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Synthesis and Pharmacophore Modeling of Naphthoquinone Derivatives with Cytotoxic Activity
in Human Promyelocytic Leukemia HL-60 Cell Line
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Catalyst/HypoGen pharmacophore modeling approach and three-dimensional quantitative stactitite
relationship (3D-QSAR)/comparative molecular similarity indices analysis (CoMSIA) methods have been
successfully applied to explain the cytotoxic activity of a set of 51 natural and synthesized naphthoquinone
derivatives tested in human promyelocytic leukemia HL-60 cell line. The computational models have
facilitated the identification of structural elements of the ligands that are key for antitumoral properties. The
four most salient features of the highly actifecycled-pyran-1,2-naphthoquinones [ < ICso < 0.6

uM] are the hydrogen-bond interactions of the carbonyl groups at C-1 (HBA1) and C-2 (HBA2), the hydrogen-
bond interaction of the oxygen atom of the pyran ring (HBA3), and the interaction of methyl groups (HYD)
at the pyran ring with a hydrophobic area at the receptor. The moderately active 1,4-naphthoquinone
derivatives accurately fulfill only three of these features. The results of our study provide a valuable tool in
designing new and more potent cytotoxic analogues.

Introduction without stabilizing the DNA-enzyme complex. The enzyme
NAD(P)H:quinone oxidoreductase (NQO1, Xip3, E.C. 1.6.99.2),
a ubiquitous flavoprotein found in most eukaryotes, is also key
for the action of3-lapachoné® NQO1 catalyzes a two-electron
reduction of quinones, likg-lapachone or menadione, using
either NADH or NADPH as electron donor. Reduction of
I,@-Iapachone by NQOL1 increases its cytotoxic action, including
growth inhibition and apoptotic proteolysis. NQOL1 is overex-
pressed in breast, colon, lung, and prostate turifonsaking
pB-lapachone or/and its derivatives a potential therapeutic agent
for these kinds of tumor® However, S-lapachone elicits
different responses in cells with similar expression levels of
NQO1, such as NCM460 and SW480, or it elicits apoptosis in
cells lacking NQO1, such as HL-60 and MDAMB-488In

the human cell line HL60, derived from a promyelocytic
leukemia,-lapachone induces apoptosis by a reactive oxygen
species (ROS) and JNK-dependent pathiiwand in a p53-
independent mannéf These findings suggest that the antitumor
activity of g-lapachone is induced by different mechanisms of
action depending on the tumor cell type.

Presently, the structural requirements of quinone derivatives
inducing apoptosis are unknown, hampering the rational devel-
opment of new specific compounds. A pharmacophore definition
is known as the first essential step toward understanding the
interaction between a ligand and its target, and it is clearly
established as a successful computational tool for rational drug
designt® In the present work, with the aim of gaining insight
into the molecular determinants of action of this type of
compound, we have developed a pharmacophore model using
" : the Catalyst program (Catalyst, version 4.10; Molecular Simula-
3185T706\EVX.CETB??X%Prg)ﬁe3n4cg3sshgf£d34%e(lagg.r)?sf;idéfg;zr?l;&sz?zl tions Inc.: San Diego, CA, 2005) as a systematic and efficient
(AE-B., AG.R), + 34 935 812344 (M.C.); e-mail aestebra@ull.es Procedure. In addition, we have performed complementary three-
(A.E.-B.), agravelo@ull.es (A.G.R.), mercedes.campillo@uab.es (M.C.). dimensional quantitative structuractivity relationship (3D-

Cancer is, in the developed world, the second most common
cause of death after cardiovascular disedddass screening
programs of natural products by the National Cancer Institute
have identified the quinone moiety as an important pharma-
cophoric element for cytotoxic activif/Lapacholl and several
natural related 1,4- and 1,2-naphthoquinones are associated witl
numerous biological activitiédike antibacteriaf, fungicidal?
antimalarial trypanocidaf and antitumoral. On the basis of
the biological and structural properties, 1,2- and 1,4-naphtho-
quinones are considered privileged structures in medicinal
chemistry? This term describes selected structural types like
polycyclic heteroatomic systems, capable of orienting varied
substituent patterns in a well-defined three-dimensional space
and binding to multiple, unrelated classes of protein receptors
as high-affinity ligands.

The most important lapachol derivative with antitumoral
activity is g-lapachone (3,4-dihydro-2,2-dimethyHznaphtho-
[1,2-b]pyran-5,6-dione)l5. This compound induces cell death
in human cancer ceflsvithout causing direct damage to DNA,
showing low effect on nontumoral proliferative cells3-Lapa-
chone also has potent antitumor activity in xenografted human
cancer models with low host toxicifif.

Although theg-lapachone cytotoxic action has been known
for more than 20 years the detailed mechanism of action has
yet to be investigated. The first proposed biochemical target
for B-lapachone was DNA topoisomeras¥ heing the unique
drug that binds to the enzyme and inhibits its catalytic activity
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Scheme 1.Synthesis of 1,4-Naphthoquinone Derivatives
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2Reagents and conditions: (i) KMnONaOH (1%), 0°C—rt. (i) Hz, dry THF, Pd/C, rt, 10 days. (jii) Dry C¥Clz, 0 °C, lutidine, RCI. (iv) CHCly,
0 °C, mCPBA. (v) THF/HO, HCIO;4, 0 °C. (vi) '‘BUOH/H,O, NBS, rt. (vii) Dry CHCl,, 0 °C, 'PLEtN, MOMCI.

in a cytotoxicity assay on HL-60 cells to provide important

[(NH4).Ce(NGs)g] yielded the linear furan naphthoquinor&3

information on the active site of the target protein where these and 34. Treatment ofl with NBS in CHCI, afforded com-

NQ elicit their functions.

Results

Chemistry. Most of the derivatives were obtained from
lapacholl and lawson&3, which are bioactive naphthoquinones

poundsl9, 20, 22, and31. Compoundl9 was also obtained in
higher yield (93%) from2 and Bg/CH,Cl,. This reaction also
afforded thes-furan isomer21 as a minor compound.

The &) ester derivative23—27 were synthesized from the
racemic alcohob2 by employing a variety of acylating agents

isolated from plants of the Bignonaceae family. They are also such as acetyl, isopropyl, lauroyh-bromobenzoyl, andp-

easily available commercial products.

(A) Synthesis of 1,4-Naphthoquinone Derivatives (Scheme
1). Compound®—4 were obtained from lapachalby employ-
ing a variety of acylating agents of different electrophilicity and
lipophilicity in the presence of 2,6-lutidine as base. Compound
5 was achieved by treatment @fwith the voluminoustert-
butyldimethylsilyl chloride, with triethylamine as base. Com-
pound6, with a shorter side chain, was synthesized by Hooker's
oxidatior?? of 1. Derivatives8—11 were also synthesized in
order to study the role of the side chain in their cytotoxic
activity. They were obtained by modifications of the exocyclic
double bond of derivative. Thus, compoun® was treated
with m-CPBA to obtain the correspondingt)-epoxy derivative
8in 60% yield, which, under treatment with HCJ@ catalytic
amounts, afforded did® in 96% yield. In addition, the reaction
of 2 with N-bromosuccinimide (NBS) inBuOH/H,O (1/1)
yielded compoundlO (94%) and the dibromo derivativél
(3%). Hydrogenation of with H,/Pd afforded compounds2
and13, the first one exhibiting a partial reduction of the A ring.
Treatment ofl3 with methoxymethylchloride (MOMCI) pro-
duced compound4, which contains a methoxymethyl ether
group at position C-2.

cyanobenzoyl chlorides. The stereocisomgBand 29 were
obtained from the esterification &2 with (R)-o.-methoxyphe-
nylacetic acid in the presence of DCC (dicyclohexylcarbodi-
imide) and catalytic amounts of DMAP (dimethylaminopyri-
dine). The absolute configuration of these compounds was
established by following the method described by Riguera and
co-workers?? The enantiomeric alcohold6 and 17 were
obtained by mild basic hydrolysis of the corresponding esters
28 and 29 with NaHCQ/MeOH at rt.

