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ABSTRACT

This work was aimed to the development of a setesf naphtoquinone derivatives that can act agglitsha. The

compounds were tested in order to find out theilitglio inhibit the growth of glioma cells, andeétresults of these



assays were correlated with electrochemical areabysi NMR-based reoxidation kinetic studies, sugggshat a
redox mechanism underlies and may explain the sbddriological behavior. In addition to a full daption of the

synthetic pathways, electrochemistry, NMR and sray/stal X-ray diffraction data are provided.

1. INTRODUCTION

Gliomas are tumors most frequently affecting thetiad nervous system (CNS). According to the glisma
classification provided by the World Health Orgaatian [1], the most malignant grade is glioblastd@aade 1V,
GB). The current therapeutic approach that FDA epga consists in neurosurgical resection, follolwgd
chemotherapy with temozolomide (TMZ) in combinatigith radiotherapy, though only 26% of treated ¢atis
reached 2 years of survival [2]. Despite all theerg advances in neurosurgery [3] and chemothddpy
glioblastoma presents highly invasive pattern awdirs in 90% of cases [5]. Many attempts to defieespecific
biomolecular characteristics of these complex aarthble tumors have been carried out during thediesades [6],
though no promising discoveries successfully magdtom the bench to the clinic [7]. At presentgstigation on
modulation of specific targets and consequent &ffen glioma cells is one of the most concrete a@ggires towards
a better understanding of the mechanism involvegliomas malignancyAlternative therapeutic approaches based
on novel compounds and/or discovery of interedtiodpgical activities of known compounds are theref

necessary.

Recently, indeed, the interest towards naturalvdévies developed and naphthoquinones, among therst
continuously captivated biological interest. Instisionnection, the applications of both naturalifathe case of 3-
hydroxy-5-methoxy-2-methylbenzoquinone and heligui, from Sterculiaceaefamily) [8] and semi-synthetic
derivatives have been widely investigated. Forainsgé it has been reported that water-soluble napbthone
derivatives -.e. their conjugated with carbohydrates — show cytiataxctivity in JB6 P Cl41 cell§9], while other
1,4-naphthoquinones have been synthesized andagedlfior many other purpouses, such as their togdal

activity [10].

Juglone is a natural compound deriving from thdahapceae family, particularBuglans nigrawhose toxic and
growth-stunting effects are well known [11]. Whileglone was reported to induce generic oxidatiresstin both
healthy cells and cancer cell lines [12], we prasig highlited the cytotoxic effect of its derivegi 1 in inducing

apoptotic cell death on human glioma cell lifis3 as a result of a screening on our in-houseliege. Starting



from the discovery of this promising lead, the sgsis of novel naphthoquinone derivatives stemswvithtthe aim
of describing and comparing structure-activity tielaship (SAR) of Juglone and the obtained compsund
evaluating their effects on glioma cell death,ally the enlightenment of the mechanism of actiod, @ventually,

the optimization of the lead.

2. RESULTS AND DISCUSSION

2.1 Chemistry.Juglone (JUG) was obtained from radical oxidatibt,6-dihydroxynaphthalene in the presence of
CuCl according to a literature procedure and tardeation previously reported by Zorgaal[14-16]. Starting
from Juglone a series of derivatives containingotes functional groups and structural variations \weepared to
test for the existence of a structure-activity tielaship. A selection of the synthesized compouadgsimmarized in
Figure 1 (6, 14, and 16 were known compounds)rgt §et of naphthoquinone derivatives was syntbdsitarting
from Juglonevia a modifiedMicheal’s addition.Unfortunately, these reactions gave poly-oxidizeelcges that were
difficult to eliminate. Then the reaction was trigader inert nitrogen atmosphere. The reactions/etlanoderate

to good yields and the raw products had to be ipdriby flash chromatography while recrystallizatfoom n-

hexane gave satisfactory results only for few agiwes. Hetero- and homo-nuclear 2D NMR studievgdahat
substitution occurred at position 3 (stapporting Information Another class of derivatives containing sulféiy §)
was prepared in a similar manner by direct additibtihe appropriate nucleophilic thiophenol precuts the
position 3 of Juglone, but ethanol was used assbinstead of acetic acid. Preparation of a 3-lordoglone
precursor (7yia chemoselective bromination of Juglone and subseqgeaction of the bromo-juglone with amines
gave few more derivatives (9, 10) that, with thusiderivative, showed different redox properteEgentially

useful to establish a SAR. NMR studies proved $idistitution occurred at position 3. More in detailvas used as
the model compound and deeply investigated thr@homo- and heteronuclear 2D NMR experiments.
Correlation Spectroscopy (CoSY), Heteronuclear [Bi@uantum Coherence (HSQC) and Heteronuclear Melti
Bond Correlation (HMBC) spectra (s8epporting Informationconfirmed the reactivity of the 3- position oéth

naphthoquinone scaffold.



Figure 1 here

Derivatives 6, 7 and 8 were also unambiguouslytified through single crystal X-ray diffraction dgsis (see
Figure 2 for 7 and 8, whereas for 6, already regubin the literature [17], s€kupporting Information In these
structures, C-O(H) bond distances are within 1.389(1.356(6) A, slightly shorter than those comiyarbserved
for phenolic hydroxyls [1.362(15) A] [18]. The Cand lengths, comparing with the average valuertegdor
benzoquinones [1.222(13) A] [18], show a bimodatritiution where those observed for the C=0 gragpximal
to the hydroxyl are longer [1.223(5) — 1.227(2)thén those of the distal C=0 group [1.206(5) — &(2JA]. In all
structures the hydroxyl group is intramolecularhpbinded to the proximal C=0 group to form a six-rbened

pseudo-cycle. Such features are common among jegklated compounds [17, 19].

Figure 2 here

O-Acetylated derivatives (3, 5) and 7-methyl-8-cbloaphthoquinones derivatives (14, 15) were also

synthesized to explore the influence of these ggaupstructure-activity relationships.

2.2 Cytotoxicity. Synthesized compounds were tested at differerdartdrations (50 uM, 5 uM, 0.5 uM or 0.05
pHM) using GLI36 human glioma cell line. Cells wémeubated with the compounds (1-16), Juglone (JUG),
Temozolomide (TMZ) and Paclitaxel (PTX) for 24 & fours. After treatment cells were tested for aelbility

with MTT assay and cell death (apoptosis and néjredth morphological analysis (s&pporting Information

Cell cultures treated with 1 for 24 and 72 houmsvetd a significant decrease in cell viability imggarison with

JUG, TMZ, PTX and most of the other tested compsusdeSupporting Informatiohn

Unraveling the status of the treated cells with photogical analysis, apoptosis and necrosis weatuated in all

the conditions tested. Data showed a strongly fogmit increase in percentage of apoptotic celtsadecrease of



necrosis level in comparison with reference complsydUG, TMZ and PTX) and the other synthesizedpmmds

(figure 2). Analysis carried out at 72h providenhigar results (seS8upporting Informatiohn

According to what previous research works sugdest e postulated, as working hypothesis, thatptiediminary

results of biological assays could be explained bgdox-based mechanism promoted by the examimagaands.

Figure 3 here

In this connection we synthesized 1,4,5-trihnydrogphthalenes as reduction products of selected
naphthoquinones of a particular biological inte{@&tG and 1): compounds JUG-R and 1-R were prepaaed

reduction of Juglone and 1, respectively, with 3@, (Figure 4).

