®, which were
isolated from the heartwood of the lapacho (Tal&hwee of the Bignoniaceae family together with
a variety of other naphthoquinones and anthraq@és¢h2-14]. The inner bark, commonly known
as “pau-d’arco”, is used as an analgesic, an dlammmatory, and an antineoplastic by the native
people in South America [15,16]. The biologicajrsficance of these quinones in cancer therapy
has stimulated enormous research interest in thss of compounds [17-22]. Furthermore, we
have previously reported that the lapacho tree idgeavsome naphthoquinones with comparable
activity against the growth of human keratinocytative to the antipsoriatic drug anthralf) Fig.

2) [23].

In our continuous interest in tricyclic antiproliiéive agents such as anthracenones [24]
naphtho[2,3s]thiophen-4(H)-ones [25], acridones [26], phenoxazines and pinggines [27] we

prepared novel analogues of napabucdimrid studied the influence of side chain modifarabn



the potency of these agents to suppress keratmbgyterproliferation [28]. Such a feature may be
useful in the treatment of hyperproliferative skdisorders such as psoriasis, which is mainly
characterized by excessive growth of keratinocj283. In a subsequent study, we reported the
synthesis and structure—activity relationships ($#R a series of compounds in which the furano-
oxygen of the parent naphtho[Z)Buran-4,9-dione core was replaced by other heterna [30].

Of these heterocyclic ring variants, the 8-hydrapimho[2,3b]thiophene-4,9-dione analogue
bearing an oxadiazole ring on the 2-position ofttigyclic skeleton %, Fig. 2) was the most potent
inhibitor of keratinocyte hyperproliferation [30]n this context, it is of interest to note thavesel
compounds possessing an oxadiazole moiety havathgbeen reported as antiproliferative agents
[31-35].

To further explore structure—activity relationshifir the class of linearly anellated tricyclic
quinones, we have now focused on identifying thaimmm structural requirements for inhibitory
action against keratinocyte hyperproliferation be bne hand, and, on the other, elucidating the
role of the 2-oxadiazole substituent. Toward thigl, we compared the inhibitory potential of
certain structural analogues in which the tricydignone skeleton of naphtho[2hRhiophene-4,9-
dione6 (Fig. 2) has been systematically replaced withpmmoieties while the 1,2,4-oxadiazole
fragment was kept unchanged. We also report omthgification of the 1,2,4-oxadiazole ring &f
which resulted in a highly potent inhibitor of ken@acyte hyperproliferation. The biological tegfin

procedures applied in this study were similar tws#hin our earlier work [28,30].

2. Chemistry



The syntheses of the desired substitution pattants oxadiazole ring variants are shown in
Schemes 1-6. Scheme 1 shows the preparatiérantl its modified analoguds8a-13c and13l.
The required electron-rich 4,9-dimethoxynaphthof@iBiophene 8) was prepared from
unsubstituted quinone skelet@nby reductive methylation with sodium dithionitedadimethyl
sulfate in the presence of tetrabutylammonium bdemi Regioselective 2-lithiation of the
thiophene ring followed by carboxylation with drgei yielded the activated carboxylic add,
which was then converted to 1,2,4-oxadiazb8a with N-hydroxypropionamidine in a one-pot
reaction [36]. Oxidative deprotection DB8awith diammonium cerium(IV) nitrate afforded quiren
6. In a similar fashion, naphthothiophet3b and 13c, which lack the methoxy group at the 9-
position or both methoxy groups at the 4,9-posgjaespectively, were prepared from precursors
10and12 4-Hydroxy analogué&3l was obtained from its methoxy precurd@b by ether cleavage
with boron tribromide.

The preparation of analogous compouf8d-13f and13m-13u (Charts 1, 3 and 4), in which the
tricyclic quinoid system was downsized or replabgdother moieties, was also accomplished by
reaction of the activated carboxylic acids atydroxypropionamidine (Scheme 2). The requisite
carboxylic acids were prepared as described irStigplementary content or according to literature
methods. Analogues comparable6tan which the 1,2,4-oxadiazole was appended to inome
moiety (3g-13k, Chart 2) were obtained from their correspondiregapdimethoxy aromatic
precursors by oxidative demethylation as descrédiexe.

Scheme 3 outlines the synthesis of 5-ethyl-1,2 @d@zolel9, which is a substitution isomer 6f
where the 3,5-substituents at the oxadiazole rimgehbeen exchanged with each other.
Carbaldehydel4 was transformed into the corresponding oxibdeand dehydrated to nitril&6,
which upon addition of hydroxylamine furnished aoxine 17. Ring closure with activated

propionic acid in a one-pot reaction in pyridindldaing the method of Borg et al. [36] provided



oxadiazole18, which was then converted to the quinoid structl®e In a similar fashion,
anthraquinone-substitued oxadiazb8a (Table 1), a substitution isomer b3g was prepared from
9,10-dimethoxyanthracene-2-carbaldehyde (see Sugpliary content).

A series of related 1,3,4-oxadiazoles and 1,3 ddihzoles was synthesized as shown in Scheme 4.
Steglich esterification [37] of carboxylic ach, followed by reaction of methyl est@0 with
hydrazine, provided hydrazid®l. Condensation o1 and appropriate commercially available
orthoesters under microwave irradiation, which waglyzed by solid supported NafftdiR50
according to the method of Polshettiwar [38], aftd 1,3,4-oxadiazoled2a—22e Attempts to
extend this method for the preparation of 1,3,4dldzole analogue®3a-23c using phosphorus
pentasulfide in aluminum oxide as thionating ageete met with difficulty. While trimethyl
orthoformate yielde@®3a as the main product, analysis of the reaction yctsdshowed that other
orthoesters led predominantly to the formation xddiazoles, indicative of incomplete thionation
of the hydrazides. To circumvent this problem,rayitie21 was refluxed with the thionating agent
in acetonitrile. To our surprise, the expectedhldrazide was already cyclized28b under these
conditions, suggesting that acetonitrile reacteth e thiohydrazide followed by cyclization to
form the 5-methyl-1,3,4-thiadiazole ring. When taoérile was replaced by dioxane and triethyl
orthopropionate, moderate yields of the 5-ethy|4t{Biadiazole23c were obtained. In the final
step, deprotection of the hydroquinone ett#ta-22e and23a-23c gave the corresponding target
quinone4a-24eand25a-25¢ respectively.

The syntheses of the 2-substituted open-chain gnetoof oxadiazolé are schown in Scheme 5.
The Tanaka procedure [39] was used to prepare dhenkermediate9a and 14, which involved
metalation of8 with n-butyllithium and quenching the resulting anion witlry ice or N,N-
dimethylformamide, respectively. Nitrile6 was obtained from4, whereas este20 and hydrazide

21 were obtained fror@a as described in Schemes 3 and 4, respectivelgictiRa of nitrile16 with



sodium azide in DMF resulted in tetraz@@ Thea,B-unsaturated carbonyl compourlsand28
were prepared from carbaldehydd in an aldol reaction. The final deprotection steglded
analoguef9-36. Hydrazone87 and38 were directly prepared from deprotected aldet82land
the appropriate hydrazines.

Finally, nitration of naphtho[2,B}thiophene-4,9-dion€7) according to a literature procedure [40]
gave rise to an isomeric mixture of the 2- andtBereinalogues (Scheme 6), which were separable
by chromatography. NMR data did not allow unambiggispectral assignment of the position of
the nitro group. However, X-ray crystal structucd89a and39b (see Supplementary content for
details) unequivocally confirmed the position oé thitro substituent for both isomers. The 2-nitro
isomer 39a was then reduced with sodium dithionite to thenfirem analogue40. Schotten-
Baumann reaction [41] with aliphatic acid chloridies pyridine or aromatic acid chlorides in
dichloromethane provided the aliphatic amidésa—41c and aromatic amidegld and 41¢

respectively (Scheme 6).