Reaction of compound5 with hydroxylamine hydrochloride
(NH,OH-HCI) provided the oxime&9in a regioselective form.
Compound40was obtained frond, under treatment with N
OH-HCI and posterior cyclization withm-CPBA. The formation
of the nitro derivative40 can be due to the formation of a
nitroso-phenol intermediate and a posterior oxidation with
m-CPBA.

(C) Synthesis of Non-prenyl Pyran and Furan Naphthoquino-
nes (Scheme)3Compound35 was obtained by treatment of
lawsones3 with ceric ammonium nitrate (CAN) and styrene in
aqueous acetonitrile at O, via [3 + 2]-type cycloaddition.
The Knoevenagel condensation of lawsd&gand paraform-
aldehyde (CHO), leads to a quinone methide intermediate,

(B) Synthesis of Prenyl Pyran and Furan Naphthoquinones which undergoes hetero Dieté\lder reaction with styrene or

(Scheme 2 Treatment ofl with diluted H,SO, produces a
tertiary carbocation that is intramolecularly trapped by the
hydroxyl group located on carbon C-2 or by the oxygen located
at C-4, yieldingp-lapachonel5 (angular tricyclic derivative)
anda-lapachone6 (linear tricyclic derivative), respectivef}.
Cyclization of1 with m-chloroperoxybenzoic aciditCPBA),

ethyl vinyl ether as dienophiles, yielding in a one-pot reaction
the pyran naphthoquinone37 or 38, respectively. When
2-methylfuran was used as dienophile, compotimdis formed
instead of the expected pyran naphthoquinone derivative. The
formation of7 is the result of an electrophilic substitution on
the furan ring, where the quinone methide intermediate acts as

via an epoxide intermediate, rendered the furan and pyranelectrophile.

naphthoquinoned8, 30, 32, and52 in their racemic forms.
Reaction ofl with 2 equiv of ammonium cerium(lV) nitrate

(D) Synthesis of 1,4-Diazaphenanthrene Compounds and 9-
and 10-Membered Macrolactones (Scheme #,4-Diaza-
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Scheme 2.Synthesis of Prenyl Furan and Pyran Naphthoquinbnes
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0°C, m-CPBA. (vi) H;SOy, 0°C—rt. (vii) Dry CHxClz, 1t, DCC, DMAP, R)-(—)-MPA. (ix) NaHCO; (0.1 M), rt, MeOH. (x) Dry CHCl,, 0°C, Py RCOCI.

(xi) NH20H-HCI, NaOH 5%, 2 h.

Scheme 3. Synthesis of Non-prenyl Pyran and Furan
Naphthoquinonés
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CAN, CHsCN/HO (3/1), 0°C—rt, CH;=CHR. (i) CHsCN/H.O (3/1),
CAN, 0 °C—rt, 2-methylfuran.
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phenanthrene derivativdd—49 were synthesized by condensa-
tion of lapacholl and theo-quinonesl5, 18, 19, 23, and52

Scheme 4.Synthesis of Diazaphenanthrene Deriviatives and
Macrolactone’s

%

Ry Ry

R Ry
41-49 (49-89%)

aReagents and conditions: (i) 1,2-Ethylenediamingans-1,2-diamine
cyclohexane, molecular sieves 4 A, toluene,24 h-2 days. (i) (a) G,
—78°C, dry CHCly, 10-20 min; (b) MeS.

50-51 (61-70%)

with 1,2-ethylendiamine drans-1,2-diaminecyclohexar® The
treatment of compoundd46 and 49 with ozone produced a
selective oxidative cleavage of the enol double bond shared by
rings B and C, leading to the corresponding macrolact&ifes
and51.
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Table 1. p-1,4-Naphthoquinone Derivatives (Bicyclic Compounds)

0 O
R; R,
CLE
3
R, R,
o) 12 O
ICs0+ SD (mM)

compd R R, exptl rank  estCatalyst est COMSIA AGsqy (kcal/mol)  logP
1 OH CH,CH=C(CH), 3.18+1.1 ++ 3.0 1.8 —6.1 4.1
2 OAc CH,CH=C(CH). 451+0.8 ++ 19 8.3 —6.8 4.5
3 OCO(CH)10CH3 CH,CH=C(CHs), 26.26+ 1.9 + 10 16 —4.4 9.9
4 0CO-mmp-OMe)Ph  CHCH=C(CH) 8.06+31  ++ 10 10 -95 6.3
5 OTBDMS CH,CH=C(CH), 11.444+ 0.6 + 8.1 14 —-1.7 7.3
6 OH CH=C(CHg). 27.74+ 4.4 + 22 34 —6.7 3.2
7 OH CHy[2-(5-methylfuran)] 68.25:1.3  + 39 62 -10.3 36
8 OAc CHy(2,2-dimethyloxirane) ~ 1.82 05  ++ 1.1 2.3 -11.8 3.0
9 OAc CH,CHOHCOH(CH). 48.12+ 16.3 + 30 42 -16.1 1.8
10 OAc CH,CHBrCOH(CH)2 0.52+ 0.4 +++ 5.4 —6.5 —13.8 3.5
11 OAc CH,CHBrCBr(CH): 223+ 15 ++ 3.0 54 -10.4 5.1
12 OH CH,CH,CH(CH)2 34.60+ 7.1 + 51 58 —6.9 4.2
13 OH CH,CH,CH(CHg)2 62.13+ 2.9 + 15 66 —8.0 4.1
14 OCHOCHs CH,CH,CH(CHg), 53.91(1.6 + 33 37 —-5.8 4.4

a Compounds used to test the COMSIA model.

Table 2. Pyran- and Furan-1,2-Naphthoquinone Derivativé€gcled, Angular Tricyclic Compounds)

ICs0 4 SD (uM)
compd n Ry Rz R3 exptl rank est Catalyst  est COMSIA AGsqy (kcal/mol)  logP
15 1 Me Me H 0.27+0.04 +++ 0.39 3.7 7.2 3.2
16 1 Me Me OHE® 057+0.02 +++ 0.66 4.9 —-11.1 2.2
17 1 Me Me OHR) 0.55+ 0.1 +++ 0.52 -3.0 —-11.1 2.2
18 0 C(OH)CH). H H 197403  ++ 3.7 1.6 -11.6 1.6
19 1 Me Me Br 0.13+0.02 +++ 0.22 0.9 -7.5 3.6
20 1 Me Me Br 0.20+ 0.1 +++ 0.17 —-0.12 -7.3 3.5
21 0 C@BnCH). H H 0.70£0.2  +++ 0.14 6.0 -8.3 3.2
22 1 Me Me Br 0.12+0.02 +++ 0.19 2.7 -11.7 3.1
23 1 Me Me OAc 0.68£ 0.3 +++ 0.22 2.2 —10.9 3.0
24 1 Me Me OCOPY 0.24+0.04 +++ 0.17 2.1 -9.5 3.8
25 1 Me Me OCO(CH)10CH3 0.26+ 0.1 +++ 0.15 3.1 7.4 8.3
26 1 Me Me OpBrBz 0.45+ 0.2 +++ 0.19 -0.2 —-11.0 5.8
27 1 Me Me OpCNBz 0.13: 0.1 +++ 0.15 0.04 —-12.4 4.7
28(SR 1 Me Me OCOCH(OCH)(Ph) 0.11+0.01 +++ 0.16 0.9 -10.5 5.0
29RR 1 Me Me OCOCH(OCH)(Ph) 0.26(0.04 +++ 0.14 1.7 -9.8 5.0

a Compounds used to test the CoMSIA model.