Figure 4 here

This reaction involving 1 was found to produce djuée unstable and easily reoxidable 1-R, as inditay
color changes and confirmed by an NMR-based kirgttidy (se&Supporting Informatioy) where the signals in the
proton spectra of JUG-R and 1-R were comparedasetiof JUG and 1, respectively. In general, a shifards
lower 5 was observed for the reduced derivatives, espgétalwhat concerning the singlet attributed te ffroton
in the 2- position. In order to prevent reoxidatafrthe reduced compounds to the naphthoquinome, fNiMR

spectra for characterization and biological assey® carried out in the presence obL8;,.

The synthesized compounds were subsequently usegitfixicity assays. Glioma cells were incubatethwi
JUG, JUG-R, JUG + N&,0,, JUG-R + NaS;,0,4, 1 + NgS,0,, 1-R + NaS,0,and NaS,0,as control, at different
concentrations (50 uM, 5 uM, 0.5 uM or 0.05 uM)teA24 hours apoptosis and necrosis were evaligted

morphological analysis. MTT test could be othervaffected by the presence of #1850,



The cytotoxic effect (apoptosis and necrosis) irduicy JUG and 1 was not influenced by the presehbi&S,0,
while the reduced trihydroxy naphthalene derivaiy&/G-R and 1-R showed a strong decrease in cytdiom
comparison with the original hydroxynaphthoquino(feigure 5). The significantly lower level of apopts and
necrosis induced in human glioma cells by the redwterivatives (JUG-R and 1-R) could representsa fi
important indication supporting the hypothesis thatdox mechanism is involved. This is hypothebipebe
related to a marked difference in their reoxidatemdency showing that 1-R is more promptly recot@eeto 1 as

compared to JUG-R to JUG.

Figure 5 here

The potential capability of the compounds of reaghand interacting with the target cells in a mawenplex system
was investigated by evaluatiimgsilico the logP values, ranging from -0.5 to 2.7, in kwigh the one calculated for
TMZ. Nevertheless the major limitation of this syud related to this point: the biological evaleativas carried

out atin vitro level. Further insights in complex systems are addd assess this issue.

2.3 Electrochemistry.To account for the different biological activitythe reduced and non-reduced
naphthoquinone derivatives cyclic voltammetry (@wpalysis of naphthoquinones was performed to better
understand if and how much the redox activity mayrivolved in inducing cell death. Since most & th
investigated compounds are sparingly soluble irevyatl voltammetric investigations were carried imuiaqueous
solutions containing 20% (v/v) GBN and the data for the derivatives reaching anaate concentration are
repoted below. The redox chemistry of quinonesa$ documented in the literature and it is knowatthoth the
voltammetric pattern and the redox potential arengfly influenced by pH [21-23T.herefore all experiments were
conducted in buffered solutions, using 0.1 M phasplbuffer at pH 7; the bath temperature was S254E.
Examples of cyclic voltammograms are reported @ Bifor juglone and some other representative thagjuinone
derivatives. It is well known that reduction of ganes in protic media occurs by a,22H" reaction leading to the

formation of the corresponding hydroquinones. TéaoK reaction in the case of juglone is



OH

(0]
OO cwow = O

OH O OH OH

1)

A single peak couple similar to those shown in Bigvas observed for all investigated compoundstheckfore the
voltammetric pattern was assigned to the quinomtiguinone redox couple according to the redoxti@aof eq.
(1). Table 1 summarizes the cathodic and anodik petentialsE,. andE,, respectively, as well as the peak
separationAE, = Ey.— E, and half-wave potentidd;,,, measured for each naphthoquinone at the scaw ra&05
Vs™. The separation between the cathodic and anodksfs significantly greater than 30 mV, predidieda
reversible 2eprocess and increases with increasing scan ralieating that these compounds undergo quasi-
reversible electron transfer processes [24]. Taedstrd reduction potentid;, can be measured from cyclic

voltammetry by assuming it to be approximately édoighe half-wave potential:

E.+tE.
E°=E,,=—"_—" ()

Figure 6 here

Values ofE;; are included in Table 1 (last column). As can bgsesved, although an extensive series of
naphthoquinones bearing both electron withdrawimdj@ectron donating groups was chosen for thidystine
measured redox potentials lie in a rather narrawealn fact, if 9 is excluded, the maximum diffece between
E,/» values for the whole series is only 65 mV, indicgithat the ability of these molecules to act xisliaing

agents is little affected by molecular structurbefiefore if the biological activity of the substais strongly related

to their redox power as oxidizing agents, the #gtig not expected to vary significantly throughaeloe whole



series of naphthoquinones. This is in part tru¢ asuve shall discuss in the next section theréngpertant

exceptions, underscoring the importance of stratfiactors and/or presence of functional groupsaffilgictingE; .

Table 1 here

Figure 7 here

Figure 8 here

Figure 7 enlightens a definite linear correlati@tvieen the half-wave potential and the citotoxetpressed in
terms of apoptosis. According to the reported datfit to the straight correlation line is bet&buM
concentration of naphtoquinones but compounds shsimilar behavior also at different concentratiads the

other hand Figure 8 shows a scattered correlattenm between the,z values and the cell necrosis data.

3. CONCLUSIONS

A set of naphthoquinone derivatives have been sgithd and tested for their ability to inhibit gr@wth of
glioma cells. Preliminary dafa3] on the peculiar properties of 2-(2',4'-dihyxlyphenyl)-8-hydroxy-1,4-
naphthoquinone (1) as strong cytotoxic agent framgh cells were confirmed within this small focudiedary of
1,4-naphthoquinone derivatives. The results obtairem biological studies were found to be in g@aggeement
with preliminary kinetic data, supported by NMRults, and strongly suggests that a redox mechanisierlies. In
addition to the redox pathway, which has often begorted in connection with the biochemical praipsrof
hydroxynaphthoquinone derivatives [25, 26], kinetspect of the reaction was demonstrated to begjro

involved, since only 1-R showed fast reoxidatiod tdn conclusion, besides the similar behaviowcdeed by the

8



electrochemical results we assume, as working imgsid, that the reaction kinetic is influenced iy ¢ffects of the
substituents, leading to different reoxidation &mzly and, hence, different degrees of cytotoxicitjuman glioma

and normal cells.

4. EXPERIMENTAL SECTION
4.1 Chemistry

4.4.1 Materials and instruments Commercially available chemicals were purchaseahffddrich, and used as
received, unless otherwise stated. All air-sersithanipulations were conducted according to ScHiaek
techniques, using dry nitrogen and glassware gifired, solvents were dried prior to use. For wapkand
chromatographic purification, commercial grade eatg were used; chromatographic separations wetiec¢aut
using silica gel 60 (230-400 mesh, Grace Davibiladdition, semi-preparative and preparative matfon of the
derivatives were carried out on Isolera One, anraated flash chromatography system provided byagiet
(Upsala, Sweden); the chromatography was carriedsing disposable cartridges made of silica gstasonary

phase and bench solvents as mobile phase.