3. Biological evaluation and discussion

3.1. Suppression of keratinocyte hyperproliferateod SAR for the three-ring skeleton and the
oxadiazole ring

The ability of the compounds to suppress keratiteotyperproliferation was measured using a
spontaneously transformed human keratinocyte (HRCedll line [42] which displays a
keratinization pattern typical of that seen in fiseriatic epidermis. These adherent cells grow as
layer and are very good mimics for hyperproliferatskin, making them a higly relevant model for

psoriasis and for the preclinical evaluation ofgmial antipsoriatic agents [43]. The data for the



antipsoriatic agent anthralid)(and the naturally occurring-lapachone X) obtained in this assay
are shown for comparison (Table 1). sd@alues for antihyperproliferative activity of tmovel
compounds are recorded in Charts 1-4 and Tabled 2.a

The compounds prepared were designed to answeqgiwstions concerning SAR for inhibitory
activity against keratinocyte hyperproliferation @rg the 2-substituted naphtho[hRhiophene-
4,9-diones. For this purpose, three series of cumgs were studied. In order to more closely
delineate the minimum requirements for activity, asve prepared analogues of the most active
representative, 2-oxadiazole-substitutgdin which drastic alterations of the original yGtic
quinone structure were made to see whether compowitk fewer rings and open-chain forms are
still active (Charts 1-4). As the tricyclic skeletcontains the quinone motif, it may lead to redox
reaction and nonspecific interaction with sulfurcleophiles such as cysteine present in proteins
[44]. The latter feature, however, can be ignotiadthe case of the heterocycle-fused
naphthoquinones. As compared to menadione, whashalmonfused quinone ring, these agents do
not have an unsubstitutggtcarbon open to nucleophilic attack and cannot fauducts as a
Michael acceptor. Nonetheless, they are redoxedbly virtue of their quinone moiety [28,30]. To
shed some more light on a possible nonspecificritutiton of the quinone moiety in the context of
the compounds under study, we also included twhraqtinone-analogous and three nonfused
naphthoquinone-analogous structures of naphthdf#sphene-4,9-dioné (13g-13k, Chart 2,
194 Table 1).

Compounds depicted in Tables 1 and 2, howeverpexilirther modifications of the 2-oxadiazole
substituent ob and are either oxadiazole ring variants (Tablerlgpen-chain analogues (Table 2).
The decision to remove the 8-hydroxy grougbiis based on an observation from our earlier study
that this group is associated with release of faaggounts of lactate dehydrogenase into the culture

medium and responsible for membrane-damaging eff86. As recently reported, this drawback
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can be eliminated by substitution with a chloroaor hydrogen atom, even though the 8-chloro-
substituted compound was somewhat less potent [45.a compromise, 8-unsubstitutéd a

closely related congener 6fwas chosen for further SAR studies.

3.1.1. Simplification of the tricyclic quinone ski®in

Some of the para-dimethoxy substituted precursothe quinones were tested for inhibition of
keratinocyte hyperproliferation, along with unsufoséd three or two ring-fused analoguéSa-
13f, Chart 1). None of these are active except fer49-dimethoxynaphthothiophene derivative
13a, which, however, is almost 20-fold less potenntBa Chart 2 reveals that a quinone structure
alone is not sufficient for potency. Those anaésyin which either the fused phenyi3k) or
thiophene ring 13i) of 6 was omitted display only moderate activity, wherea anthraquinone-
based analoguel8g of 6 as well as naphthoquinorigh, where the oxadiazole ring is directly
attached to the quinone ring, are both inactivéirfdd as an 16 of > 30 umol/L). In the tricyclic
compounds of Chart 3, either one of the carbonyiger atoms was removed3|, 13p) or one
carbonyl group of the quinone was replaced withogaygen (3m, 130) or a sulfur atom13n).
While in the latter cases, as documented by xaehdBm and130 as well as thioxanthonk3n,
activity is lost, anthrone-type ageni8l and 13p are about 20-fold less potent than lapacho
analogues. In addition, the compounds of Chart 4 were pregdo study the further dissection of
6 into simpler analogues such &3q, which completely lacks the 4-carbonyl groq3s which
retains the thiophene ring together with the oagurcarbonyl groupl3u with only the thiophene
ring left at the oxadiazole, or the correspondihgnyl analogues of the last-mentioned compounds,
i. e. 13r and 13t, respectively. Taken together, all these modifices of the tricyclic quinone
structure of6 are accompanied by loss of activity or reducedempot against keratinocyte

hyperproliferation. Accordingly, the results frahrese downsized or modified structures lead to the
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conclusion that the intact tricyclic molecular skeh is the essential moiety required for
antihyperproliferative activity. Our results algoestion whether an oxadiazole moiety per se is
sufficient to elicit an antiproliferative actionnitially, the oxadiazole ring was considered tose
bioisostere for esters or amides [46]. More rdgeatbody of evidence has emerged that suggests a
role for a 1,2,4- or a 1,3,4-oxadiazole ring systerantiproliferative active agents [31-34], whigh
not supported by this study, at least with respéxt the action against Kkeratinocyte
hyperproliferation.

Wth respect to the quinone motif, the results atadiwith naphthoquinonek3h-13k (Chart 2),
menadione (Table 1), anthraquinorig (Chart 2) andl9a (Table 1) clearly show that the potent
action of the linearly anellated naphtho[®J&hiophene-4,9-diones against Kkeratinocyte
hyperproliferation is not simply the consequencéheir quinone structure, since in particular both

anthraquinones in which the anellated thiophengignmeplaced by a phenyl ring are inactive.

3.1.2. Oxadiazole ring variants

In the following compound series, variants of thigjioal 3-ethyl-1,2,4-oxadiazole ring have been
explored, and data for suppression of keratinotwteerproliferation are collected in Table 1.
When the tricyclic skeleton in position 5 of th,4-oxadiazole o6 has been switched with the
ethyl group of the 3-position, as exemplified ts/igomerl9, potency is still in the low micromolar
range, but somewhat reduced as comparel(t€so of 0.58 pmol/L vs. 0.36 umol/L). However,
when the naphtho[2,Bthiophene-4,9-dione moiety 4B has been exchanged for an anthraquinone
core (19a), activity is lost, confirming the results obtatheith anthraquinon&3g (Chart 2), which

is an isomer ofi9a By contrast, modification of the heteroatom fioss in the oxadiazole ring

from a 1,2,4- to a 1,3,4-arrangement resulted ghligi potent inhibitors with 16 values in the
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submicromolar range. The corresponding 1,3,4-isdMewas more potent than 1,2,4-arranged
(ICs0=0.15 pmol/L vs. 16 = 0.36 pmol/L).

Compounds24a-24e explore the consequences of varying the lengtthef5-alkyl chain on the
1,3,4-oxadiazole ring. Extending the chain of dniginal ethyl group of the 1,3,4-isom24dc by
two carbon atoms to give butyl substitutt reduced potency. On the other hand, when thenchai
was shortened by one carbon atom to provide théynstbstituted24b, potency was improved,
but did not show further improvement when the miegngup was removed as #da Replacement
of the alkyl group with a phenyl ring gave an imaetcompound Z4€. By comparing the
homologous series of 5-alkyl-1,3,4-oxadiazol2da—24e peak activity against keratinocyte
hyperproliferation (IG = 0.08 pmol/L) is shown bg4b, which is the most potent compound seen
so far under our assay conditions. ExchangingltBe4-oxadiazole for a 1,3,4-thiadiazole ring
resulted in analogued5a-25c  The inhibitory potency determined for these comqls clearly
suggests that the oxadiazole is preferred relativibe thiadiazole, i. €4b, ICso of 0.08 pmol/L

compared t@5b, 1Cso of 3.70 pmol/L.