Biological Assays.Cytotoxic assays were performed on Three-Dimensional Pharmacophore Model for Naphtho-
human promyelocytic leukemia HL-60 cell lines by use of the quinone Derivatives.We have developed a three-dimensional
MTT assay* (see Experimental Section). The concentrations pharmacophore model for compourids51 (Tables 1-4) with
inducing a 50% inhibition of cell growth (I§) in uM are the Catalyst software. The fixed, null, and configuration costs
reported in Table 1 fop-1,4-naphthoquinones (opened deriva- are 133, 825, and 10 bits, respectively. The difference of 692
tives 1—14); in Table 2 foro-1,2-furan and pyran naphtho- bits between fixed and null costs is a sign of highly predictive
quinones §-cycled derivativesl5—29); in Table 3 forp-1,4- hypotheses. The average linkage cluster method of Catalyst
furan and pyran naphthoquinones-¢ycled derivatives30— rendes two groups of hypotheses. The hypothesis with the best
38); and in Table 4 for nitrogenous derivatives and 1,4- statistics (total cost of 220 bits) is employed throughout this
diazaphenanthrene derivatives (compowsts51). Compounds paper. The statistical significance of this hypothesis was assessed

1-51 were classified by their activity as highly active gC< by the Fisher method as implemented in the CatScramble
1uM, +++), moderately active (M < ICsp < 10uM, ++), module. The IG values were scrambled randomly 49 times,

or inactive (10uM > ICsq, +). The most cytotoxic derivatives  and new hypotheses were generated. None of the outcome
belong to theo-naphthoquinone series (Table 2) with;§@alues hypotheses had a cost lower than the reported hypothesis (results

in the 0.£-0.7 uM range, with the only exception being not shown). Thus, there is at least 98% probability that this
compound 18 (ICsp = 1.97 uM). Of the other series of  hypothesis represents true correlation in the daigure 1
compounds, only the bromohydrine derivatiie shows high shows the structural features of the pharmacophore model
activity (ICso = 0.52 uM). consisting of a hydrophobic region (HYD), three hydrogen-
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Table 3. Pyran- o = 1) and Furan-r{ = 0) 1,4-Naphthoquinone Derivatives-Cycled, Linear Tricyclic Compounds)

0
O _R;
COrs
n R
0
ICs0+ SD (M)
compd n R1 R R3 exptl rank est Catalyst est COMSIA  AGsqy (kcal/mol) logP
30 1 Me Me OH 1.35+£ 0.1 ++ 43 -1.8 —10.2 2.7
31 1 Me Me Br 1.36+ 0.4 ++ 3.3 -1.3 —6.1 4.1
32 0 CH(OH)(CH)2 H H 1.85+0.4 ++ 2.1 0.3 —10.2 2.0
33 0 CH(ONG)(CHga)2 H H 1.24+0.1 ++ 1.9 -1.8 -6.7 34
34 0 C(CHs)=CH, H H 1.46+ 0.6 ++ 2.7 3.4 -6.3 34
35 0 Ph H H 2.65+ 0.2 ++ 7.8 3.7 -8.2 37
36 1 Me Me H 13.46+ 2.4 + 10 5.6 —6.0 35
37 1 Ph H H 22914+ 3.6 + 20 26 —6.6 4.7
38 1 OEt H H 29.66 (0.1 + 8.7 28 -7.6 2.8
a Compounds used to test the CoOMSIA model.
Table 4. Nitrogenous Derivatives
R R R
X X N)\/ R N)WR R%N
o, oo QX
), f ) U )nR
R, R 0 = Rs _
Typel R Ry Type2 RiR, Type 3 Type 4 R R, Type 5 ©O R, 2
ICs50 £+ SD (mM)
compd type n R, X,Y R1 R> R3 exptl rank est Catalyst est COMSIA AGsqy (kcal/mol)  logP
39 1 1 X=NOH Me Me H 3.20+ 0.3 ++ 2.2 15 -9.1 4.6
Y=0
40 2 0 X=NO, CH(OH)(CHy). H H 46.97 (12.0) + 54 56 -10.4 2.7
Y =OH
41 3 -(CHp)s- 1553+11 + 22 18 -8.8 4.2
42 4 1 -(CHy)s Me Me H >100 + 20 —8.6 6.4
43 4 1 -(CHy)s- Me Me OH 1339+ 57 + 30 19 -12.5 4.8
44 4 1 -(CH)s Me Me OAc 24.16£9.2 + 17 24 -12.1 5.7
45 4 0 -(CH)s CH(OH)(CH). H H 31.88(10.9 + 25 3¢ —10.1 4.2
46 4 1 H Me Me H 23.68:7.0 + 26 30 -8.3 4.7
47 4 1 H Me Me OH 282553 + 29 25 —13.1 3.2
48 4 1 H Me Me Br 241045 + 28 26 —-8.4 4.8
49 4 0 H CH(OH)(CH), H H 44.08+9.6 + 37 40 —13.6 25
50 5 1 H Me Me H 47.10+79 + 59 —10.6 3.9
51 5 0 H CH(OH)(CH), H H g100 + 37 -14.8 2.4

a Compounds used to test the CoOMSIA model.

bond-acceptor groups (HBA1l, HBA2 and HBA3), and six
excluded volumes. The theoretically predictedd@alues are
also listed in Tables24. The good predictive power of this
model is indicated by the high correlation coefficient between
experimentally and theoretically predicteds¢Gralues ( =
0.937). In fact, only onet++ compound is not correctly
predicted in thet+ category (compound0); only one+-+
compound is incorrectly classified in tHecategory (compound
10); and all but four+ compounds g, 5, 36, and 38) were
predicted correctly. All compounds that are highly activeHt)

fit the HYD, HBA1, HBA2, and HBA3 pharmacophoric features
with the exception of compounti.