1H and 13C{1H} NMR spectra were recorded on a Brukeance Il 400 MHz and a Bruker AMX 300 MHz
spectrometers. All spectra were recorded at roonpégature, the solvent for each spectrum is gimgrarentheses.
Chemical shifts are reported in ppm and are redativT MS internally referenced to the residual sntypeak. The
multiplicity of signals is reported as singlet (@publet (d), triplet (t), quartet (q), multipleh), broad (br) or a

combination of any of these.

High resolution mass-spectra were recorded on &alE# Mariner from Perseptive Biosystem (Stratfardxas,

USA), using electrospray (ES) ionization.

The degree of purity of the compounds synthesisezlighout this investigation was assayed by HPIsBqua
Varian Pro-Star system equipped with a Biorad 1U06VIS detector (254 nm) and an Agilent C-18 colu(Bam,
4.6 x 150 mm). An appropriate ratio of water (Aflacetonitrile (B) was used as mobile phase witbarall flow
rate of 1 mL mift; the general method for the analyses is reporéeek 19 minutes (90% A-10% B), 15 minutes

(10% A-90% B), 20 minutes (10% A-90% B), 21 minui@8% A-10% B), 25 minutes (90% A-10% B).



Cyclic voltammetry was performed on a PC controledolab PGSTAT30 potentiostat (Eco-Chimie, Utrecht
Netherlands), with a positive feedback for ohmigpdcompensation. All experiments were carried 0@56a°C in a
three-electrode cell with a glassy carbon (GC) waylelectrode, a Pt counter-electrode and an agussturated
calomel reference electrode. All solutions wereppred in a mixture of phosphate buffer (pH 7)/acktibe (80:20
v/v) and were carefully deaerated with Ar. The G&ode was a 3 mm diameter disc embedded in,ghdssh
was fabricated from a GC rod (Tokai, GC-20) andgbed to a mirror finish with silicon carbide papand
diamond paste. Before every experiment it was edday polishing with a 0.2bm diamond paste followed by

ultrasonic rinsing in ethanol for about 5 minutes.

Chemical names and calculated logP values werénalotavith ChemDraw Ultra 8.0, CambridgeSoft, USA.

4.1.2 Synthesis of Juglone JUG

Juglone was synthesised according to the litergitoeedure [15, 16] and to the indication previgusported by

Zontaet al[14].

4.1.3 General Procedure for the Synthesis of 3-Sutiisted-5-Hydroxy Naphthoquinones

A round bottom flask was charged with 5-hydroxyrnthplene-1,4-dione (juglone, 2 eq) in acetic acitpfved by
addition of the appropriate phenol (1 eq) in acaticl (2 ml) and 0.5 ml of 2 M 430,. The mixture was stirred at
room temperature for 2 hours under nitrogen at apheric pressure, followed by addition of water 2P and
neutralization with 5% sodium bicarbonate. The mnigtwas extracted with ethyl acetate (3 x 15 nmiyl, the
combined organic layers were dried (88),) and evaporated to dryness. Purification was edrout by

recrystallization or by flash chromatography (n-dves / ethyl acetate = 7:3 v/ v) if necessary.

4.1.3.1 Synthesis of 8-hydroxy-2-(2,4-dihydroxyphet)naphthalene-1,4-dione (1)

Yield 66 %;5H (400 MHz, DMSO-d6) 11.93 (1H, s, OH ), 9.71 (840H ), 9.69 (1H, s, OH ), 7.8-7.7 (1H, m,
ArH), 7.54 (1H, dd J 1.1 Hz, J 6.4 Hz, ArH) 7.3H(d J 1.1 Hz, J 7.3 Hz, ArH,), 7.10 (1H, d J B ArH), 6.98

(1H, s, CH), 6.39 (1H, d J 2.3 Hz, ArH), 6.32 (dd,J 2.3 Hz, J 8.4 Hz, ArH)C (100 MHz, DMSO-d6) 189.6,

10



184.6, 160.9, 160.4, 157.2, 147.6, 137.1, 136.3,7.332.4, 124.3, 118.3, 115.8, 111.7, 107.7,1G3RMS (ESI)

[M+1]" found 283.0646 [GH1.0s]", calcd. 283.0601. HPLC purity 98%.

4.1.3.2 Synthesis of 8-hydroxy-2-(2,4-dihydroxy-3-athylphenyl)naphthalene-1,4-dione (2)

Yield 55%;5H (400 MHz, DMSO-d6) 11.91 (1H, s, OH), 9.54 (1HQO#), 8.61 (1H, s, OH), 7.80-7.70 (1H, m,
ArH), 7.52 (1H, dd J 1.0 Hz J 7.2 Hz, ArH), 7.33(Idd J 1.0 Hz J 7.3 Hz, ArH), 6.85 (1H, s, CHRB(1H, d J
8.3 Hz, ArH), 6.39 (1H, d J 8.3 Hz, ArH), 1.97 (3%, Me);5C (100 MHz, DMSO-d6) 184.8, 183.7, 160.9, 158.1,
154.3,149.1, 137.0, 132.6, 128.5, 124.4, 118.3,9,113.0, 111.7, 106.9, 106.2, 9.3; HRMS (ESI}[jf found

297.0804 [GH1:04]", calcd. 297.0762. HPLC purity 97%.

4.1.3.3 Synthesis of 8-hydroxy-2-(2,4-dimethoxyphghnaphthalene-1,4-dione (4)

Yield 20%;5H (400 MHz, DMSO-d6p 11.95 (1H, s, OH), 7.7-7.6 (1H, m, ArH), 7.48 (kH] 7.4 Hz, ArH), 7.20
(1H, d J 7.4 Hz, ArH), 7.16 (1H, d J 8.6 Hz, Ari8)83 (1H, s, CH), 6.51 (1H, d J 2.3 Hz, ArH), 6(361, dd J 8.6
Hz J 2.3 Hz, ArH), 3.82 (3H, s, OMe), 3.73 (3HOde); 5C (100 MHz, DMSO-d6) 187.8, 183.3, 160.4, 159.4,
154.4, 145.4, 137.0, 133.4, 129.5, 122.5, 120.6,0,1113.4, 111.7, 107.3, 105.9, 55.2, 45.1; HRESI( [M+1]*

found 311.0925 [GH140s]* calcd.311.1113. HPLC purity 98%

4.1.3.4 Synthesis of 8-hydroxy-2-(2,3,4-trihydroxypenyl)naphthalene-1,4-dione (11)

Yield 20 %;5H (400 MHz, Acetone-d6) 11.97 (1H, s, OH), 9.47 (3HOH), 8.76 (1H, s, OH), 8.49 (1H, s, OH),
7.8-7.7 (1H, m, ArH), 7.55 (1H, d J 6.6 Hz, ArH)37 (1H, d J 8.4 Hz, ArH), 6.94 (1H, s, CH), 6.80i(d J 8.4
Hz, ArH), 6.39 (1H, d J 8.4 Hz, ArH)C (100 MHz, Acetone-d6); 189.9, 184.0, 156.5, 15549.3, 147.4, 142.5,
136.8, 136.5, 123.7, 121.6, 117.9, 112.8, 107.(5,88.4; HRMS (ESI) [M-IJfound 297.0803 [GHsO4] ",

calcd.297.0800. HPLC purity 94%.
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4.1.3.5 Synthesis of 8-hydroxy-2-(2,4,6-trihydroxypenyl)naphthalene-1,4-dione (12)

Yield 93%;5H (400 MHz, Acetone-d6) 11.92 (1H, s, OH), 8.76 (HOH), 8.57 (1H, s, OH), 8.49 (1H, s, OH),
7.9-7.8 (1H, m, ArH), 7.60 (1H, d J 6.6 Hz, ArH)4@ (1H, d J 8.4 Hz, ArH), 6.76 (1H, s, CH), 6.28i(d J 8.4
Hz, 2 x ArH,);5C (100 MHz, Acetone-d6) 174.3, 173.7, 162.5, 15959.2, 158.2, 151.8, 132.2, 131.9, 111.0,

102.2, 94.5, 90.4, 79.7; HRMS (ESI) [M-1jund 297.0435 [GH4Oq]", calcd.297.0405. HPLC purity 97%.