3.1.3. Open-chain analogues

A third series of compounds was prepared for cormparwith 6 and to evaluate SAR for open
side-chain substituents. A number of carbonyl-amiig groups such as esters and amides that
would be mimicked by the oxadiazole ring have beguiored at the 2-position of the naphtho[2,3-
bJthiophene-4,9-dione (Table 2). There was a clliatinction in hyperproliferation inhibitory
properties between the free a2@and its corresponding methyl esB&x While the free acid is not
active and may not be able to cross the keratieooymbrane, est&0 is a potent inhibitor of
keratinocyte hyperproliferation, with ang¢of 0.71 uM in the same order of magnitude to thafse

anthralin ang3-lapachone.
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Also, when the carboxylic acid group 2® was replaced by a tetrazole-5-yl gro@d)( which was
used as a nonclassical bioisosteric replacemeitthas comparable acidity to that observed for the
carboxylic acids while being about ten times mauephilic [47], activity was not apparent in this
assay. As with est&0, hydrazide31 and aldehyd&2 display activity, though slightly reduced but
3-5-fold better than the 2-methyl analogd&@ Comparing chalcone85 and 36 as well as
hydrazone87 and38 with 6 shows that opening the oxadiazole ring resulthénloss of inhibitory
activity for each analogue. This is also the daseompound0 having a 2-amino group. Activity

is regained by converting the amine into amidéa41e Within this homologous series of small
and branched alkyl groupdia41c), these compounds are active in the micromolageahut 9—
27-fold less potent than oxadiaz@e Benzamideg1d and4leare somewhat more potent than the
aliphatic amides, and their potency is similarhattof the two nitro derivative29aand39b.

The most potent compounds of the open-chain anatogte nitrile833 and the 2-acetylatet? (ICs

of 0.44 umol/L), which is the sulfur analogue oé tbriginal lapacho constituent napabucagin (
and these compounds are essentially equipotertbgéther, smaller groups at the 2-position may

be advantageous for potency, and there also seebesd requirement for an electron-withdrawing

group.

3.2. Enzymatic redox activation

As previously reported [28], selected compoundsewaunbjected to redox cycling experiments
where superoxide generation was evaluated bothé{PR- and NQO-1-catalyzed one- and two-
electron reduction, and this was also confirmedkénatinocyte-based assays. Typically, the
quinones are reduced in two sequential reactiongeiwerate hydroquinones via semiquinone
radicals that can react back to the parent commuhds perpetuating a redox cycle (Fig. 1). As a

result, these reduced forms of the quinones rapdbgduce superoxide as the initial species by
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electron transfer to molecular oxygen. Dismutatdsuperoxide yields hydrogen peroxide, which
can react with trace amounts of ferrous ions tonfewen more reactive species, such as hydroxyl
radicals. If accumulation of reactive oxygen speabverwhelms the antioxidant capacity of the
cell, this can lead to oxidative stress [48], falwf normal cellular functions and even cell death
[49]. The ability of the naphtho[2 Bthiophene-4,9-diones to stimulate superoxide ggiaT was
determined as described [28], and the results masepted in Table 3. The known redox cycler
menadione [50,51] (2-methylnaphthalene-1,4-dioreyexd as a positive control.

All the tested compounds were significant genesatdrsuperoxide in the one-electron reduction
assay catalyzed by human recombinant CPR, and &efarefne basic structuré, also in the two-
electron reduction by human recombinant NQO-1, ghatlne contribution of the latter enzyme was
somewhat less pronounced. The rates of supergeiderated by the lapacho compounds reflect an
efficient interaction of their corresponding seniigune radicals with molecular oxygen resulting in
redox cycling and concomitant superoxide productibncontrast to the other agents tested, 2-nitro
substituted39a was also an excellent substrate for NQO-1 and rgeet the highest amount of
superoxide compared to other functional groups sschmino 40), acetyl 42), or methyl 43) at

C-2 of the tricyclic quinone structure. This istsoirprising, as in addition to quinones, NQO-1 is
capable of catalyzing two-electron reduction ofidewariety of functional groups such as aromatic
nitro compounds and can even catalyze four-eleatedaiction of the nitro group [52]. 2-Nitro-
substituted39awas actually synthesized to study the effect odddlitional structural feature in the
molecule capable of redox cycling. Such a strateagy very recently been applied successfully to

the design and synthesis of quinone-based triapalesessing a second redox center [53].

3.3.  Superoxide generation in keratinocytes
The amount of superoxide production was also dyref#termined in a keratinocyte-based assay

under the conditions comparable to that of the tpqodéiferation model in HaCaT cells to confirm
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that an excessive amount of superoxide by redohkngyof the quinones is generated within whole
cells. The fluorescence intensity arising from greduct of the reaction of superoxide with the
fluorescent probe dihydroethidium (DHE) was morgtbiby flow cytometry [54]. The oxidized
form, 2-hydroxyethidium (2-OH-B, is a measure of intracellular superoxide geimraand a
specific marker for superoxide [55,56]. As a pasitcontrol in these experiments we have also
employed menadione, for which DHE was used to detd@cellular superoxide generation after
treatment of cells with this quinone [55,57].

In most cases, significantly increased superoxideegation following both acute and chronic
treatment of HaCaT keratinocytes with the selet@apdcho compounds was observed, as quantified
by the mean fluorescence intensities (Table 4). efVlkeratinocytes were pretreated with
dicoumarol, a commonly used inhibitor of NQO-1 EX]), that competes with NADH for binding
and prevents reduction of quinones, superoxide rgéna by the lapacho analogues was still
significant as compared to controls. Accordingtibition of the NQO-1-promoted two-electron
metabolism of the quinones in keratinocytes by aearol may increase the accessibility of these
agents for one-eletron reduction by CPR, and neelass allow efficient redox cycling with
concomitant superoxide release via this alterngistaway (Fig. 1). As a consequence, 2-OH-E
fluorescence is still enhanced and points towargsedominant role of the CPR pathway under
these conditions. This is in line with the obsépbrathat all quinones were also activated by CPR
in the isolated enzyme assay (Table 3).

As expected, also in the cellular assay we obsetivaidthe nitro aromatic analog@8a produced
higher amounts of superoxide than compounds wilterosubstituents in the 2-position of the
tricyclic quinone skeleton. This is consistenthmihe well-known concept that reduction of nitro
aromatic compounds by NADH-enzymes is initiatednbyans of the addition of an electron to
generate the corresponding nitro radical aniomsthé presence of oxygen, the nitro radical anions

can rapidly interfere with oxygeto regenerate the original nitro compounds and ywed
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superoxide [59]. Moreover, the situation with &amigroup is further complicated by the fact that
its consecutive reduction involves a nitroso ddiea a nitroxyl radical and the hydroxylamino
functionality which in turn may also undergo redoycling via the nitroxyl radical to produce
superoxide [60]. The possible consequences ofatixiel stress [48] in human keratinocytes with
respect to the potential therapeutic action of ttewhtho[2,3B]thiophene-4,9-diones in the
treatment of hyperproliferative skin disorders swh psoriasis have been discussed in detail
previously [28].

However, while there are clear SARs for the stmatvequirements of the compounds to inhibit
keratinocyte hyperproliferation, their potentialremlox cycle does not correlate with their abitdy
arrest or slow down cell proliferation events. $hitlne nitro aromatic compoul®awas prepared

to check the contribution of an additional redortee at the tricyclic skeleton, which is reflectad

the highest amounts of superoxide generated in bo#tymatic and cell-based assays, but this
analogue shows only mediocre activity in the kematyte model. On the other hand, amino
analogued0, which is completely inactive against keratinodyygerproliferation, produces rates of
superoxide comparable to those of potent analogues as or 42. Accordingly, our present data

do not support a major role of redox cycling in thede of action of the lapacho analogues.

3.4. Detection of apoptotic cells using 7-aminaaatnycin D (7-AAD)

Then, we examined apoptosis from FACS analysis aCa&T cells using 7-AAD staining for
quantification following treatment with the compasnfor 18 h. Cells in the early phase of
apoptosis stain positive for 7-AAD in flow cytomgtrdepending on the concentration of the
fluorescent intercalator [61]. When HaCaT keratiytes were examined after chronic treatment
with representative lapacho analogues (5 pmol/byluction of cell death was enhanced as
compared to controls but not significant (Table dterestingly, oxadiazole analogGeproduced

an exceptionally high level of apoptotic cells.rthermore, cells could be substantially protected b



17

pretreatment of HaCaT keratinocytes with the NQGnhibitor dicoumarol suggesting the
involvement of this enzyme in the activation ofstwiompound. Finally, relatively high levels of
superoxide produced by the most potent superoxedergtor of this series, analogd@s, did not
correlate with the potency of this agent to triggelt death after chronic treatment. Therefore, th
crucial species responsible for the biologicalacthf the compounds that can interact with cellular
macromolecules such as DNA, lipids or proteins altidnately cause apoptosis of the cell needs

still to be identified.

