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The synthesis of podocarpanes, including the acetoxy phenol 23, isolated from Gaultheria yunnanensis and not previously synthesised, and
totarane-type terpenoids, such as the catechol 28 and the ortho-quinone 27, starting from the natural labdane trans-communic acid is described.
Their antiproliferative activities against MCF-7, T-84 and A-549 human tumoura cell lines are studied. The totarane o-quinone 27, and
especially the catechol 28, which is readily oxidisable to compound 27, were the most active compounds. The results of the present study

indicate that compound 28, at least, might be useful as an antitumoural agent.
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ABSTRACT
The synthesis of podocarpanes, including 12,19¢ttibwy-13-acetyl-8,11,13-
podocarpatriene 2@), isolated from Gaultheria yunnanensis and not previously

synthesised, and totarane-type terpenoids, staftimg the natural labdan&rans



communic acid X5), is described. Their antiproliferative activeiagainst MCF-7, T-
84 and A-549 human tumoural cell lines are studidl.antiproliferative effect was
induced by compound®3, 27 and 28, with 1Cso <10 uM in two (27) or three cell lines
(23and28). No correlation with log P values was observeue Totarane o-quinor&’,
and especially the catech®8, which is readily oxidisable to compoud, were the
most active compounds, highlighting the functiogabups present in C11 and C12.
Compound28 showed limited toxicity in normal peripheral bloomagononuclear cells
(78.5% cell viability versus non-treated controltetes at 10 uM), and appeared to
exert an antiproliferative effect in A-549 cell€ 0.6 M) through a mechanism that
involves the induction of apoptosis mediated byimereased Bax/Bcl-2 ratio. The
results of the present study indicate that comp@Bdt least, might be useful as an
antitumoral agent. Further studies are requiredltgidate the cellular and molecular

elements involved in its effect, and the activiyitity in preclinical models.

1. Introduction

Totarane-type diterpenes are a family of compowvith a tricyclic skeleton,
isomer from that of abietane derivatives, which m@ated from a wide variety of
vegetal species. The most representative exampthese compounds is totardl),(
which was first isolated frorRodocar pus totara [1]. The considerable resistance of this
plant to different types of diseases has long eragmd the investigation of the
components responsible for this behaviour. Totafb) protects mitochondrial
respiratory enzyme activities against NADPH-depahgeroxidation injury [2]. Recent
studies have shown that totard) éxhibits antiplasmodial, antifungal and antimhied

properties [3]. Moreover, it presents a neuropitdtecactivity, as an activator of the



Akt/HO-1 pathway, protecting against ischaemiclsrby reducing oxidative stress [4].
Other totarane-type diterpenes are phes6 with significant antibacterial activity
against oral pathogenic microorganisms [5]. Podumarae belongs to a group of hor-
abietane metabolites that are widely distributedd anost frequently found in
Podocarpaceae species [6]. The most important nreofbéhis family is podocarpic
acid (7), which was first isolated frorRPodocarpus cupressinus, P. dacrydioides and
Dacrydium cupressinum [7] and presents a variety of significant biol@diactivities
For example, it is a potent agonist of liver X netoe and a cytokine release inhibitor,
being potentially useful for the treatment of atseterosis or inflammatory diseases
[8]. Moreover, methyl podocarpat8) @nd somé-acyl derivatives, such as compounds
9-11, exert activity against Influenza type A virus&3. [It has recently been reported
that podocarpic acid7f is a TRPAL activator, and thus a potential theutic agent
against pathologies related to diabetes and negeoéeative diseases [10]. Other
interesting podocarpane-type terpenes include miimb(12), which inhibits intestinal
carbohydrases, and is not only a potential antetialdrug [11], but also has an anti-
angiogenesis effect [12], 7-deoxynimbididB), with anti-tumoural [13], analgesic and
anti-inflammatory activities [14], and the aminopbé 14, which is a potent 5-

lypoxygenase inhibitor [15] (Fig. 1).
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Fig. 1. Totarane and podocarpane-type diterpenes withdizdbproperties.