4.1.3.6 Synthesis of 2-(p-tolylthio)-8-hydroxynapfttalene-1,4-dione (6)17]

Yield 47%;5H (300 MHz, Acetone-d6) 11.66 (1H, s, OH), 7.8-@A, m, ArH), 7.6-7.4 (5H, m, ArH), 7.32 (1H,
dd J 1.0 Hz J 7.4 Hz, ArH,), 5.86 (1H, s, CH), 2@H, s, Me);3C (75 MHz, Acetone-d6) 186.1, 181.0, 161.0,
142.6, 138.6, 136.8, 132.5, 128.3, 124.9, 124.7,61224.7, 124.6, 119.2, 21.7; HRMS (ESI) [M*gund

297.0596 [G/H1,0:S]* calcd.297.0580. HPLC purity 96%.

4.1.3.7 Synthesis of 2-(3-methoxyphenylthio)-8-hydkynaphthalene-1,4-dione (8)

Yield 43%;5H (300 MHz, Acetone-d6) 11.48 (1H, s, OH), 7.60 (i J 8.2 Hz J 8.3, ArH), 7.4-7.3 (2H, m, 2 X
ArH), 7.15 (1H, dd J 1.0 Hz J 8.3 Hz, ArH), 7.1-73H, m, ArH), 5.87 (1H, s, CH), 3.72 (3H, s, M&§, (75 MHz,
Acetone-d6) 188.4, 181.7, 162.9, 162.3, 157.0,7,383.6, 132.7, 130.1, 129.5, 128.9, 124.7, 12126,1, 117.9,

116.1, 56.4; HRMS (ESI) [M+1Jfound 313.0588 [GH1:0,S]", calcd.313.0531. HPLC purity 94%.

4.1.4 Synthesis of 3-N-Substituted Juglone Derivags

3-Bromo juglone (7) was synthesised according éditbrature [15]. Then, the precursor 7 (1 eq) diasolved in
acetic acid, followed by the addition of the apprate amine in large excess (7 eq). The work-ujp¥ed the

procedure previously reported.

4.1.4.1 Synthesis of 2-bromo-8-hydroxynaphthalene4-dione (7)

12



Yield 59%;5H (400 MHz, DMSO-d6) 11.48 (1H, s, OH), 7.78 (1H,318.3 Hz J 7.8 Hz, ArH), 7.72 (1H, s, CH),
7.58 (1H, dd J 7.8 J 1.1 Hz, ArH), 7.38 (1H, dd331.1, ArH);5C (100 MHz, DMSO-d6) 182.4, 182.3, 160.9,
141.1, 139.5, 137.5, 132.3, 124.6, 119.4, 114. MSRESI) found 250.9301 (gH,0:Br79, M79-H -), 252.9370

(C1oH4O3Br81, M81-H -), requires 250.9349 and 252.9330. BRlurity 95%.

4.1.4.2 Synthesis of 8-hydroxy-2-morpholinonaphthahe-1,4-dione (9)

Yield 39%:5H (400 MHz, Acetone-d6) 12.89 (1H, s, OH), 7.7-LB, m, ArH), 7.6-7.5 (1H, m, ArH), 7.24 (1H,
dd J 1.0 Hz J 7.4 Hz, ArH), 6.00 (1H, s, CH), 3(@#, m, 2 x O(CH)), 3.59 (4H, m, 2 x N(CH)); 5C (100 MHz,
Acetone-d6) 190.1, 187.6, 161.6, 153.2, 137.7,1,284.9, 120.0, 109.8, 109.6, 67.4, 50.4; HRMSYPS+1]*

found 260.0912 [GH1,04N]" calcd. 260.0911. HPLC purity 96%.

4.1.4.3 Synthesis of 8-hydroxy-2-(piperidin-1-yl)nghthalene-1,4-dione (10)

Yield 39%;5H (400 MHz, Acetone-d6) 13,13 (1H, s, OH), 7.7-@H, m, ArH), 7.44 (1H, dd J 6.4 Hz J 1.3 Hz,
ArH), 7.26 (1H, dd J 7.4 Hz J 1.3, ArH), 5.97 (B4 CH), 3.6-3.5 (4H, m, 2xG 2.12 (6H, m, 3xCh); 5C (100
MHz, Acetone-d6) 189.8, 189.1. 161.9, 156.4, 135346, 124.9, 119.8, 115.8, 108.2, 51.4, 27.83;23RMS

(ESI) [M+1]" found 258.1123 [GH160:N]" calcd. 258.1120. HPLC purity 99%.

4.1.5 Synthesis of O-Acetyl Juglone Derivatives

4.1.5.1 Synthesis of 1,4-dihydro-1,4-dioxonaphthaieB-yl acetate (3)

A round bottom flask was charged with 5-hydroxyrthplene-1,4-dione (juglone, 1 eq), acetic anhydffdeq) and
sodium acetate. The mixture was refluxed at 12@i€stirred overnight. The mixture was then addedal t
phosphate buffer (20 mL, pH: 7,4) and extracteth witloroform (3 x 15 ml) and the combined organigers were

dried (NaSO,) and evaporated to dryness. Purification was @armut by recrystallization.
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Yield 51%;5H (300 MHz, Acetone-d6) 8.06 (1H, dd J 6.6 Hz JHZ3 ArH), 8.0-7.9 (1H, m, ArH), 7.59 (1H, dd J
6.7 Hz J 1.3 Hz, ArH), 7.07 (1H, d J 10.4 Hz, {;+6.97 (1H, d 10.4 Hz, Chi 2.40 (3H, s, Ck); 6C (75 MHz,
Acetone-d6) 185.2, 184.9, 169.9, 150.9, 141.1,7,3836.3, 134.9, 131.1, 125.6, 124.6, 21.4; HRMSI(Eound

239.2309 (GHgO4Na, M+H)" requires 239.0315. HPLC purity 94%.

4.1.5.2 Synthesis of 1,4-dihydro-2-(2,4-dihydroxypmnyl)-1,4-dioxonaphthalen-8-yl acetate (5)

Compound 5 was synthesized according to the gepsyaédure for the synthesis of 3-substituted-5rbiyyl

naphthoquinones previously reported, starting fBeatetoxy-1,4-naphthoquinone and resorcinol.