Three-Dimensional QSAR/CoMSIA Model for Naphtho-
quinone Derivatives.Three-dimensional QSAR/CoMSIA analy-
sis was performed on naphthoquinories51 (Tables 1-4).
Randomly chosen compound®, 20, 32, and 45 were not
included in the training set in order to test the derived CoMSIA
model predictiveness. The inactive compoudA@s50, and51

mentally determined 165 values were related to the independent
variables by the PLS methodology (see Experimental Section).
Table 5 shows the statistical properties of the model. From a
statistical viewpoint, the value of the obtained cross-validated
correlation coefficientg? (0.627) reveals that the model is a
useful tool for predicting the biological activity. The correlation
coefficient between theoretically predicted (see Table4)land
experimentally determined kg values is 0.933. As a further
test of robustness, the CoMSIA model was applied to the
excluded ligand42, 20, 32, and45. Clearly the theoretically
predicted values for these compounds (marked in Tabteh 1
are in agreement with the experimentally determined ones. The
relative contributions of the CoMSIA models for the electro-
static, steric, hydrogen-bond-donor and -acceptor, hydrophobic,
and solvation terms are also shown in Table 5. Figure 2
illustrates the CoMSIA (i) steric, (ii) electrostatic, (iii) hydro-
phobic, (iv) hydrogen-bond-acceptor and (v) hydrogen-bond-

were not included in the CoMSIA model, because their residual donor fields on the receptor maps (the color code of the maps
values were greater than two standard deviations. The experi-is described in the caption).
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Table 5. Statistical Results of Inhibition of Cell Growth (k) in the

CoMSIA Model
Q?%a 0.627
NP 4
n¢ 44
R2d 0.933
F 135.162
electrostatie 24.1
steri¢ 7.2
H-bond acceptéf 17.7
H-bond donatf 33.6
hydrophobié 15.7
solvatiorf 1.6

al eave-one-out correlation coefficiefitOptimal number of principal
componentsS Number of compounds. Non-cross-validated correlation
coefficient.¢ Percentage of contributiohOn the receptor.

left side of Figures 24 and 3, where H-bond-acceptor groups
of the receptor are located.

RV The substitution of R=H in 15[ICs (15) = 0.27] by polar
Figure 1. Pharmacophore model for naphthoquinone derivativesl groups such as OH [K3 (;6) = 0.57 and 1Go (17) = 0.55] or
created with the HypoGen algorithm as implemented in Catalyst. The OAc [ICs (23) = 0.68] increases the Kg values; whereas
structural features are a hydrophobic region (HYD, cyan), three substitution by Br [IGo (19) = 0.13 and 1Gp (20) = 0.20] or

six excluded volumes (gray). The HYD feature is drawn as a globe, ; ; aERa
whereas HBA features are shown as two globes due to the directional}/aluelSéThIZSSSnlag (ﬁpte nldencggon_tfz)eGSéJ pstltu?ng, gln? d
nature of this chemical functiop-Cycled-1,2-naphthoquinorie (A), rom ICso (28) = 0. 0 1Gyo (23) = 0.68, is not represente

a-cycled-1,4-naphthoquinon®0 (B), and lapacholl (C , D) were in the pharmacophore model and only partially represented in

mapped onto the pharmacophore model. the CoMSIA analysis. Steric (Figure 2Aelectrostatic (Figure
2A;), and H-bond acceptor (Figure 2Rfields on the receptor

Discussion maps show green, red, and cyan areas, respectively, indicating

that the R substitution modulates the dgvalues. The hydrogen-
bond-donor OH group of compound$ and 17 would fit the

lar Tricyclic Compounds). All pyran-1,2-naphthoguinones cyan area where H-bond acceptor groups on the receptor should
=1 highl i ++ Table 2). ) )
(n ) are highly active £-+-) compounds (see Table 2) be located; however, the igincrease of compoundst and

These compounds share all the chemical features found in the17 (Rs = OH) with respect o compount5 (Rs — H) is not

pharmacophore model. Figure 1A shows compol&glaced : . .
; _ explained by the CoMSIA model in 1,2-naphthoquinongs (
into the model, Clearly, the carbonyl groups at the C-1 (HBAL) cycled). In contrast, the OH substitution in 1,4-naphthoquinones

and C-2 (HBA2) positions, and the oxygen atom of the pyran . .

ring (HB,§3), ac)t Fz:*ls. hydrogen-bond aé/(?eptors in a hydrF()))g/;en- (o-cycled) decreases t_he gg:va_llues In agreement W't.h the

bond interaction with the receptor, whereas the HYD feature is COMS_lA model, as will be dlscus_,sed Iater._Thls d'ﬁefer.‘t
behavior of 1,2- and 1,4-naphthoquinones having OH substitu-

created in this selected set of ligands by the methyl groups att_ s the id £ diff + orientati in the int "
the C-13 position of the pyran ring (R= R, = Me). The ions supports the idea of different orientations in the interaction
with the receptor (see next section).

CoMSIA analysis reproduces similar structural determinants )
(Figure 2A). The electrostatic map (Figure dAand H-bond- Pyran- (n = 1) and Furan- (n = 0) 1,4-Naphthoquinone
donor map (Figure 24} on the receptor show magenta and Derivatives (o-Cycled, Linear Tricyclic Compounds). None
orange areas at the upper right side near the carbonyl groups af the synthesized 1,4-naphthoquinone derivatives shows high
C-1 and C-2, which are similar to the HBA1 and HBA2 Cytotoxic activity, despite the fact that they contain chemical
pharmacophoric elements. In agreement with this hypothesisfeatures similar to the 1,2-naphthoquinones: that is, two
that hydrogen-bond-donor groups at the receptor interact with carbonyl moieties, the oxygen atom of the pyran or furan ring,
the two Carbony| groups, the steric map (Figure)ﬁhows an and two methyl groups (See Table 3) HOWeVer, these common
unfavorable yellow area at this position where the receptor €lements show different spatial arrangement in the two types
would be located. The steric map also contains a favorable greenPf naphthoquinones. Figure 1B shows superposition of com-

Pyran-1,2-Daphthoquinone Derivatives §-Cycled, Angu-

area similar to the HYD feature (Figure 2Aower right side). ~ pound30into the pharmacophoric model. The carbonyl group
However, the HBA3 pharmacophoric element is not reproduced at the C-4 position elicits the HBA2 feature, the oxygen atom
in the CoOMSIA analysis. of the pyran ring elicits the HBA3 feature, and the methyl groups

Compound39 is, among the ligands described in Table 4, of the pyran ring elicit the HYD feature. In contrast to 1,2-
the only one showing moderate activity{). Remarkably, this ~ naphthoquinones, the carbonyl group at the C-1 position of 1,4-
compound has in common with the pyran-1,2-naphthoquinoneshaphthoquinones is not coordinated with any HBA feature,
the HBA2 Carbony] group, the HBA3 oxygen atom at the pyran explaining the fact that this set of Compounds is moderately
ring, and the HYD methyl groups. However, the HBA1 feature active (++) or inactive () (Table 3).
in 39is attained by the oxime-C=NOH group rather than the Figure 2B shows compound0 placed into the CoMSIA
carbonyl group at the C-1 position of the pyran-1,2-naphtho- model. The hydrogen-bond-donor group-R OH is predicted
quinones. The longer C=NOH group is probably not optimal  to map to the cyan area (Figure i2Bwhere H-bond-acceptor
for interacting with the receptor at this part of the molecule. In groups of the receptor are located. This fact explains the 10-
contrast to the carbonyl group, the NOH can also act as fold decrease of 16 between compound36 (R; = H) and30
hydrogen-bond donor. The C=NOH moiety is predicted in (Rs = OH). The same effect is not observed in 1,2-naphtho-
the CoMSIA model to interact with the cyan area at the upper quinones (see above).
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w v
Figure 2. Steric (i), electrostatic (ii), hydrophobic (iii), hydrogen-bond-acceptor (iv), and hydrogen-bond-donor (v) maps fogtBeNMSIA
model. 8-Cycled-1,2-naphthoquinon5 (A) and a-cycled-1,4-naphthoquinor@0 (B) are shown as reference structures. The color code of the
maps is as follows: (i) green or yellow areas depict zones of the space where occupancy by the ligands decreases or icreapesti@ly;
(i) areas where a high electron density provided by the ligand decreases or incregse® I€hown in red or blue, respectively; (iii) gray areas
define regions of space where hydrophobic groups are predicted to incregsgviCGareas where H-bond acceptors on the receptor are predicted
to decrease or increasesf&re shown in cyan or purple, respectively; and (v) orange or magenta contours show areas where H-bond donor zones
on the receptor are predicted to increase or decreage IC