The diverse and important biological propertiesctidbed above prompted us to
undertake the synthesis of totarane and podocattypreeterpenoids. In this respect,
total syntheses of totarane derivatives based enbtbmimetic cyclisation of aryl
polyenes [16], and aryl epoxypolyenes [17], haveenbereported previously.
Enantiospecific synthesis starting from totard) bas also been described [18], and
more recently processes have been performed basedhe a-alkylation of a
podocarpane,fB-unsaturated ketone [19], via a Pd-catalyzed Stille cross-coupling of
the correspondingp-bromophenol podocarpane [20]. Cationic cyclizagioof aryl
polyprenes [21], including enantioselective proeed22], have also been described for
synthesizing podocarpane-type terpenoids. Enameip syntheses of these
compounds have also been reported, utilizing airgjamaterials podocarpic acid [23]
or abietic acid derivatives; the latter being dpiepylated after rearrangement of the
corresponding 15-hydroperoxide [24]. Labdane déegs, such as manool [25] and

sclareol [26], have also been utilised for synthiegi podocarpane terpenes.



This paper describes the syntheses of some pguows, including 12,19-
dihydroxy-13-acetyl-8,11,13-podocarpatrieng23), isolated from Gaultheria
yunnanensis [27] and not previously synthesised, and totargpe-tterpenoids. The
antiproliferative activities of these and of prewsty-reported synthetic precursors,

against MCF-7, T-84 and A-549 human tumoural ¢e#d are also discussed.

2. Results and discussion

2.1. Chemistry

During our recent first synthesis of a cassane-tppnzofurane diterpene [28],
phenols 17 and 18 were synthesized frontrans-communic acid 15), a labdane
diterpene that is very abundant in some specieduniperus and Cupressus [29]
(Scheme 1) Compoundsl?7 and 18 are suitable intermediates for the synthesis of
totarane, and of abietane or podocarpane diterpdiess, the hydroxy este&8 has

been transformed into the abietanes sugikurojimé\ E0-hydroxyferruginol [30].
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Scheme 1Synthesis of phenolks7 and18 from trans-communic acid15).



In the present study, hydroxy estH8 was transformed into the podocarpat® a
constituent fromGaultheria yunnanensis [27] that has not previously been synthesized
(Scheme 2). The treatment of methoxy edt@r[28] with MeMgBr and the further
dehydration of the resulting alcohol gave the ispgtene derivativ0. After reduction

of the ester group and ozonolysis of the carbobarardouble bond, the acetyl
derivative22 was obtained, which was reacted with AJBo give the natural hydroxy
ketone23 whose physical properties were found to be idahtc those reported in the

literature [27]
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Scheme 2Synthesis of podocarpa@8 from hydroxy estet8.

In addition, hydroxy estel7 was transformed into the totaraoe@uinones26 and
27, and the catech@8 (Scheme 3). The cationic reduction of the isoplepg group of
intermediate24 with EtSiH and trifluoroacetic acid gave the totarane phe2b.
Treatment of this with (PhSef) afforded the mixture aob-quinone27 and hydroxy

dienone26. Finally, the further reaction of quino2& with Raney Ni gave catecha8B.
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Scheme 3Synthesis of totarane diterpenes from hydroxyrdste
2.2. Biological assays
2.2.1. In Vitro Cytotoxicity Assay

Eight newly-synthesised diterpenoids were evatlidte determine theirn vitro
antiproliferative activity against selected humamneer cell lines of breast
adenocarcinoma (MCF-7), lung adenocarcinoma (A-548) colorectal carcinoma
derived from lung metastasis (T-84), using the @hlbdamine B colorimetric assay
[31]. 5-fluorouracil (5-Fu), a commercial pharmaiteal product that is widely used to
treat solid tumours [32] was used as the referestandard (Table 1). An
antiproliferative effect was induced by compourd®s 27 and 28, with an inhibitory
concentration 50 (I§g) <10 uM in two R7) or three cell lines23 and28). The most
active compound wa28. The mean Igyvalues obtained for the three cell lines were 1.5
uM for compound28 versus 7.3 uM and 6.4 puM for compound3 and 27,
respectively, an@8 was found to be four times more active than 5+#Regn 1Gp 6.1
KUM). The best result was observed for compoR8@gainst the A-549 cells with g
0.6 uM, whereas the kgof the reference standard 5-Fu was 7.1 uM.