4. Conclusions

In this SAR study of oxadiazole-substituted nap[i®b]thiophene-4,9-diones, the importance of
the tricyclic quinone skeleton was explored throtigh stepwise degradation of this moiety while
the oxadiazole ring was kept unchanged. Howewanowal of one of the anellated rings or
modifications within the quinone moiety were pootbjerated, leading to decreases or loss in
potency, suggesting the need for an intact heteledysed naphthoquinone, whereas an oxadiazole
ring per se was not sufficient for activity.

On the basis of their inhibitory effects on HcCall biyperproliferation, it was further revealedttha
the replacement of the 1,2,4-oxadiazole by a 1g8aHiazole ring in the structure @improved its
antihyperproliferative ability. Moreover, withihis particular class, further modifications of the
alkyl side chain have marked effects on potencys aAresult, a methyl substituent was highly
beneficial and led to the identification @fib, which with an 1G, of 0.08 pmol/L was the most
potent inhibitor of keratinocyte hyperproliferatiome have obtained under the assay conditions.
These findings support further development of tiéss of compounds for psoriasis or epidermal

hyperplasia resulting from other causes.
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5. Experimental section

5.1. Chemistry

Melting points were determined with a Kofler medfipoint apparatus and are uncorrecteti
NMR (400 MHz, 600 MHz) and®C NMR (151 MHz, 100 MHz) spectra were recorded &fagan
Mercury 400 plus or an Agilent DD2 600 spectrometesing tetramethylsilane as an internal
standard. Fourier transform IR spectra were reambih a Shimadzu spectrometer type Miracle 10
(attenuated total reflection, ATR) by applying ATRrrection. Mass spectra (ESI or APCI) were
recorded on a Finnigan MAT GCQ instrument (70 eY¥)no a Bruker-Daltonics MicroTOF QIl
instrument. Chromatography refers to column chtography, which was performed on silica gel
(0.063-0.200 mm, 6 nm, Macherey-Nagel) with ,CH as the eluant unless otherwise stated.
Yields have not been optimized. The purity oftated compounds wa®95% as determined by

analytical reversed-phase HPLC (Ultimate 3000, weFisher) or elemental analyses.

5.1.1. General procedure for the oxidative demettinyh of hydroquinone dimethyl ethers

5.1.1.1. 2-(3-Ethyl-1,2,4-oxadiazol-5-yl)naphth@d)]thiophene-4,9-diones]

To a suspension df3a(0.30 g, 0.88 mmol) in MeCN (8 mL) and water (1.B)rat 0 °C was added
dropwise within 20 min (NB)2[Ce(NOs)¢] (1.50 g, 2.74 mmol) in MeCN (2.5 mL) and watery(2
mL) under vigorous stirring. The mixture was alemvto react for 30 min under the same
conditions. Then it was poured onto ice-water 10 and extracted with Ci€l, (3 x 50 mL).

The combined organic phase was washed with a sadusalution of NaCl (2 x 50 mL), dried over



19

NaSOy, then concentrated, and purified by chromatographgfford light yellow, felted needles;
89% vield; mp 182 °C; FTIR 1681, 1645 ¢ntH NMR (CDCL) & 8.38 (s, 1H), 8.32-8.24 (m, 2H),
7.88-7.78 (m, 2H), 2.86 (d,= 7.6 Hz, 2H), 1.40 (] = 7.6 Hz, 3H)*C NMR (CDCE, 101 MHz)

6 178.70, 178.20, 172.93, 169.79, 148.61, 143.18,723 134.38, 133.63, 133.39, 133.16, 129.89,
127.87, 127.44, 19.98, 11.59; MS (APGH)/z 311.0418, calcd for fgH1gN2OsS [M + HJ',

311.0485.

Analogously, target compound8g-13k, 19, 193 24a-24¢e 25a-25¢ 29-36, were prepared from

the corresponding hydroquinone dimethyl etherse Sgpplementary content for details.

5.1.2 General procedure for the reductive methglatf quinones

5.1.2.1. 4,9-Dimethoxynaphtho[2,3-b]thiopheBg (

To a solution of7 [40] (5.00 g, 23.34 mmol) and tetrabutylammoniurarbide (77 mg, 0.24 mmol)
in dry THF (220 mL) under Nsodium dithionite (24.39 g, 140 mmol) in water@ItL) was added
dropwise. The mixture was vigorously stirred f@ r8in and then treated with sodium hydroxide
(28.04 g, 500 mmol) in water (110 mL). After 30mit was cooled to 0 °C on an ice-bath,
dimethyl sulfate (26.68 mL, 280 mmol) was added] e mixture was then stirred for 2 h at 0 °C.
Then it was allowed to warm to rt, stirred for alditional 2 h, and extracted with GEl, (3 x 200
mL). The combined organic phase was washed witterw(@ x 200 mL), then with a saturated
solution of NaCl (200 mL), dried over B®0O, and evaporated. The residue was purified by
chromatography to afford yellow crystals; 83% yjatp 156 °C; FTIR 1620, 1543 ¢im'H NMR
(CDCls) & 8.28 (dd,J = 6.2, 3.4 Hz, 1H), 8.22 (dd,= 6.3, 3.4 Hz, 1H), 7.58 (d,= 5.6 Hz, 1H),
7.55-7.48 (m, 2H), 7.43 (d,= 5.6 Hz, 1H), 4.15 (s, 3H), 4.12 (s, 3H); MS (APB/z 245.0639,

calcd for G4H1,0,S [M + HJ", 245.0631.
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5.1.3. 4,9-Dimethoxynaphtho[2,3-b]thiophene-2-cadm acid Oa)

To a mixture ofm-butyllithium (1.6 mol/L, 5.40 mL, 8.60 mmol) in WiTHF (8.5 mL) at -30 °C
under N was added dropwise a solution8f1.07 g, 4.37 mmol) in dry THF (52 mL). The mis¢u
was stirred and cooled to -78 °C, and then drf2@00 g, 500 mmol) was added in portions under
N2. The mixture was stirred at -78 °C for 10 mirgritallowed to warm to -20 °C within 30 min,
and then poured into HCI (2 mol/L, 50 mL). The amg phase was separated and the aqueous
phase extracted with ether (3 x 50 mL). The combiorganic phase was extracted with NaOH (1
mol/L, 3 x 50 mL) and the aqueous phase acidifigtt WCI (2 mol/L) to pH 2. The carboxylic
acid was extracted GBI, (3 x 200 mL), the organic phase dried ovesda, and then the solvent
removedin vacuoto afford an orange powder; 76% yield; mp 258 ETIR 1681 (CGH) cm™*; 'H
NMR (DMSO-dg) & 8.28-8.24 (m, 1H), 8.23 (s, 1H), 8.19-8.15 (m,,IHJ0-7.58 (m, 2H), 4.07

s, 3H), 3.95 (s, 3H); MS (APCi))/z289.0535, calcd for §H120.S [M + HJ*, 289.0529.
(

Analogously, compound®b and 9c were prepared fromll and 12 [62], respectively. See

Supplementary content for details.