Yield 17%;5H (400 MHz, DMSO-d6) 11.87 (1H, s, OH), 10.21 (BHOH), 7.9-7.8 (1H, m, ArH), 7.59 (1H, dd J
1.0 Hz, J 7.4 Hz, ArH), 7.42 (1H, dd J 1.0 Hz, 4 Mz, ArH), 7.34 (1H, d J 8.5 Hz, ArH), 6.93 (1HGH), 6.81
(1H, dd J 2.3 Hz, J 8.5 Hz, ArH), 6,71 (1H, d JBA ArH), 2.11 (3H, s, CHJ; 5C (100 MHz, DMSO-d6) 182.2,
175.4, 169.0, 160.9, 158.7, 154.2, 145.8, 138.8,5,332.3, 128.4, 127.9, 127.2, 121.9, 112.3,5,080.3, 20.3;

HRMS (ESI) [M+1] found 325.0692 [GH140] “calcd. 325.0707. HPLC purity 98%.

4.1.6 Synthesis of 5-Hydroxy-7-Methyl-8-Chloro-1,MNaphthoquinones

4.1.6.1 Synthesis of 5-chloro-8-hydroxy-6-methylndyhalene-1,4-dione (14)

A round bottomed flask was equipped with AIC28 eq) and NaCl (13 eq) were introduced. The unixtvas
heated to melt the salts at 180 °C under vigortitring) and 4-chloro-3-methylphenol (1 eq) and nabknhydride
(4 eq) were added. After 10 minutes at 180 °C theéure was poured into ice/water made strongly adgith HCI
12 M, and was stirred at room temperature for &ialhour. The precipitate was collected, dried atticheted with

n-hexane in a soxhelet. The solvent was evapotatdd/ness.

Yield: 67%; %:5H (400 MHz, Acetone-d6) 12.61 (1H, s, OH), 7.39 (3HArH), 7.07 (1H, d J 10.3 Hz, ArH), 7.04

(1H, d J 10.3 Hz, ArH), 2.54 (3H, s, QHSC (100 MHz, Acetone-d6) 183.1, 182.2, 160.3, 14838.1, 138.7,

14



130.3, 126.6, 122.4, 114.6, 15.5; HRMS (ESI) [M{&jind 220.9937 [GH:O-CI35] calcd. 221.0001; [M-1jound

222.9985 [GiH:O:CI37] calcd.222.9999. HPLC purity 93%.

4.1.6.2 Synthesis of 5-chloro-8-hydroxy-2-(2,4-dildyoxyphenyl)-6-methylnaphthalene-1,4-dione (15)

Compound 15 was synthesized according to the gemereedure for the synthesis of 3-substituted-8rbyy
naphthoquinones previously reported, starting fBehydroxy-7-methyl-8-chloro-1,4-naphthoquinone and

resorcinol.

Yield: 77%; %;3H (400 MHz, DMSO-d6) 12.54 (1H, s, OH), 9.75 (LHO#H), 9.73 (1H, s, OH), 7.47 (1H, s,
ArH), 7.12 (1H, d J 8.4 Hz, ArH), 6.42 (1H, d J 218, ArH), 6.35 (1H, dd J 2.3 Hz J 8.4 Hz, ArHW, (3H, s,
CHy); 5C (100 MHz, DMSO-d6) 183.1, 182.2, 160.3, 159.8.25143.7, 139.1, 138.7, 130.3, 129.9, 126.6,4,22.
114.6, 110.4, 108.9, 103.4, 15.4; HRMS (ESI) [M#olnd 331.0372 [GH100<Clag* calcd. 331.0368; (ESI)

[M+1]" found 333.0407 [GH140sCls7] " calcd. 333.0345. HPLC purity 96%.

4.1.7 Synthesis of Other Naphthoquinones Derivatige

4.1.7.1 Synthesis of 2-(2,4-dihydroxyphenyl)naphthane-1,4-dione (13)

3-(2,4.diidrossiphenyl)-1,4-naphthoquinone (13) wsasthesized following the general procedure regubabove

for the synthesis of 3-substituted-5-hydroxy napghtoone starting from 1,4-naphthoquinone and résokc

Yield: 37%;8H (400 MHz, DMSO-d6) 9.70 (2H, sb, 2 x OH), 8.084(2n, ArH), 7.89 (2H, m, ArH), 7.07 (1H, d J
8.4 Hz, ArH), 7.02 (1H, s, CH), 6.39 (1H, d J 2.3, IArH), 6.32 (1H, dd J 2.3 Hz J 8.4 Hz, ArHpE (100 MHz,
DMSO-d6) 186.6, 183.4, 161.0, 160.2, 147.2, 137369, 134.2, 132.3, 132.0, 124.1, 116.2, 115.2,0,1107.7,

103.2; HRMS found (ESI) 267.0667%48,:0.H (M+1)", requires 267.0579. HPLC purity 98%.

4.1.8 Naphthazarin naphthalene-1,4-dione (16)
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Naphthazarin (16) was used as received from Aldainth used without any further purification.

4.1.9 General Procedure for the Synthesis of 1,4J5ihydroxy Naphthalenes

1,4,5-trihydroxy naphthalenes were obtained follogva previously reported procedure. A round botliaisk was
charged with a solution of N80, (5 eq) in water (5 mL), followed by the additiohaomixture of diethyl ether (15
mL) and a solution of the naphthoquinone (1 egigmloromethane (3 mL). The mixture was vigoroustiyred at
room temperature for 15 minutes and the organierlayas collected and washed with brine. The solwest
evaporated to dryness. In order to prevent reoxidaif the compounds to the naphtoquinone form, N§pBctra
and biological assays were carried out in the presef NaS,0,. Each NMR spectrum was recorded using a

mixture of DMSO-d6 (800 uL) and,D (200 uL containing 10 mg of M&0O,) as solvent.

4.1.9.1 Synthesis of naphthalene-1,4,5-triol (JUG)R

Yield 68%;5H (400 MHz, DMSO-d6) 10.71 (1H, s, OH), 10.34 (BHOH), 9.36 (1H, s, OH), 7.50 (1H, dd J 8.4
Hz J 1.1 Hz, ArH), 7.22 (1H, dd J 8.4 Hz J 7.8 BigH), 6.71 (1H, dd J 7.8 Hz J 1.1 Hz, ArH), 6.664(Xdd J 8.0
Hz, ArH), 6.54 (1H, d J 8.0, ArH}C (75 MHz, DMSO-d6) 154.4, 146.2, 146.0, 127.4,.02615.4, 113.7, 109.2,

108.8, 108.3. HPLC purity 95%.

4.1.9.2 Synthesis of 3-(2,4-dihydroxyphenyl)naphttane-1,4,5-triol (1-R)

Yield 59%;5H (400 MHz, DMSO-d6) 9.97 (1H, s, OH), 8.14 (1HQ#), 7.43 (1H, dd J 8.1 Hz J 1.0 Hz, ArH),
7.19 (1H, dd J 8.1 Hz J 7.6 Hz, ArH), 7.01 (1H, 818 Hz, ArH), 6.67 (1H, dd J 7.6 Hz J 1.0 Hz, ATB)66 (1H, s;
ArH), 6.33 (2H, m, ArH)3C (75 MHz, DMSO-d6) 154.7, 154.3, 146.1, 146.0,.6427.8, 125.0, 124.7, 118.4,

115.3, 114.1, 112.7, 110.5, 109.9, 108.6, 108.3.Gpurity 94%.
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4.2 Biological assays.