1,4-Naphthoquinone Derivatives (Bicyclic Compounds).
1,4-Naphthoquinone derivatives (Table 1) contain two carbonyl
moieties, at positions similar to the carbonyls of teeycled
1,4-naphthoquinones, and an oxygenated substituent at C-2,
comparable to the oxygen atom of the pyran or furan ring of
a-cycled 1,4-naphthoquinones. The tricyclic 1,4-naphthoquino-
nes @-cycled) are more rigid structures than the corresponding
bicyclic 1,4-naphthoquinones (opened), in which thaRd R
substituents can adopt different conformations and, conse-
quently, achieve different binding modes into the pharmacophore ; ure 3. Hvdrogen-bond acceptor on the receptor map for tha IC
model. This effect is illustrated in Figure 1C,D for lapachiol CgMSIA mo%iel v?ith compound&;% (yellow) and39p(green)pshownmas
Figure 1D shows superposition of lapachol into the pharma- reference structures. The color code for the contour maps is as described
cophoric model through the C-4 carbonyl group in HBA2, the for Figure 2.
R1 = OH substituent at C-2 in HBA3, and the isoprenyl chain
in HYD. Notably, the aliphatic chain at C-3 adopts the same  The replacement of the double bond of the isoprenyl chain
conformation as the pyran ring afcycled 1,4-naphthoquinones. [ICso (2) = 4.51] by other groups has varied effects on the
This mode of binding is, thus, similar te-cycled 1,4- cytotoxicity. Compound.0, with R, = CH,CHBrC(OH)(CH;)o,
naphthoquinones (see Figure 1B,D), and it would explain the presents a cytotoxic activity increase of 8.7-fold with respect
moderately active{+) or inactive (+) profile of this set of to compound?2 [ICso (10) = 0.52]. Figure 3 shows this
compounds (Table 1). Figure 1C shows the other arrangementcompound in orange into the hydrogen-bond-acceptor map of
of lapacholl into the pharmacophore model. In this case, the the CoMSIA model. Clearly, the OH group maps the cyan area
C-1 carbonyl group, the hydroxyl group at C-2, and the carbonyl at the lower right side of the figure, where H-bond-acceptor
group at C-4 act as hydrogen-bond acceptors mapping HBA1, groups at the receptor are located, explaining the significant
HBAZ2, and HBAS3, respectively, whereas the aliphatic chain at decrease in 1§ of this compound. The CoMSIA model also
Rz maps the HYD. However, the bicyclic 1,4-naphthoquinones predicts an unfavorable purple area, which explains the inactivity
possess moderate activity or inactivity, in contrast with the high of 9 [ICsq (9) = 48.1], which presents two hydroxyl groups on
cytotoxicity of g-cycled 1,2-naphthoquinones B§(1) = 3.18 the isoprenyl chain [R = CH,CH(OH)C(OH)(CH),]. The
vs ICso (15) = 0.27]. This different behavior can be explained hydroxyl group at C-2 maps onto this unfavorable area.
by considering that the HYD methyl groups ©5 are forced Nitrogenous Derivatives.The nitrogenous derivatived@—
by the pyran ring to keep their spatial arrangement (see above) 51, Table 4) are inactive compounds. Clearly, compoutitis
whereas the aliphatic chain bfprobably changes conformation 51 occupy the yellow contour area in the steric map of Figure
to be placed at the HYD feature, causing an energetic penalty.1, near the C-1 and C-2 carbons, showing that occupancy of
The electronic nature of the C-2 carbonyl oxygerlbfind the this area by the heterocyclic ring of these compounds is
OH substituent ofl is very different. Both functional groups  detrimental for cytotoxic activity.
map the HBA2 feature but in a different way. While the carbon .
and oxygen atoms and the lone pairs @ are in the same ~ Conclusions
plane in15, the carbon, oxygen, and hydrogen atoms and the In conclusion, our study has identified in detail the structural
lone pairs of the OH group are in a tetrahedral arrangement in elements of naphthoquinone derivatives that are keys for
1. Thus, the OH group ofiL cannot have a hydrogen-bond cytotoxic activity in the HL-60 cell line. The independent
interaction of the same magnitude as the@ group of15. generation of a HypoGen pharmacophore model and a 3D-
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QSAR/CoMSIA model, using the alignment obtained with the
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were dried over MgS@ After evaporation of the solvent, the

former, has been shown to be a valuable tool for analysis. Highly residue was chromatographed on a Sephadex LH-20 column (eluted
active compounds, such Ascycled pyran-1,2-naphthoquinones ~ With a mixture of hexanes/MeOH/CHCP/1/1), yielding 47 mg

[0.1 uM < ICsp < 0.57 uM], contain four pharmacophoric
features: three hydrogen-bond-acceptor groups and a hydr

phobic region. These results provide the tools for the design

and synthesis of new ligands with high predetermined activities.

Experimental Section

General. IR spectra were obtained on a Bruker IFS 55 spectro-
photometer. One-dimensional (1D) NMR specttd 4nd'3C NMR)
were recorded on a Bruker AMX-300 spectrometer. Two-
dimensional NMR spectra were registered on Bruker AMX-400
spectrometer. Chemical shift§)(are expressed in parts per million
(ppm), and coupling constantd) @re given in hertz. Mass spectra
[electron ionization mass spectrometry (EI-MS) and high-resolution
(HR) EI-MS] were analyzed on Micromass Autosp&t.C 1500/

LS 25 Schleicher and Schuell foils were used for thin-layer
chromatography, while silica gel (6-2.63 mm) and Sephadex LH-
20 were used for column chromatography. Lapadh@tapachone

15, and lawsoné3 were used as starting material to synthesize
the training set of naphthoquinones. Lapachalas isolated by
extraction of the powdered wood @abebuia impetiginoséBig-
noniaceae) with a cold solution of sodium carbonate g%apa-
chonel5 was obtained by intramolecular cyclization of lapachol
using concentrated sulfuric aciél.Lawsone53 (2-hydroxy-1,4-
naphthoquinone) was purchased from Sigmidrich Co. Com-
pounds2—10, 16—18, and30—51 were obtained following the same
procedure described in refs 3, 5b, 7c, 21, and 23. Compaol®ds

23 were obtained in higher yield than previously reported methods
by following the procedure described below. The procedures for
the preparation of derivativedsl—14 and23—29 are also described
below. Spectroscopic data of the new compouhtisl4 and24—

(100%) of14. H NMR (CDCls, 300 MHz) 6 8.05 (m, 2H), 7.69

o{m, 2H), 5.43 (s, 2H), 3.57 (s, 3H), 2.64 (m, 2H), 1.63 (hept

6.6 Hz, 1H), 1.39 (m, 2H), 0.96 (d, = 6.6 Hz, 6H).13C NMR
(CDCl, 75 MHz) 6 185.2 (s), 181.4 (s), 155.3 (s), 137.3 (s), 133.8
(d), 133.2 (d), 132.0 (s), 131.3 (s), 12622 (d), 98.4 (t), 57.6
(a), 37.8 (t), 28.6 (d), 22.4 2 (q), 22.1 (t). EI-MSm/z288 (M",
0.5), 257 (M" — OMe, 0.4), 244 (M — MOM, 37), 188 (100).
HR-EI-MS m/z 288.1371 [(M); calcd for G7H,00,4 288.1362].