5.1.4. 4-Methoxynaphtho[2,3-b]thiopherid)

To a mixture of anhydrous XO; (1.87 g, 13.54 mmol) and methyl tosylate (4.52426 mmol,
3.66 mL) was added dropwise a suspensiof0db3] (2.47 g, 12.31 mmol) in G&N (150 mL).
The mixture was stirred at 50 °C for 15 h. Thea $lolvent was evaporated, the residue treated
with CH,CI, (100 mL), washed with HCI (2 mol/L, 2 x 50 mL),cathen with a saturated solution
of NaCl (2 x 50 mL). The organic phase was driedrdNaSQ,, then the solvent was evaporated
and the product purified by chromatography (cyckame/CHCIl,, 3/1), to give a dark white

powder; 73% yield; mp 71 °CH NMR (CDCk) § 8.31-8.23 (m, 1H), 8.14 (s, 1H), 7.95-7.84 (m,
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1H), 7.56 (dJ = 5.7 Hz, 1H), 7.49-7.47 (m, 1H), 7.47—7.44 (m),1H43 (d,J = 5.7 Hz, 1H), 4.14

(s, 3H); MS (APCI)m/z215.0528, calcd for GH100S [M + HJ, 215.0525.

5.1.5. 3-Ethyl-5-(4,9-dimethoxynaphtho[2,3-b]thiepk2-yl)-1,2,4-oxadiazol€13a)

To a solution of9a (1.50 g, 5.72 mmol) in dry CGi&l, (30 mL) was added DCC (0.54 g, 2.60
mmol) under N, and the mixture was stirred at 0 °C for 1 h. mitewas filtered and the solvent
evaporated. The residue was treated with pyridl8 mL), and a solution ofN-
hydroxypropionamidine (0.22 g, 2.51 mmol) in pyniei(6 mL) was added dropwise at rt. Then the
mixture was refluxed for 3 h, cooled to rt, pouedo ice-water (200 mL), acidified with HCI (2
mol/L), and extracted with Ci€l, (3 x 50 mL). The combined organic phase was wastitd
water (2 x 200 mL) and dried over }£,. The solution was evaporated, and the product was
purified by chromatography to afford yellow needl43% yield; mp 135 °C; FTIR 2843, 1597 tm
1 14 NMR (CDCk) & 8.39 (s, 1H), 8.31-8.20 (m, 2H), 7.61-7.51 (m,,2H)8 (s, 3H), 4.16 (s,
3H), 2.88 (qJ = 7.6 Hz, 2H), 1.42 (t) = 7.6 Hz, 3H); MSM/z341.0888, calcd for gH1gN-0sS

[M + H]*, 341.0954.

Analogously, compound$3b-13f, 13m-130 and 13¢-13u were prepared from the appropriate

carboxylic acids. See Supplementary content faailde

5.1.6. 4,9-Dimethoxynaphtho[2,3-b]thiophene-2-cadieayde (4)

To a solution of8 (3.68 g, 14.95 mmol) in dry THF (150 mL) at -30 t@der N was added
dropwisen-butyllithium (1.6 mol/L in THF, 19.63 mL, 31.40 nut), and the mixture was stirred
for 15 min. TherN,N-dimethylformamide (2.75 g, 2.89 mL, 37.64 mmol)TIHF (30 mL) was
added, and the mixture was stirred for an additi@ at rt. Then it was poured into ice-water

(100 mL) and extracted with ether (3 x 50 mL). Toenbined organic phase was washed with a
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saturated solution of NaCl (3 x 50 mL), dried ow&SQO, concentrated and purified by
chromatography to afford an orange-yellow powdéd%7yield; mp 169-170 °C; FTIR 1658
(CHO), 1581 crit; *H NMR (CDCk)  10.09 (s, 1H), 8.25-8.13 (m, 3H), 7.56—7.44 (m), 212

s, 3H), 4.07 (s, 3H); MS (APCi))/z273.0579, calcd for §H1,0sS [M + HJ*, 273.0580.
(

5.1.7. 4,9-Dimethoxynaphtho[2,3-b]thiophene-2-cddiehyde oximelb)

A solution 0f14 (2.56 g, 9.39 mmol) in dry methanol (100 mL) wasited to reflux, and a solution

of hydroxylamine hydrochloride (0.65 g, 9.39 mmahd NaCO; (0.99 g, 9.39 mmol) in water (15

mL) was added. The mixture was refluxed for 3nk #hen diluted with water (100 mL). To

complete precipitation, it was kept at -20 °C f& A. Then the precipitate was collected by
filtration and dried under vacuum to afford a yellpowder; 79% yield; mp 132 °C; FTIR 1651,

1603 cnit; *H NMR (CDCk) 6 8.35 (s, 1H), 8.20-8.10 (m, 2H), 7.60 (s, 1H)0ZB41 (m, 2H),

4.06 (s, 3H), 4.05 (s, 3H); MS (APQ)/z288.0626, calcd for £H13NOsS [M + H]', 288.0689.

5.1.8. 4,9-Dimethoxynaphtho[2,3-b]thiophene-2-canitrde (16)

A solution of oximel5 (2.00 g, 7.0 mmol) in acetic anhydride (50 mL) weffuxed for 4 h. It was
allowed to cool to rt and then poured onto ice-wd8)0 mL). The precipitate was filtered by
suction and purified by chromatography to afforgedlow powder; 65% vyield; mp 167-168 °C;
FTIR 2210 (CN), 1585 ¢ *H NMR (CDCEk) § 8.21 (dd,J = 8.0, 1.3 Hz, 1H), 8.14 (dd,= 7.5,
0.8 Hz, 1H), 8.07 (s, 1H), 7.57—7.46 (m, 2H), 4©§73H), 4.05 (s, 3H); MS (APCij/z270.0513,

calcd for GsH1iNO,S [M + H]", 270.0583.

5.1.9. N’-Hydroxy-4,9-dimethoxynaphtho[2,3-b]thigpie-2-carboximidamidel7)
Hydroxylamine hydrochloride (0.26 g, 3.71 mmol)nrethanol (20 mL) was added to a solution of

sodium (85 mg, 3.71 mmol) in methanol (10 mL), émel mixture was stirred for 40 min at rt. A
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precipitate was filtered off, and the filtrate wesated withl6 (1.00 g, 3.71 mmol) and refluxed for
18 h. Then it was cooled and the solvent evaporateler vacuum. The residue was purified by
chromatography to afford a yellow powder; 34% vietth 215-216 °C; FTIR 1643, 1589 ¢niH
NMR (CDCh) § 8.19-8.11 (m, 2H), 7.65 (s, 1H), 7.49-7.42 (m,, 206 (s, 3H), 4.05 (s, 3H); MS

(APCI) m/z303.0705, calcd for £H14N>0sS [M + HJ, 303.0798.

5.1.10. 5-Ethyl-3-(4,9-dimethoxynaphtho[2,3-b]tHiep-2-yl)-1,2,4-oxadiazold.§)

Propionic acid (0.18 g, 2.47 mmol) in dry &H, (20 mL) at 0 °C under Nwas treated with DCC
(0.26 g, 1.24 mmol) and stirred for 1 h. A pre@m was filtered off, and the solvent was
evaporated. The residue was treated with pyrid2dtemL), and a solution of7 (0.36 g, 1.19
mmol) in pyridine (4 mL) was added. Then the migtwas refluxed for 3 h, cooled to rt, poured
onto ice-water (200 mL), acidified with HCI (2 mioJ/ and extracted with C¥Cl, (3 x 50 mL).
The combined organic phase was successively wagitiedvater (2 x 200 mL), a saturated solution
of NaHCQ (2 x 200 mL), HCI (2 mol/L, 2 x 200 mL), and agaited solution of NaCl (2 x 200
mL). Then it was dried over N&QO,, concentrated, and the residue was purified byrohatography
to provide yellow crystals; 50% yield; mp 129-1%% FTIR 1558, 1358 city *H NMR (CDCk) &
8.23 (s, 1H), 8.23-8.12 (m, 2H), 7.47 (m, 2H), 4993H), 4.09 (s, 3H), 2.96 (d,= 7.6 Hz, 2H),

1.42 (t,J = 7.6 Hz, 3H); MSn/z341.0860, calcd for gH1eN20sS [M + HJ", 341.0954.