4.2.1 Cells GLI36 Human glioma cell line was established by Bmthony Campagnoni (UCLA, Los Angeles, CA,
[28]). Cells were maintained in a monolayer usingplete growth medium (CGM): 90% Dulbecco Modified
Eagle’s Medium (DMEM), 10% Foetal Bovine Serum, 1Q0/mL penicillin, 10 1.U./mL streptomycin, 10U./mL
tetracycline, 25 I.U./mL Plasmocin (InVivogen, Milgltaly). Cells were incubated at 37 °C in a hufied

environment with 95% air and 5% GQip to 80-90% confluence (4—6 days).

4.2.2 MTT assay Cells were plated in 96-well plates in CGM. Aft& B, addition to CGM of JUG, 1, 2, 3,4, 5, 6,
7,8,9, 10,11, 12, 13, 14, 15, 16, TMZ and paxét (PTX)was carried out to reach the concentrations of Q%
MM, 0.5 uM or 0.05 uM, in 10 uL DMSO. TMZ was usasithe reference molecule, since it is used fordmum
glioma treatment. PTX was used as a different tamtier agent, not clinically approved for gliomaatment.

Control was performed with 10 uL DMSO. After 24h7@h, MTT (2.5mg/mL in phosphate buffered salinBSlp
was added for additional 3h and the percentagelb¥iability was obtained. Each analysis was perfed in 5

replicates and repeated in 3 independent expergnent

4.2.3 Assessment of apoptosis and necrosis by Wrighstaining. Cells were cultured in 24-well plates on 9 mm
coverslips for 24h in CGM, followed by incubaticor 24h or 72h with JUG, 1, 2, 3, 4,5, 6, 7, 81@, 11, 12, 13,
14, 15, 16, TMZ and PTdnd DMSO as control at different concentrati@®® uM, 5 uM, 0.5 uM or 0.05 uM)
Then, cells were washed in PBS, fixed in methaoobfmin and Wright's stained (250 pL/well) for SrmCell
morphology was evaluated under light microscop&8@ix magnification. At least 600 cells were courfeadeach

coverslip in 5 different fields. Each experimentswapeated 2 times.

4.2 .4 Statistical Analysis Statistical analysis was performed with GraphPasm5 (GraphPad Software Inc.,San
Diego, CA). The percentage of apoptotic and necic#lls was calculated, t-test was used to estithatdifference
in apoptotic and necrotic cells between treatedcamdrol cells. Results are expressed as the m8&ivi p<0.05

was considered as statistically significant.

Supporting Information
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Experimental details and spectra (biological assdi$R, HPLC, X-ray data) are reported as Supporting

Information. This material is available free of oip@avia the Internet
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Epc Epa AEp E1/2
Quinone

V) V) (mV) V)
JUG -0.254 -0.208 46 -0.231
1 -0.256 -0.199 57 -0.228
2 -0.385 -0.200 185 -0.293
4 -0.313 -0.263 50 -0.288
5 -0.291 -0.197 94 -0.244
8 -0.299 -0.247 52 -0.273
9 -0.413 -0.355 58 -0.384
11 -0.292 -0.177 115 -0.235
14 -0.282 -0.231 51 -0.257
15 -0.347 -0.195 152 -0.271

Table 1
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Legends to figures and tables
Figure 1. Juglone and its derivatives synthesized in thikwo

Figure 2. X-ray diffraction structures of Juglone derivasvéand 8. The two crystallographically independent
molecules in the structure of 7 are indicated witandB, respectively. Displacement ellipsoids are drawtha

30% probability level. Intramolecular H-bonds agpresented by dashed lines.

Figure 3. Morphological assays. Histograms (Mean +SEM) re@néing the percentage of cell death. Apoptosis (A)
or necrosis (B) were determined with morphologa@lysis, in GLI36 treated for 24h with JUG, 1324, 5, 6, 7,
8,9, 10,11, 12, 13, 14, 15, 16, TMZ and PTX. pheels refer to the 50 UM concentration testeddliche
concentration tested please refeStgpporting Information Biological Assays). All the apoptosis effectpoeted
significantly differ from TMZ; and all the necrosfects reported differ significantly from TMZ iithe exception

of 5. t-test: P < 0.05.
Figure 4. Juglone, 1 and their reduced derivatives.

Figure 5. .Morphological assays after 24h of incubation wagbuced compounds. Histograms (Mean +SEM)
represent the percentage of cell death. ApoptésB)(or necrosis (C,D) were determined with morgital
analysis, in GLI36 treated for 24h with JUG, JUGIRG + NaS,0,4, JUG-R + NaS,0,4 1, 1 + NaS,0,4, 1-R +
N&S,0,and NaS,0,. The panels refer to the concentration testeqiMQA,C), 5 uM (B,D). t-test: *p < 0.05, **p

< 0.01, **p < 0.001.

Figure 6. Cyclic voltammetry of (a) 1.0 mM juglone and (bb0nM of 4, 8, 14 and 1 in phosphate buffer

pH7/CH,CN mixture (80:20 v/v) recorded on a GC electrotde a 0.1 Vs".

Table 1. Redox data of various naphthoquinones in phosghéfer pH 7 / CHCN mixture (80:20 v/v) measured

atv=0.05 V& at 25 °C.

Figure 7. Percentage of cell death by apoptosis veEspof naphthoquinones, measured in phosphate buffer p
7/CH;CN mixture (80:20 v/v). Apoptosis determined witlnphological analysis, in GLI36 treated for 24h at

guinone concentrations of (a) fM or (b) 5uM.
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Figure 8. Percentage of cell death by necrosis veEuof haphthquinones, measured in phosphate buffer pH
7/CH;CN mixture (80:20 v/v). Apoptosis determined witlinphological analysis, in GLI36 treated for 24h at

guinone concentrations of (a) fM or (b) 5pM.
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Highlights:

afocused library of naphtoquinone derivatives has been synthesized

- NMR kinetic studies, X-ray diffraction and electrochemistry data are provided

- the compounds were tested on glioma cells to evaluate the inhibition on cell growth
data suggest a redox mechanism underlies, but also the kinetic aspect isinvolved



2. Biological Assays

Cells. GLI36 Human glioma cell line was establish by Dmtlhiony Campagnoni (UCLA, Los Angeles, CA,
Kashima et al., 1995). Cells were maintained in oh@yer using complete growth medium (CGM): 90% [2gito
Modified Eagle’s Medium (DMEM), 10% FBS, 100 lL.UVmpenicillin, 10 1.U./ml streptomycin, 10 I.U./ml
tetracycline, 25 1.U./ml Plasmocin (InVivogen, Milaltaly). Cells were incubated at 37 °C in a huifred

environment with 95% air and 5% GQip to 80-90% confluence (4-6 days).