Reaction of 1 with NBS To Obtain Derivatives 19, 20, 22,
and 31.Compoundl (2.25 g) was treated with 2 equiv of NBS in
CH,CI, for 24 h. Then the solvent was removed under vacuum
and the residue was purified by flash chromatography on silica gel,
eluted with hexanes/EtOAc 3/2, to yield 875 mg (29%)16f 752
mg (25%) of 12-bromgs-dehydrolapachon®0, 773 mg (25%) of
22,51 mg (2%) of31, and 6 mg €1%) of the 12-bromax-
dehydrolapachone isomer. All of them showed spectroscopic data
identical to those reported previously in the literattfre.

Reaction of 2 with Br, To Obtain Derivatives 19 and 21.
Compound2 (184 mg, 0.65 mmol) was treated with 1.0 equiv of
Br, in 10 mL of dry CHCI, at rt for 10 min. The solvent was
removed under vacuum and the crude product was purified by flash
chromatography (eluted with hexanes/EtOAc 40%) to yield 171
mg of compound 9 (93%) and 11 mg of compourii (5%), which
showed spectroscopic data identical to those repdfted.

General Procedure for Preparation of the &) Ester Deriva-
tives 23-27. The racemic alcohdb2 was treated with 1.5 equiv
of the corresponding acyl chloride and 2 equiv of pyridine, in dry
CH,Cl, at 0 °C. When the starting material was consumed (as
monitored by TLC), the reaction mixture was left to warm to rt,
the solvent was removed under reduced pressure, and the crude
product was chromatographed on silica gel with mixtures of hexane/

29, whose structures were rigorously elucidated and have not beenEtOAc as eluent. Compourg8 showed spectroscopic data identical

previously reported in the literature, are also included.
3-(2,3-Dibromo-3-methylbutyl)-1,4-dioxo-1,4-dihydro-2-naph-

thalenyl Acetate (11).Compound2 (262 mg) was treated with

1.1 equiv of NBS ifBuOH/H,O (1/1). When the starting material

to those reported previously in the literatdfe.
(%)-2,2-Dimethyl-5,6-dioxo-3,4,5,6-tetrahydro-Bl-benzoh]-

chromen-3-yl 2-Methylpropanoate (24) Following the procedure

described above, 103 mg (0.39 mmol) &f)(52 was treated with

was consumed, the solvent was removed to half of its volume, the 65 uL (1.5 equiv) of isobutyryl chloride and 6bL (2 equiv) of
crude material was extracted with ether, and the combined organicpyridine, in 6 mL of CHCI, at 0°C for 18 h. The crude was purified

extracts were dried over MgSQOThe mixture was purified on a
Sephadex LH-20 column (eluted with a mixture of hexanes/MeOH/
CHCl; 2/1/1) to yield 330 mg (94%) of0 and 11 mg (3%) ofL1.

by flash chromathography with-220% hexanes/EtOAc, to yield
129 mg (100%) oP4. 'H NMR (CDCls, 300 MHz)¢6 8.08 (d,J =
7.6 Hz, 1H), 7.83 (dJ = 7.8 Hz, 1H), 7.67 (tJ = 7.7 Hz, 1H),

Compoundl0 showed spectroscopic data in agreement with those 7.54 (t,J = 7.7 Hz, 1H), 5.12 (t) = 4.8 Hz, 1H), 2.83 (dd) =

reported previously in the literaturéd NMR (CDClz, 300 MHz)
0 8.12 (m, 2H), 7.76 (m, 2H), 3.60 (dd,= 10.1, 2.6 Hz, 1H),
3.04 (dd,J =12.9, 2.7 Hz, 1H), 2.81 (dd, = 12.9, 10.1 Hz, 1H),
2.41 (s, 3H), 1.86 (s, 3H), 1.85 (s, 3HJC NMR (CDCk, 75 MHz)
0 185.4 (s), 177.8 (s), 168.1 (s), 152.5 (s), 136.5 (s), 134.2 (d),
134.1 (d), 131.9 (s), 130.9 (s), 126:82 (d), 77.8 (d), 73.1 (s),
30.4 (t), 30.0 (9), 28.6 (q), 20.5 (q). EI-M8/z444 (M* + 2, 27),
442 (M*, 70), 361 (M — Br, 58), 154 (100). HR-EI-MSm/z
441.94009 [(M); calcd for G/H1604Br, 441.9415]. IR (CHG) vmax
(cm™1) 3527, 2970, 1777, 1677, 1595, 1430, 1370, 1340, 1296,
1173, 1068, 1015, 947, 878, 793, 733 ¢m

Hydrogenation of Lapachol (1) To Obtain Derivatives 12 and
13. Compoundl1 (183 mg) was dissolved in 10 mL of dry

18.1, 5.0 Hz, 1H), 2.63 (dd] = 18.1, 4.6 Hz, 1H), 2.54 (qd} =
7.0, 7.0 Hz, 1H), 1.47 (s, 3H), 1.44 (s, 3H), 1.47Jt= 7.0 Hz,
6H). 13C NMR (CDClk, 75 MHz) 6 179.3 (s), 178.5 (s), 176.0 (s),
161.1 (s), 134.9 (d), 131.9 (s), 131.0 (d), 130.1 (s), 128.8 (d), 124.7
(d), 110.2 (s), 79.8 (d), 68.8 (d), 34.0 (d), 25.0 (q), 22.9 (q), 22.6
(1), 19.0 (q), 18.8 (q). EI-MSn/z329 (M*, 2), 258 (M- — COP¥,
2), 258 (M" — COPf — H,0, 100), 212 (240- CO, 60), 71 (COPy
46). HR-EI-MS m/z 329.1401 [(M + 1); calcd for GgH»10s
329.1389].
()-2,2-Dimethyl-5,6-dioxo-3,4,5,6-tetrahydro-Bl-benzoh]-
chromen-3-yl Laurate (25). Following the general procedure
described above, 140 mg (0.54 mmol) &f)(52 was treated with
190 uL (1.5 equiv) of lauroyl chloride and 90L (2 equiv) of

tetrahydrofuran (THF). Catalytic amounts of Pd supported on carbon pyridine, in 8 mL of CHCI, at 0°C for 6 h. The crude product

were added and a stream of Was passed through the mixture for

was purified by flash chromathography, eluted with hexanes/EtOAc

10 days. Then the crude product was filtered and the solvent was9/1, to yield 208 mg (87%) 025. 'H NMR (CDCl;, 300 MHz) 6
eliminated under vacuum. The residue was chromatographed by8.03 (d,J= 7.6 Hz, 1H), 7.81 (dJ= 7.8 Hz, 1H), 7.64 (tJ = 7.7

preparative TLC (eluted with a mixture of hexanes/acetate 10%),

yielding 50 mg (27%) ofL2 and 94 mg (51%) o13. Both showed

Hz, 1H), 7.50 (tJ = 7.6 Hz, 1H), 5.11 (m, 1H), 2.78 (dd, =
18.2, 4.9 Hz, 1H), 2.63 (ddl = 18.2, 4.3 Hz, 1H), 2.30 (m, 6H),

spectroscopic data identical to those reported previously in the 1.56 (m, 6H), 1.45 (s, 3H), 1.41 (s, 3H), 0.83 (m, 11HL NMR

literature?6

2-Isopentyl-3-(methoxymethoxy)naphthoquinone (14)Com-
pound13 (40 mg) was treated with 1.6 equiv of methoxymethyl-
chloride (MOMCI) and 2 equiv of ethylisopropylamind®®GEtN)
in 4 mL of dry CH,Cl, at room temperature (rt) for 30 min. The
mixture was washed with 0 and the combined organic phases