5.1.11. 2-(5-Ethyl-1,2,4-oxadiazol-3-yl)naphthofbRhiophene-4,9-dionel)

This was prepared frorh8 as described fo8 to afford a yellow powder; 63% yield; mp 156-158
°C; FTIR 1662, 1573 ¢ty *H NMR (CDCh) § 8.25 (s, 1H), 8.19 (m, 2H), 7.73 (m, 2H), 2.951q,

= 7.6 Hz, 2H), 1.41 (tJ = 7.6 Hz, 3H);*3C NMR (CDC}) & 181.73, 178.83, 178.13, 163.44,

146.88, 143.00, 136.56, 134.23, 133.95, 133.56,23327.84, 127.51, 127.08, 20.31, 10.71; MS

m/z311.0417, calcd for £H10N20sS [M + H], 311.0485.
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An anthraquinone-based analodifia and its precursors5a-18awere also prepared, as described

above forl9 and15-18, respectively. See Supplementary content forildeta

5.1.12. Methyl 4,9-Dimethoxynaphtho[2,3-b]thioph@iearboxylate 20)

To the carboxylic aci®a (1.50 g, 5.20 mmol) in absolute methanol (0.63 %.60 mmol) was
added DMAP (0.05 g, 0.41 mmol) under stirring. AHRCC (1.18 g, 5.72 mmol) was added at O
°C, and the mixture was stirred for 10 min, then & additional 3 h at rt. The mixture was
filtered, the filtrate evaporated and dissolvedCid,Cl, (100 mL). The solution was washed with
HCI (0.5 mol/L, 2 x 50 mL), then with a saturatedusion of NaHCQ (2 x 50 mL), and the organic
phase was dried over p&0,. Then the solvent was evaporated and the propuctied by
chromatography to give yellow crystals; 89% vietp 162 °C; FTIR 1710 (CO) ch *H NMR
(CDCls) 8 8.20 (m, 2H), 8.18 (s, 1H), 7.84—7.71 (m, 2H),84(8, 3H), 4.05 (s, 3H), 4.01 (s, 3H);

MS (APCI)m/z303.0678, calcd for H140:S [M + H*, 303.0686.

5.1.13. 4,9-Dimethoxynaphtho([2,3-b]thiophene-2-cdmydrazide 21)

To a solution of hydrazine hydrate (1.72 g, 1.67, 83444 mmol) in ethanol (25 mL) was addil
(2.60 g, 8.61 mmol) in small portions. The mixtwas refluxed for 5 h, and the residue was
filtered and washed with hexane to afford a ligalloww powder; 66% vyield; mp 210 °C; FTIR
1620, 1589 cii; *H NMR (DMSO-dg) 8 10.21 (s, 1H), 8.33 (s, 1H), 8.26-8.19 (m, 1H)688.11
(m, 1H), 7.65-7.54 (m, 2H), 4.11 (s, 3H), 4.0538); *C NMR (DMSO+4s) & 160.88, 148.00,
145.25, 138.78, 130.95, 128.54, 126.40, 125.37,3B25125.07, 122.33, 121.16, 120.99, 63.13,

60.68; MS (APCIM/z303.0808, calcd for gH14N20sS [M + HJ*, 303.0798.
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5.1.14. 2-(4,9-Dimethoxynaphtho[2,3-b]thiophen-248,4-oxadiazole2Ra)

Hydrazide21 (0.20 g, 0.66 mmol), trimethyl orthoformate (84,mMg087 mL, 0.79 mmol) and the
catalyst NafiofiNR50 (40 mg) were placed in a 10 mL microwave lieactessel equipped with a
magnetic stirrer. The mixture was heated to 13@AQ irradiated at 40-140 W for 25 min. The
product was purified by chromatography to afforgedlow powder; 51% yield; mp 147-149 °C;
FTIR 1597 crit; *H NMR (CDCk) 8 8.45 (s, 1H), 8.23-8.19 (m, 2H), 8.15 (s, 1H)4%K45 (m,
2H), 4.10 (s, 3H), 4.09 (s, 3H}*C NMR (CDCE) & 161.05, 152.62, 148.93, 146.25, 130.81,
129.08, 126.82, 126.58, 126.07, 125.55, 124.62,442422.67, 121.44, 63.64, 60.96; MS (APCI)

m/z313.0650, calcd for £gH1,N20sS [M + H], 313.0641.

In a similar fashion, compound®2b-22e and 23a-23c were prepared from the appropriate

orthoesters. See Supplementary content for details

5.1.15. 5-(4,9-Dimethoxynaphtho[2,3-b]thiophen-2MH-tetrazole (26)

To a solution ofl6 (0.23 g, 0.86 mmol) in DMF (100 mL) was added N#Bl62 g, 9.50 mmol)
and NH,CI (0.51 g, 9.50 mmol), and the mixture was stira¢®0 °C for 5 h. Then it was poured
onto ice-water (200 mL), and the precipitate wéerigd off. The filtrate was acidified with 36%
HCI to afford an additional precipitate. Purificat by chromatography provided a yellow powder;
78% vield; mp 251-252 °C; FTIR 1660, 1620 5fH NMR (DMSO-dg) 8 8.26 (s; 1H), 8.20-8.15

(m; 2H), 7.90-7.79 (m; 2H), 4.20 (s; 3H), 4.0538); MSm/z312 (55, M*), 268 (100).

5.1.16. (E)-4-(4,9-Dimethoxynaphtho[2,3-b]thioph&yd)but-3-en-2-one27)
To a solution ofl4 (0.32 g, 1.18 mmol) in acetone (30 mL) and MeOHB (8L) under N was

added KOH (15 %, 0.60 mL), and the mixture wasesdifor 6 h under Nat rt. Then it was poured
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onto ice-water (30 mL) and acidified with glacialetic acid (pH 4). The precipitate was washed
with water, dried under vacuum and purified by chatography (petroleum ether/EtOAc, 8/2) to
afford bright orange crystals: 73 % yield; mp 28t FTIR: 1667, 1566 city *H NMR (CDCh) &
8.24 (dd,J = 1.4, 7.5 Hz, 1H), 8.18 (dd,= 1.5, 7.6 Hz, 1H), 7.79-7.73 (m, 2H), 7.58—7.47 (
2H), 6.60 (d,J = 15.8 Hz, 1H), 4.13 (s, 6H), 2.40 (s, 3&C NMR (101 MHz, CDGJ) 5 197.486,
148.39, 146.07, 140.35, 135.98, 131.69, 129.13,6828.26.95, 126.92, 126.43, 126.15, 125.48,
122.79, 121.56, 63.52, 60.92, 28.27; MS (AP@Iy 313.0895, calcd for gH1¢0sS [M + HJ',

313.0893.

In a similar fashion, compourZB was prepared from acetophenone. See Supplemeaargnt

for details.

5.1.17. 2-((2-Methylhydrazono)methyl)naphtho[2,8aijphene-4,9-dione37)

To a solution 0882 (0.23 g, 0.95 mmol) in benzene (40 mL) was addethyhydrazine (44 mg, 50
pL, 0.95 mmol), and the mixture was stirred atort 2 h. The solvent was evaporated and the
residue was purified by chromatography to affoithek red powder; 21% vyield; mp 289 °C; FTIR
3313, 1666, 1643, 1577 c¢m*H NMR (DMSO-ds) & 8.39 (d,J = 4.4 Hz, 1H), 8.12-8.04 (m, 2H),
7.88-7.83 (m, 2H), 7.62 (s, 1H), 7.51 (s, 1H), 2(86J = 3.6 Hz, 3H);'*C NMR (DMSO«ds) &
179.49, 177.50, 153.64, 143.69, 140.51, 134.53,3¥34133.90, 133.23, 127.16, 126.61, 123.52,

121.46, 33.43; MS (APCn/z271.0566, calcd for GH1gN,0,S [M + H], 271.0536.

Analogously, compoun@®8 was prepared from phenylhydrazine. See Supplemecbntent for

details.
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5.1.18. 2-Nitronaphtho[2,3-b]thiophene-4,9-dior39d)
This was obtained in a similar fashion as descripl], together with39b. For details and

crystallographic data (#9aand39b, see the Supplementary content.