MTT assay Cells were plated in 96-well plates in CGM. Afteéd B, addition of JUG, 1, 2, 3, 4,5, 6, 7, 8, 9, 10,
12, 13, 14, 15, 16, TMZ and PT¥as carried out whilst maintaining the CGM mediunth& concentrations of 50
UM, 5 uM, 0.5 uM or 0.05 pM, in 10 pl of DMSO. Caoitwas performed with 10 pl of DMSO. After 24h72h,
MTT (2.5mg/ml in PBS) was added for additional 3td dhe percentage of cell viability was obtainedatMello et

al., 2011). Each analysis was performed in 5 rafgig and repeated in 3 independent experiments.
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Figure S2-A. — Cell viability assays 24h. Histograms (Mean +9Ebpresenting cell viability detected with MTT
assay in GLI36 treated for 24h with JUG, 1, 2,,.3%,%6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, TMA &TX. The

panels refer to the concentration tested: 50 uM %4)M (B), 0.5 pM (C) or 00.5 uM (D). All the effis reported at



50 uM (A) differ significantly from TMZ; at 5 uM (Ball the effects differ significantly from TMZ witthe
exception of C7 and C13; at 0.5 pM (C) all theeeff$ differ significantly from TMZ with the excepti of 6 and 13;

at 0.05 uM (D) all the effects differ significantiyom TMZ with the exception of JUG, 2, 8 and 9gst: P < 0.05).
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Figure S2-B. Cell viability assays 72h. Histograms (Mean +SEMpresenting cell viability detected with MTT
assay in GLI36 treated for 72h with JUG, 1, 2, 3546, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, TMd &TX. The
panels refer to the concentration tested: 50 puM $4)M (B), 0.5 uM (C) or 00.5 pM (D). All the effes reported at
50 uM (A) differ significantly from TMZ; at 5 uM (Ball the effects differ significantly from TMZ wit the
exception of 15, 16 and PTX; at 0.5 uM (C) all #ffects differ significantly from TMZ with the egption of 3, 7,
8 and 13; at 0.05 uM (D) all the effects differrsfgcantly from TMZ with the exception of JUG, 3, 8, 8, 13, 14,

15 and PTX (t-test: P < 0.05).

Assessment of apoptosis and necrosis by Wriglatisisg. Cells were cultured in 24-well plates on 9 mm cslips
for 24h in CGM. After that, incubation at 24h orh7@ith JUG, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 14, 15, 16,
TMZ and PTX.and DMSO as control was carried out at differemtcemtrationdor 24h (50 uM, 5 uM, 0.5 uM or

00.5 uM) Then, cells were washed in PBS, fixed in methaoobfmin and Wright's stained (250 pl/well) for 5rm



Cell morphology was evaluated under light microgcap 40x magnification. At least 600 cells werernted for

each coverslip in 5 different fields (Redaelli bt 2012). Each experiment was repeated 5 times.
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Figure S2-C. Morphological assays 72h. Histograms (Mean +SEMjeasenting the percentage of cell death.
Apoptosis (A,B,C,D) or necrosis (E,F,G,H) were deii@ed with morphological analysis, in GLI36 tredfer 72h
with JUG, 1, 2, 3, 4,5,6, 7, 8, 9, 10, 11, 12,148 15, 16, TMZ and PTX. The panels refer todbecentration
tested: 50 uM (A,E), 5 uM (B,F), 0.5 uM (C,G) or.B@M (D,H). All the apoptosis effects reportedmsiigantly
differ from TMZ with the exception of C13 at 5 uM); all the necrosis effects reported differ sigrahtly from

TMZ with the exception of 1 and 12 at 5 uM (Fes¢t: P < 0.05.

Assessment of apoptosis and necrosis by Wriglatisiist with reduced compoundSells were cultured in 24-well
plates on 9 mm coverslips for 24h in CGM. Aftertthiacubation at 24h with JUG, JUG-R, JUG +,88,, JUG-R
+ NaS,0,4 1 + NaS,0,4, 1-R + NaS,0, and NaS,0O, as control was carried out at different conceitratfor 24h
(50 uM, 5 uM, 0.5 puM or 00.5 uMYhen, cells were washed in PBS, fixed in methaool5f min and Wright's
stained (250 pl/well) for 5 min. Cell morphology svavaluated under light microscope at 40x magritioca At
least 600 cells were counted for each coverslip different fields (Redaelli et al., 2012). Eaclperment was

repeated 4 times.



1. Experimental for Syntheses of Glioma Inhibitors

1.1. Table of Compounds
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Fig 1.1 Newly synthesized and screened naphthogeiderivatives.



1.2. HPLC Purities

Compound Purity (%)

1 98

2 97

3 94

4 98

5 98

6 96

7 95

8 94

9 96
10 99
11 94
12 97
13 98
14 93
15 96
JUG-R 95
1-R 94

The degree of purity of the compounds synthesibesughout this investigation was assayed by HPLshgua
Varian Pro-Star system equipped with a Biorad 1806VIS detector (254 nm) and an Agilent C-18 colu(Bpm,
4.6 x 150 mm). An appropriate ratio of water (Aplaacetonitrile (B) was used as mobile phase witb\aarall flow

rate of 1 mL mift.

Time (min) A (%) B (%)
0 90 10
15 10 90
20 10 90
21 90 10
25 90 10




2. NMR Analysis

a) Stability of thereduced Juglone, 1 and 5.
To better asses the role of the redox reactionstiya&ted through cyclic voltammetry, a kinetic studf the
reoxidation process was performed using NMR; indiedstabilities in solution of the two reduced @ps were

evaluated and compared at different timings. Adl teported spectra were acquired in DMSO-d6 at 25°C
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Fig 2.1 a. Juglone in DMSO-d6; b. JUG-R in DMSO-18§,0 h; c. JUG-R in DMSO-d6, t = 15 days

The figure above shows the 1H spectrum for jugi@)eand the reduced compound. Referring to JUGsBGtsum b
was acquired just after the isolation of the prad@pectrum ¢ was otherwise recorded using the ssohaion
prepared for spectrum b but it was acquired twoksdater, conserving the solution at room tempeeatn the
meanwhile. Basing on the observed spectroscopa; datG-R seems to be stable in solution, in thesditions, for

a considerable time.
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Fig 2.2 a. 1 in DMSO-d6; b. 1 in DMSO-d6 + sodiuithinite in D20, t =0 h; ¢. 1 in DMSO-d6,t=0Qd. 1 in
DMSO0-d6, t =12 h.

On the other hand, this second set of spectra sttmwsehaviour in solution, under similar condiipnf compound
C1-R. Spectrum a represents the 1H experimentherpirent compound 1. The 1H spectrum for 1-R (&3 w
acquired, as mentioned elsewhere, using a mixtu@2MSO-d6 (800 pL) and D20 (200 pL containing 10 ofg
Na25204) as solvent in order to avoid reoxidatmf.tin fact, a spectrum recorded on a just isdla@mple of 1-R
dissolved in DMSO-d6 only (c) already showed a eran to 1of nearly 40% (basing on relative intéégjr The
same sample was analyzed again after standingat temperature for 12 hours, showing a total reatida to 1.
This valuable clue suggests that the reoxidatimtess of 1-R to 1 is extremely faster than the alvserved for

JUG-R to juglone under the same conditions.
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Fig 2.3 a. 5in DMSO-d6; b. reduced 5 in DMSO-d§,a h; c. reduced 5 in DMSO-d6, t = 15 days

The figure above shows the 1H spectrum for 5 (d)itmreduced derivative at t = 0 h and t = 15 daye reduced
derivative of 5 seems to be stable over time inutgmh for a considerable time in a similar fashimnJUG-R,

confirming that the extremely fast reoxidation elRXo 1 represents an exception.

b) Structural analysisof 6 and 8
Hetero- and homo-nuclear 2D NMR studies were carigt to confirm the correct structure of 6 and@finitive
structure has then been assigned for both compdbadgs to crystallographic data, confirming whetected after

NMR analysis.