(CDCl,, 75 MHz) 6 179.2 (s), 178.4 (s), 162.1 (s), 134.8 (d), 131.9
(s), 130.9 (d), 130.1 (s), 128.7 (d), 124.2 (d), 110.1 (s), 79.7 (S),
68.8 (d), 34.2 (t), 34.0 (1), 31.8 (t), 29.5 (1), 29.4 (t), 29.3 (t), 29.2
(t), 29.1 (t), 29.0 (1), 24.9 (s), 24.8 (q), 24.7 (1), 23.0 (1), 22.6 (q),
14.0 (q). EI-MSm/z 440 (M*, 7), 240 [M* — OCO(CH)1cCHs,
100]. HR-EI-MSm/z440.2542 [(M); calcd for GHseOs 440.2563].
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()-2,2-Dimethyl-5,6-dioxo-3,4,5,6-tetrahydro-BI-benzoh]- (s), 69.8 (d), 57.4 (q), 24.7 (q), 22.6 (1), 22.3 (q). HR-El-M&
chromen-3-yl 4-Bromobenzoate (26)+)-52 (133 mg, 0.51 mmol) 407.1501 [(M + 1); calcd for G4H»306 407.1495].
was treated with 170 mg (1.5 equiv) pfbromobenzoyl chloride (39)-3-Hydroxy-2,2-dimethyl-3,4-dihydro-2H-benzofh]-

and 80uL (2 equiv) of pyridine, in 15 mL of CKCl, at 0°C. The chromene-5,6-dione (16)Hydrolysis of 28 was carried out with
crude product was purified by flash chromathography, eluted with NaHCGQ; (0.1 M) in methanol at rt for 2 h. The residue was
hexanes/EtOAc 9/1, to yield 12 mg (5%) 26. 'H NMR (CDCls, extracted several times with GEl,. The combined organic extracts
300 MHz) 6 8.03 (m, 2H), 7.99 (dJ = 7.8 Hz, 2H), 7.83 (dJ = were washed with water, dried over Mg$sénd then purified by
7.8 Hz, 1H), 7.68 (m, 2H), 7.50 (m, H), 5.40 (m, 1H), 2.95 (dd, flash chromathography on silica gel (eluted with mixtures of
J=18.3, 4.7 Hz, 1H), 2.85 (dd] = 18.3, 4.0 Hz, 1H), 1.55 (s, hexanes/AcOEt 30%), to yield 13 mg (36%)1# ([o] p?° (CHCl3)
3H), 1.52 (s, 3H)13C NMR (CDCk, 75 MHz) 6 179.3 (s), 178.2 = +47.2) which showed spectroscopic data identical to those
(s), 163.1 (s), 150.9 (s), 134.1 (d), 1322 (d), 132.1 (s), 131.9 reported in the literature.

x 2 (d), 130.1 (s), 129.0 (d), 125.9 (d), 124.3 (d), 127.7 (s), 127.0  (3R)-3-Hydroxy-2,2-dimethyl-3,4-dihydro-2H-benzo]-

(s), 109.8 (s), 79.1 (s), 70.6 (d), 24.9 (q), 23.5 (q), 22.7 (t). EI-MS chromene-5,6-dione (17).Hydrolysis of 29 was carried out
m/z442 (M" + 2, 8), 440 (M, 8), 257 [M" — COp(Br)Ph, 61], following the procedure described before to obtain 21 mg (58%)
183 [COp(Br)Ph, 100]. HR-EI-MSm/z440.0278 [(M); calcd for of 17, which showed spectroscopic data identical to thoseléor

C2H170sBr 440.0310]. except the optical rotation ]p?> (CHCl) = —49.0).
(4)-2,2-Dimethyl-5,6-dioxo-3,4,5,6-tetrahydro-Bi-benzoh]- Cell Culture. The human promyelocytic leukemia HL-60 cell
chromen-3-yl 4-Cyanobenzoate (27)+)-52 (130 mg, 0.50 mmol) line established by Gallagher et?8\was cultured in suspension in
in 10 mL of CHCl, was treated with 170 mg (2 equiv) of RPMI-1640 medium (Invitrogen) supplemented with 10% heat-
p-cyanobenzoyl chloride and 100 (2.5 equiv) of pyridine, at 0 inactivated fetal bovine serum, penicillin (10 000 units/mL), and
°C for 24 h. The crude product was purified by flash chromathog- Streptomycin in a humidified atmosphere of 95% air and 5% CO
raphy, with 5-40% |"|e)(ar|es/Et(jAC7 to y|e|d 51 mg (35%)m at 37°C. Cells were maintained at a densm x 108 cells/mL.

H NMR (CDCls, 300 MHz) ¢ 8.11 (d,J = 7.6 Hz, 1H), 8.06 (d, Cells were resuspeqded in fresh medium 24 h before each treatment
J= 7.7 Hz, 2H), 7.89 (dJ = 7.6 Hz, 1H), 7.68 (m, 3H), 7.58 (m,  to ensure expon_entlal growth. Sto_ck s_,olutlons (200 or 50 mM) of
1H), 5.40 (m, 1H), 2.95 (dd] = 18.4, 4.8 Hz, 1H), 2.85 (dd} = Iapachol derivatives were made in dlme.thyll sulfoxide (DMS‘O),
18.4, 4.0 Hz, 1H), 1.57 (s, 3H), 1.51 (s, 3*AC NMR (CDCk, 75 aliquoted, and stored at80 °C. Further dilutions were made in
MHz) 6 179.1 (s), 178.5 (s), 163.9 (s), 161.1 (s), 135.0 (d), 133.2 culture medium prior to use. In all experiments, the final concentra-

(s), 132.3x 2 (d), 131.8 (s), 131.2 (d), 130.6 (s), 13022 (d), tion of DMSO did not exceed 0.5%, a concentration that is not
129.0 (d), 124.3 (d), 117.7 (s), 116.9 (s), 109.8 (s), 79.1 (s), 70.6 toxic to the cells. ,

(d), 24.9 (q), 23.5 (q), 22.7 (). EI-M8/2387 (M*, 1), 258 [M* Assay for Cytotoxicity. Cytotoxic assays were performed by
— COp(CN)Ph, 1], 130 [C@®(CN)Ph], 94 (100). HR-EI-MSn/z the MTT proceduré? Cells (1x 10%well) were exposed to different
387.3401 [(M); calcd for GaH170sN 387.3854]. concentrations of the compounds in 96-well plates for 72 h at

: ) P A A ] . 37 °C. Controls and samples were always treated with the same
[h]Er?foorlr?:r?g-gfg-(;-:ggreoz(gzi’ 2&'&2?%:03640?21?;%2;8b§r?§ 029 concentrations of vehicle (DMSO). Surviving cells were detected
(4)-52 (149 mé] 0.58 mmolj in 6 mL of dry CKCl, was treated. on the basis of their ability to metabolize 3-[4,5-dimethylthiazol-
with 192 mg (2’ equiv) of R)-a-methoxyphenylacetic acid, at rt 2-y|]2,5-d|phgnyltetrazollum bromide (MTT) into formazan crysta]s.
for 10 h in the presence of dicyclohexylcarbodiimide (2 equiv) and Optical density at 560 nm was used as a measure of cell viability.