5.1.19. 2-Aminonaphtho[2,3-b]thiophene-4,9-dioA@) (

To a solution of39a (1.5 g, 5.8 mmol) and tetrabutylammonium bromidé (g, 0.05 mmol) in
THF (100 mL) under Bat 0 °C was added dropwise with vigorous stirngolution of sodium
dithionite (3.33 g, 19.14 mmol) in water (50 mLJhe solution was allowed to warm to rt and
stirred for an additional 30 min. Then the solatiwas extracted with CGi€l, (3 x 100 mL), the
solvent was evaporated and the residue was putiyedhromatography (CiI,/EtOAc, 1/1) to
afford dark violet crystals; 44% vyield; mp 292 °ETIR 3326, 1656, 1610, 1590 &m'H NMR
(DMSO-ds) & 8.07-8.03 (m, 2H), 7.86-7.78 (m, 2H), 7.67 (s, 26434 (s, 1H); MS (APCI/z

230.0270, calcd for GH/NO,S [M + HJ*, 230.02703.

5.1.20. N-(4,9-Dioxo-4,9-dihydronaphtho[2,3-b]thiem-2yl)propionamided(a)

To a solution o#0 (58.1 mg, 0.26 mmol) in pyridine (5 mL) at 0 °C wadded dropwise propionyl
chloride (70.5 mg, 0.76 mmol). The solution wdleveed to warm to rt and stirred for an
additional 2 h. Then Ci€l, (20 mL) was added, and the solution was extraeidgdHCI (2 mol/L,

3 x20 mL). The combined aqueous phase was esttasith CHCIl, (3 x 20 mL), and the
combined organic phase was dried ovepS@. Then it was concentrated and the residue was
purified by chromatography (CGBI./EtOAc, 9/1) to afford orange-brown crystals; 568lg; mp
294-296 °C; FTIR 3325, 1670, 1632, 1589%criiH NMR (DMSO-dg) 6 8.09-8.06 (m, 2H), 7.87—
7.82 (m, 2H), 7.06 (s, 1H), 2.47 (d,= 7.5 Hz, 2H), 1.11 (1) = 7.5 Hz, 3H); MS (APCIn/z

286.0532, calcd for gH1;NO3S [M + HJ*, 286.05324.
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In a similar fashion, compounddb-41e were prepared from the appropriate acyl chlorid8se

Supplementary content for details.

Compound¥ [30], 42 [64], and43[30] were prepared as described.

5.2. Biological assay methods

5.2.1. Keratinocyte culture and determination df bgperproliferation

HaCaT keratinocytes [42] were obtained from CLS lieés service (Eppelheim, Germany). The
cell line was confirmed as mycoplasma negative gusitycoAlert™ (Lonza, Basel) mycoplasma
detection kit, and then the assay was performedessribed previously [65]. After 48 h of
incubation with the test compounds a 96-well microtiterplate, MTT [3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide] (2Q of a 5 mg/mL solution in PBS) was added to each well
and the platavasincubated for 2 tat 37 °C. Then the plate was centrifuged (15@0d.0 min)
and unreducedMTT removed. DMSO (100puL) was added talissolve the blue formazan. The
absorbance at 570 nm (with background substraeti@30 nm) was read using a Spectra Max 384
Plus microplate readdMolecular Devices Appropriate blanks were performed with MTT. lICe
numbers were calculated from blank-subtracted &lasme, and data were analyzed with the
softwareSoftmax Pro. Inhibition was calculated by the cangobn of the mean values of the test
compound l = 3, SD < 10%) with the controN(= 6-8) activity: (1 - test compound/contred)
100. Inhibition was statistically significant coarpd to that of the control (Student’s t-teBtx

0.05). 1Go values were obtained by nonlinear regression (&?ad Prism).



29

5.2.2. Superoxide generation assays (enzymaticelmotron reduction, enzymatic two-electron
reduction)

The rate of superoxide generation was measured gsiccinoylated cytochroneeas the terminal
electron acceptor. The superoxide-dependent exfecytochromec reduction was confirmed by
addition of superoxide dismutase (SOD), and theeggion of HO, and hydroxyl radicals were
prevented with catalase and DTPA. Both assare performed exactly as previously described in

full detail [28].

5.2.3. Intracellular superoxide generation

In order to detect intracellular superoxide lev@§], HaCaT keratinocytes were cultivated as
described [65]. Cells were grown in Dulbecco’s ified Eagle’s medium (DMEM, No. E15-810,
PAA) in 6-well plates (2.5 x Pocells/mL) supplemented with 10% fetal bovine serpenicillin
(100 units/mL), and streptomycin (1Q@/mL) in a CQ incubator for 24 h at 37 °C. Then the
medium was replaced, and cells were treated fdr {®ronic treatment) with the test compound (5
UM, DMSO, final concentration of DMSO in the cultureedium was 0.1%) in CQOncubator for
24 h at 37 °C. Also, acute treatment experime3fisniin, 50uM test compound) were carried out.
In a separate set of experiments, keratinocytes vpeeincubated with the NQO-1 inhibitor
dicoumarol [50,58] (5 umol/L) for 25 min before dtenent the test compounds were added. After
incubation with the test compound, DHE (fi6hol/mL) was added, the cell culture plates were
treated on a shaker (200 rpm) for 5 min, and this eeere allowed to load DHE for an additional
25 min under incubation conditions. Then the medivas removed, the cells were washed with
PBS (0.5 mL/well), trypsinized (0.3 mL/well) forrdin, treated with FACS buffer (FACSFlow, BD
Biosciences, no. 342003, 0.7 mL), centrifuged (1808), and resuspended in FACS buffer (0.5

mL). Experiments with DHE were performed in thekdaControls were performed with no DHE
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and with no test compound (DMSO alone). DHE-tre&edtinocytes were immediately evaluated
by flow cytometric measurements, which were perttrat different time points (0, 10, 20, 30, 60,
and 90 min). Keratinocytes were kept in £i@cubator at 37 °C between measurements. All

experiments were run in triplicate.

5.2.4. Flow cytometry

The fluorescence of the oxidized product 2-OHsas monitored on a FACSCalibur (Becton
Dickinson) flow cytometer equipped with an argoselia@ = 488 nm) as a light source, and the data
were collected in the FL2 channal£ 550-600 nm, 42 nm bandpass). For each san(pleQq live

cells were examined, and dead cells were gatedoowtnalysis. The recorded histograms were
analyzed using the software CellQuest Pro and wemepared with the histograms of untreated

control cells. Data are expressed as mean fluenescintensity (MFI).

5.2.5. Flow cytometric detection of 7-aminoactinomyD (7-AAD) positive cells

Cells were grown and exposed to test compoundsra@nqubated with dicoumarol exactly as
described above. Evaluation of apoptosis [61] persormed using 7-AAD (10 pg/mL) according
to the manufacturer’s instructions. At least 10 @@lls were acquired, and data were collected in

the FL3 channel and analyzed by CellQuest Pro.

Appendix A. Supplementary data

Chemical data of compound®b, 9c, 13b-13u, 15a-19a 22b-22¢ 23a-23c 24a-24e 25a-25¢

28-36 38, 393 39b, 41b-41e X-ray structures oB9a 39b, purity of tested compounds, NMR



spectra, and certificate of analysis of the humamatinocyte cell line can be found at: see

Supplementary content.

Captions of Figures, Schemes and Charts

Figure 1. Redox cycling of naphtho[2,Bfthiophene-4,9-diones initiated through one-elettro
reduction by CPR/NADPH to the semiquinone radicatl awo-electron reduction by NQO-

1/NADPH to the hydroquinone.