As a proof that the substitution effectively toodlage at G, HSQC, HMBC and CoSY analysis forsBowed the
coupling between H(5.86 ppm, ¢ 128.3 ppm) and £(186.1 ppm), ¢(181.0 ppm), ¢(132.5 ppm) and G H,
couples with @(119.2 ppm) in the HMBC spectrum through,anot detectable towards C5 (161.0 ppm). This could
not be possible if substitution had occurred ati€the following spectra, HMBC correlation is ogted in blue and

HSQC correlation in red.



ACCEPTED MANUSCRIPT

Y D

(=] =
rjmufso E
HIABT i
Juglene « p-Tiocmaois
-8
D
o o = o -8
ﬁ dg a - 3
& &L o .
L= *
<> o ©o -8
= LE T L e S LT | LEEY PR I e i i ey BT SR
Ta TH T4 72 70 68  F2 [ppm]
Fig 2.4 HMBC spectrum for 6
_A-_
= £
&
D <4
-2
-8
-8

(17 (Y] 87 F2 [ppm]

Fig 2.5 HSQC (red) and HMBC (blue) spectra for 6

HSQC and CoSY were adopted to attribute and corffitrand**C chemical shifts.
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In addition to this, to confirm and ensure thatrbirmation of juglone carried out through the prewigureported
procedure lead to 3-bromo-5-hydroxy-1,4-naphthooén7, NMR studies (hetero- and homo- nuclear 2B)ew

carried out.
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Fig 2.8 HMBC spectrum for 7

HMBC analysis enlightened the coupling between ®@H1a48 ppm and g and G (114.9 and 124.6 respectively).
Coupling between the singlet at 7.72 ppm (attridute H) and G and G (132.3 and 119.4 respectively) was
revealed, while no coupling between &hd G, or G (114.9 and 160.9 respectively) was found. The dpatlon of
these data lead to the conclusion that brominat@ectively happened at.C

Definitive 'H chemical shifts attribution was carried out thartk HSQC and CoSY analysis, confirming the

coupling between aromatic protons and between pscand carbons.



f 1506
¥} DMSO

7.8 76 7.4 F2 [;lpm]
Fig 2.9 HSQC spectrum for 7

The regioselectivity of the bromination was confiuirby crystallographic data.
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3. Crystallographic Data

Crystals of 6, 7, and 8 were grown by slow evaponafrom ethanol. X-ray diffraction data were calied at room
temperature with an Agilent Technologies Geminiolrfcircle kappa diffractometer equipped with arfgh EOS
CCD detector, using graphite monochromatedKoradiation j = 0.71073 A). Data collection and reduction were
performed with the CrysAlisPro software (Agilentchaologies). A semi-empirical absorption correctimased on
the multi-scan technique using spherical harmorifoplemented in SCALE3 ABSPACK scaling algorithmaav
applied to each dataset. The structures were sdilyeadirect methods of the SIR 2002 program [1], agfthed by
full-matrix least-squares procedures % using all data, by application of the SHELXL-9gram [2], with all
non-H atoms anisotropic. The positions of most éfvat, including those on hydroxyl groups, were reced from
difference Fourier maps, whereas the remaining ame® calculated at idealized positions. All H-asomere
subsequently refined using a riding model.

Relevant crystallographic data are summarized Iéka3.1-3.3.

CCDC 976852 and 976853 contain the supplementgstattographic data for 7 and 8, respectively. Ehéata can

be obtained from The Cambridge Crystallographicaliaéntre via www.ccdc.cam.ac.uk/data_request/cif

The structure of 6 is already documented in therdiure from data collected at T = 130 K [Bur structural
determination for 6 was undertaken to unambiguoastgblish the chemical identity of our producig(fe 3). Our
structure closely match the published one, exaapslfght differences in the length of cell axesn€idering that the

two data collections were performed at differemperatures, this latter finding is not unexpected.



Table 3.1. Crystal data and structure refinemen6f

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.20°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on+

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

mc200fy
Cl7H1203S
296.33

293(2) K
0.71069 A
Monoclinic
R

a=8.9747(4) A a= 90°.
b = 8.8051(3) A B=103.429(4)°.
¢ =17.9950(7) A y=90°.

1383.14(9) &
4
1.423 Mghn
0.241 m
616
0.50 x 0.40 x 0.04 mfn
2.33 to 25.20°.

-10<=h<=7, -9<=k<=9, -20<=I<=21

5903
2084 [R(int) = 0.0141]
83.7 %
Semi-empirical from equivaten
1.00000 and 0.71856
Full-matrix least-squares &n F
2084/0/190
1.050
R=0.0352, wR=0.0976
R=0.0405, wR=0.1013
0.153 and -0.214%.A



Table 3.2. Crystal data and structure refinement f

Identification code mc199f

Empirical formula C10 H5Br 03

Formula weight 253.05

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=7.2462(3) A a=89.893(3).

b=8.4511(3)A  p=80.080(3)".
c=16.29105) A  y=65.731(4)°.

Volume 893.23(6) A

Y4 4

Density (calculated) 1.882 Mgm

Absorption coefficient 4.575 mh

F(000) 496

Crystal size 0.40 x 0.40 x 0.05 rAm

Theta range for data collection 2.55 to 32.32°.

Index ranges -10<=h<=10, -12<=k<=12, -24<=I<=23
Reflections collected 18948

Independent reflections 5932 [R(int) = 0.0540]

Completeness to theta = 32.32°  93.3 %

Absorption correction Semi-empirical from equivaten

Max. and min. transmission 1.00000 and 0.35526

Refinement method Full-matrix least-squares &n F

Data / restraints / parameters 5932 /0 /253

Goodness-of-fit on 1.013

Final R indices [I>2sigma(l)] R= 0.0653, wR = 0.1650

R indices (all data) R=0.1190, wR=0.1992

Largest diff. peak and hole  2.147 and -0.8473(iA proximity of the Br atom)



Table 3.3. Crystal data and structure refinemen8f

Identification code mc201f

Empirical formula Cl7H1204 S

Formula weight 312.33

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group Rih

Unit cell dimensions a=8.10362(19) A a=90°.

b=85757(2) A  p=98.588(2)".
c=20.6034(5) A y=90°.

Volume 1415.76(6) A

4 4

Density (calculated) 1.465 Mgm

Absorption coefficient 0.244 mi

F(000) 648

Crystal size 0.50 x 0.45 x 0.35 rAm

Theta range for data collection 2.58 to 30.51°.

Index ranges -11<=h<=11, -12<=k<=12, -29<=I<=29
Reflections collected 26562

Independent reflections 4328 [R(int) = 0.0262]
Completeness to theta = 30.51°  100.0 %

Absorption correction Semi-empirical from equivaten
Max. and min. transmission 1.00000 and 0.75484

Refinement method Full-matrix least-squares &n F
Data / restraints / parameters 4328 /0/ 210
Goodness-of-fit on 1.022

Final R indices [I>2sigma(l)] R= 0.0497, wR=0.1251

R indices (all data) R=0.0636, wR=0.1368
Extinction coefficient 0.029(2)

Largest diff. peak and hole  0.317 and -0.351%.A



Fig 3.1 X-Ray diffraction structure of 8-hydroxy-methylphenyl)thio]-1,4-naphthoquinone (6) wititom
numbering. Displacement ellipsoids are drawn aB0fé probability level. The intramolecular O-H ... O#-bond

is indicated by a dashed lines.
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