dimethylaminopyridine (DMAP) in catalytic amounts. When the The MTT dye reduction assay measures mitochondrial respiratory

starting material was consumed, the solvent was removed underl‘unctlon and can detect earlier than dye-exclusion methods. Cell

o survival (%)= (mean absorbance in treated wells/mean absorbance
vacuum and the crude product was purified by flash chromathog- ; . ; . IR
raphy (silica gel, eluted with mixtures of hexanes/EtOAc increasing Ic:‘ cg(;}rog;r\évv\e,[[lﬁ) >(<| égo'W%?gcggigm22&“%‘:;?%;33’ ][2?'2222
the polarity from 5% to 40%) 1o yield 105 my (45%) of theS experiment by useo of the curve-fitting routine of Prism 2.0
diastereomeR8 and 117 mg (50%) of th&R diastereomef9. :

Both esters were hydrolyzed with NaHg@®.1 M) in methanol at (Glr:;';;]phPad) aﬂd th& egula_?ﬁn dﬁr'VEd by rl}:)e Lear:jé;t al. )
rt, to yield enantiomeric alcoholst and17in 36% and 58% yield, armacopnhore viodel. [ he pharmacophore mocel was gener
respectively. ated with the HypoGen module of Catalyst 4.10. Compounesl

. ) were built de novo with standard options within the 2D/3D editor
(39)-2,2-Dimethyl-5,6-dioxo-3,4,5,6-tetrahydro-2-benzoh]-

ot sketcher of the program. In cases where the chirality of the active
chromen-3-yl (R)-Methoxy(phenyl)ethanoate (28)[a]o* (CHCL) form was not known, all possible stereoisomers were generated
= —7.H NMR (CDCls;, 300 MHz) 6 8.08 (d,J = 7.6 Hz, 1H),

and considered. The BEST conformational analysis procedure was
7.76 (d,J=7.7 Hz, 1H), 7.67 () = 7.6 Hz, 1H), 7.55 () = 7.7 applied. The number of conformers was limited to a maximum of
Hz, 1H), 7.37 (m, 2H), 7.28 (m, 3H), 5.10 {,= 4.2 Hz, 1H), 250, with a 20 kcal/mol energy threshold above the calculated global
4.74 (s, 1H), 3.40 (s, 3H), 2.82 (dd,= 18.1, 4.9 Hz, 1H), 2.67  minimum. The experimentally determined skOvalues of com-
(dd,J = 18.1, 4.7 Hz, 1H), 1.22 (s, 3H), 1.06 (s, 3HjC NMR pounds1—51 span about 23 orders of magnitude from ig
(CDCls, 75 MHz) 6 179.2 (s), 178.4 (s), 169.6 (s), 161.0 (s), 136.0 (7) = 68.2uM to ICs (28) = 0.1 uM. Therefore, the inactivity
(s), 134.8 (d), 131.9 (s), 131.0 (d), 130.1 (s), 128.9 (d), 128.8 (d), spread, uncertainty, and spacing parameters were changed from the
128.6 x 2 (d), 126.8x 2 (d), 124.2 (d), 109.8 (s), 82.3 (d), 79.6  gefault value of 3.0 to 1.5, 1.6, and 1.8, respectively, as proposed
(s), 69.8 (d), 57.4 (q), 24.7 (q), 22.6 (1), 22.3 (q). EI-MBz240 by Accelrys for training sets with narrower activity span than usual.
(M* —MPA, 28), 225 (240~ Me, 9), 121 (MPA— CO,, 100). IR The hydrogen-bond-acceptor (HBA) and -donor (HBD), hydro-
(CHClg) vimax (cm™?): 2924, 2853, 1752, 1654, 1608, 1573, 1455, pnobic (HYD), and aromatic ring (AR) chemical features were

1395, 1114, 1027, 754. considered for hypothesis generation and up to 10 excluded
(3R)-2,2-Dimethyl-5,6-dioxo-3,4,5,6-tetrahydro-Ri-benzoh]- volumes. Hypothesis selection was done by a cost analysis
chromen-3-yl (2R)-Methoxy(phenyl)ethanoate (29)[0]p2 (CHClg) procedure (represented in bit units) based on three terms: weight

= —412.'"H NMR (CDCls, 300 MHz)¢$ 8.05 (d,J = 7.6 Hz, 1H), cost (increases in a Gaussian form as the feature weight deviates
7.78 (d,J=7.7 Hz, 1H), 7.66 (t) = 7.6 Hz, 1H), 7.55 (t) = 7.7 from an idealized value of 2.0); error cost (penalizes the deviation
Hz, 1H), 7.24 (m, 2H), 7.09 (m, 3H), 5.04 @,= 4.2 Hz, 1H), between the estimated activities of the training set and their
4.73 (s, 1H), 3.38 (s, 3H), 2.57 (dd,= 18.3, 4.5 Hz, 1H), 2.41 experimentally determined values); and configuration cost (penalizes
(dd,J = 18.3, 3.9 Hz, 1H), 1.46 (s, 3H), 1.34 (s, 3HJC NMR the complexity of the hypothesis, should not exceed a maximum
(CDCls, 75 MHz) 6 179.2 (s), 178.4 (s), 169.6 (s), 161.0 (s), 136.0 value of 18). The error cost contributes the most in determining
(s), 134.8 (d), 131.9 (s), 131.0 (d), 130.1 (s), 128.9 (d), 128.8 (d), the overall cost of a hypothesis. In addition, the costs of the ideal
128.6 x 2 (d), 127.2x 2 (d), 124.2 (d), 109.8 (s), 82.3 (d), 79.6  hypothesis, the simplest possible hypothesis that fits the data with
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minimal cost (fixed cost), and the null hypothesis in which the error
cost is high (null cost) are computed by the HypoGen module. These
fixed and null costs represent the minimum and maximum energy
cost values, respectively. Statistically significant hypotheses possess
total costs close to the fixed cost and far away from the null cost
values??

Three-Dimensional QSAR/CoMSIA Model. A critical step in
CoMSIA is to select a proper alignment rule. Naphthoquinone
analogues were oriented in space by aligning each compound to
the pharmacophoric hypothesis obtained with the Catalyst software
(see above). The QSAR table consists abl& dependent variable
and the electrostatic, steric, hydrophobic, hydrogen-donor, and
hydrogen-acceptor fields and solvation energy as independent
variables. The atom-centered atomic charges used in CoOMSIA to
evaluate the electrostatic contributions were computed from the
molecular electrostatic potentiéby use of the 6-31G* basis set.
Solvation free energieAGson) Of 1—51 were calculated with the
PM3—-SR5.42R procedure within the AMSOL 6.7.2 progré&m.
The potential fields were calculated at each lattice intersection of
a regularly spaced grid of 2 A. An $parbon atom with a van der
Waals radius of 1.52 A carrying a charge#ef.0 served as a probe
atom to calculate the fields with an attenuation factor of®Rartial
least-squares (PLS) analy®isvas used to derive linear equations
from the resulting matrices. Leave-one-out (LOO) cross-validation
was employed to select the number of principal components and
to calculate the cross-validated statistics. The final COMSIA model
was generated with non-cross-validation and the number of
components suggested by the LOO validation run. The 3D-QSAR/
CoMSIA study was carried out with the QSAR module of the
SYBYL 7.0 progrand” with default parameters.
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