Figure 2. Lapacho quinoned£3), synthetic analogue$,(6) and anthralin4)

Scheme 1. Reagents: (a) N&O,;, BwNBr, THF, KOH, MeSO; N, (b) K,COs; methyl
tosylate, MeCN; (c)n-BuLi, THF, -30 °C, dry ice, N (d) DCC, CHCI,, 0 °C, N-
hydroxypropionamidine, pyridine, reflux; (e) (NBCe(NGs)g], MeCN, HO, 0 °C; (f) BBg,

CH.Cl,, 0 °C.
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Scheme 2. Reagents: (a) DCC, GBI, 0 °C,N-hydroxypropionamidine, pyridine, reflux (R is
defined in Charts 1-4); (b) (N)3[Ce(NGs)s], MeCN, HO, 0 °C; (f) BBg, CHxCl,, 0 °C (see Chart

2).

Scheme 3. Reagents: (a) N#DH « HCI, NaCOs;, MeOH, reflux; (b) AgO, reflux; (c) NHOH -
HCI, Na, MeOH, reflux; (d) propionic acid, DCC, @El,, 0 °C, N, pyridine, reflux; (e)

(NH2)J[Ce(NOy)e], MeCN, H0, 0 °C.

Scheme 4. Reagents: (a) DCC, DMAP, 0 °C, rt; (b)H\, EtOH, reflux; (c) appropriate
orthoester, NafioWNR50, microwave 40-140 W, 130 °C; (d) appropriatia@ester, £S;0/Al;Os,

MeCN (dioxane), reflux, N (e) (NHy)2[Ce(NGs)g], MeCN, HO, 0 °C.

Scheme 5. Reagents: (ap-BuLi, THF, -30 °C, appropriat®&,N-dimethylcarboxamide, rt,
(b) NaNs, NH,Cl, DMF, 90 °C; (c) KOH, EtOH, acetone or acetophrem rt (0 °C); (d)

(NH4)2[Ce(NOs)e], MeCN, HO, 0 °C; (e) appropriate hydrazine, benzene, rt.

Scheme 6. Reagents: (a) conc. HNOconc. HSO, 0 °C; reflux; (b) NaS,04, BuNBT, rt; (C)

appropriate acyl chloride, pyridine, rt.
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Chart 1. Suppression of human keratinocyte hyperproliferatily non-quinoid analogues;

ICs0 values (umol/L) against HaCaT keratinocyte growwtparentheses.

Chart 2. Suppression of human keratinocyte hyperproliferaty quinoid analogues; ¢

values (umol/L) against HaCaT keratinocyte growtparentheses.

Chart 3. Suppression of human keratinocyte hyperproliferaty quinoid analogues; ¢

values (umol/L) against HaCaT keratinocyte growtparentheses.

Chart 4. Suppression of human keratinocyte hyperproliferatiy quinoid analogues; i

values (umol/L) against HaCaT keratinocyte growtparentheses.
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Tablel
Suppression of human keratinocyte hyperproliferatiny various oxadiazole-

and thiadiazole-substituted naphtho[B]8iophene-4,9-diones.

O O

52N 3)~0
@' g Gk, R
O o
6 19
O O
O Q0L
N~ N
O (0] N:<O
24a-25¢ 19a Et
AA?
compd R X ICs0 (Lmol/L)

6 0.36
19 0.58
19a > 30
24a H O 0.22
24b Me O 0.08
24c Et @) 0.15
24d Bu O 1.90
24e Ph O > 30
25a H S 0.30
25b Me S 3.70
25¢c Et S > 15
anthralin 0.70
B-lapachone 0.90

menadione 15.8




@Antihyperproliferative activity against keratinoegtICso = concentration of test
compound required for 50% inhibition of cell gronHaCaT). Inhibition of
cell growth was significantly different with respeo that of the controlN = 3,

P <0.05.



Table 2
Suppression of human Kkeratinocyte hyperproliferatiby naphtho[2,3-

bJthiophene-4,9-diones bearing an open-chain swiestit

0 O No,
| >R B
S S
(@] (@]
39b

AA?
compd R ICs0 (LMol/L)
29 COH > 30

30 COMe 0.71

31 CONH-NH, 1.7

32 CHO 1.2

33 CN 0.46

34 5-(1H-tetrazole) > 30
35 CH=CH-CO-Me > 30

36 CH=CH-CO-Ph > 30
37 CH=N-NH-Me > 30

38 CH=N-NH-Ph > 30
3% NO, 1.80
39b 1.10

40 NH> > 30
4la NH-CO-Et 9.6
41b NH-CO-Pr 5.7

41c NH-CO-iPr 3.3

41d NH-CO-Ph 2.3
41e NH-CO-Ph-4-MeOt 1.1

42 COMe 0.44



43 Me 5.2

@Antihyperproliferative activity against keratinoegtICso = concentration of test
compound required for 50% inhibition of cell gronHaCaT). Inhibition of
cell growth was significantly different with respeo that of the controlN = 3,

P <0.05.



Table3

Rates of superoxide generation by naphthoBRBiophene-4,9-diones through one-electron reduactio

by human recombinant CPR and two-electron redudtjonuman recombinant NQO-1.

cmpd R Q" (CPR} O, (NQO-1¥
6 1,2,4-oxadiazole 0.9+ 0.1° 0.5+ 0.1°
7 H 1.2+ 0.1° 0.2+0.1
3% NO; 2.0£0.3° 46+ 2.1°
40 NH; 1.1+ 0.4° 0.8£0.2°
42 COMe 1.2+ 0.7 0.8+0.T
43 Me 1.1+ 0.2 0.3x0.2
menadione 2.1+0°4 1.0+0.4
controf 0.2+0.1 0.2+0.1

®Superoxide generation in the presence of CPR igesegpd as SOD-inhibitable reduction of
succinoylated cytochrome c¢ (umol/L/min/2 mU enzynig) the test compound (100 pmol/mL)

PSuperoxide generation in the presence of NQO-lxjwessed as SOD-inhibitable reduction of
cytochrome ¢ (pumol/L/min/unit enzyme) by the testnpound (25 pumol/mL). Each value represents
the mean + SDN > 3. “Values are significantly different from vehicle ¢, P < 0.0001. “Rate of

reduction with no test compound present (DMSO).



Table4
Suppression of human keratinocyte hyperproliferatlyy various oxadiazole- and thiadiazole-substitute

naphtho[2,3s]thiophene-4,9-diones.

cmpd acute treatméht chronic treatmenfit dicoumarol chronic dicoumarol
a ] ._ . pretreatmerit® treatmerft pretreatmerit®
O, (MFI) O, (MFI)
0, (MFI)® apoptotic cells apoptotic cells
(%) (%)

6 25.2+1.3° 930.1+ 153.0° 558.7+ 155.1° 39.3+ 15.8° 6.9+5.9
7 10.5+ 0.1 552. 7 189.4° 583.3+ 33.6° 40+3.1 7.4+5.4
39a 138.0+ 40.4° 973.8+ 386.0° 1022+ 291.6° 56+1.1 3.4+ 0.3
40 76.7+ 8.4° 518.0+ 151.8° 502.3+ 29.4° 5.6+1.0 3.2+ 0.6
42 19.2+ 6.8° 500.0+ 230.4° 4345+ 111.0° 42+24 3.7+ 0.7
43 11.5+2.1° 517.0+ 163.6° 633.5+ 33.5° 43+1.2 43+1.1
menadione 44.0 £ 11% 431.9+83.5 457.2 +103.4 48+23 3.1+11
control 7.1+5.2 367.5+80.1 407.59 + 68.7 3.0+1.0 #4236

®HaCaT keratinocytes were incubated with test comgo(60 pmol/L) for 30 min. "HaCaT
keratinocytes were incubated with test compoungn®I|/L) for 18 h.“HaCaT keratinocytes were
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Highlights

Novel analogues of oxadiazole-substituted naphthol[2,3-b]thiophene-4,9-
diones were synthesized to define SAR for suppression of human
keratinocyte hyperproliferation.

The intact heterocycle-fused naphthoquinone was essential for potent
suppression of human keratinocyte hyperproliferation, and an oxadiazole ring
per se was not sufficient to elicit activity.

Rearrangement of the heteroatom positions in the oxadiazole ring resulted in

ahighly potent inhibitor with an 1Csq in the nanomolar range.