As observed for hydroxy estet3 and18, the mean Ig value was reduced by at
least 50% when the ester group was changed frormétee(17) to theortho position
(18) (entries 1 and 2). Podocarpd&® a constituent oGaultheria yunnanensis, showed
no significant inhibitory activity against LPS-inckd nitric oxide (NO), TNF, or IL-6
production in RAW 246.7 macrophages, as has bemnrtesl previously [27]. However,



it did exert an antiproliferative activity agairtbie tumour cell lines used in our study.
The totaran®-quinone27 and especially the cateclz8, which is readily oxidisable to
compound27, were the most active compounds. The catecholtsnofecompound?8,
compared to the-quinone fragment in compouri@lZ, improved the mean level of
activity in colon and lung tumour cells. Howevehepol 25, lacking the hydroxyl
group in C-11, is not active (§¢>10 uM). Interestingly, it has been found thatunait
catechol reduces lung cancer tumour growthitro andin vivo [33]. In general, our
results indicate that the catechol or quinone @ has the greatest influence on the
activity of these compounds.

The different degree of oxidation of compourig and 28 account for the
greater activity of28 in the T-84 and A-549 lines, for several reasdifee hydroxyl
groups in C11 and C12 may enhance the interactagmaity of the skeleton with
cellular elements that are responsible for the étidn of the observed effect 88in A-
549. Moreover, as in the case of caffeic or feraled, hydroxyl groups could exert a
cellular pro-oxidant activity mediated by reactiomgh transition metals [34]. As has
been observed experimentally, catec®lndergoes rapid oxidation to gieequinone
27, which would lead to the transformation 28 into 27 in a biological context.
Therefore, the better activity @ could be derived from a higher level of intracktu
incorporation. The correlation study between lo@rel IG, revealed no significant
association within the series of compounds. Howeter log P of28 was higher than
that of compoun@7, which could affect its incorporation. At the cadr level, on the
other hand, the redox cycling of catechol metabslimight contribute to cell death
through the production of ROS and oxidative straas, through the production of s
quinone derivatives, possibly generating ROS orloey tare reduced by P450
reductases, thus altering the functioning of DNAI amnoteins [35], and even acting as

Michael acceptors [36].

Table 1:In vitro antiproliferative activity of synthetic compounagainst human cancer

cell lines.

ICs0 (UM)?
| Entry | Compound MCF-7 | T84 | A-549
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%Cso values expressed as means + SEM of seven biolagjgicates in theM range.

The ability to inhibit the growth of cancer cellsthout affecting normal cells is a
desirable characteristic of a chemotherapeutic dramgdidate [37]. Accordingly, we
evaluated the effect of the most active compouBd®nd28, on normal cells, in order
to assess nonspecific toxicity. Thus, peripherablmononuclear cells (PBMC) were
isolated from healthy donor blood samples and iedueith increasing concentrations
of compounds. PBMC induced wi2¥ experienced a dose-dependent reduction of cell
viability ranging from 25 % at 0.5 uM to 43.8 %14 uM, while cultures induced with
28 only reduced the viability by 21.5 % at 10 uM (Fzg.
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Fig. 2. Effect of compound&7 and28 on the viability of normal human PBMC.

Lipophilicity (log P) plays a significant role idrug discovery and compound
design, because it can determine pharmacokineticepses such as drug absorption,
distribution and excretion [38], [39]. The log Ptbé molecules studies was determined
by using Marvin 18.3.8 software (ChemAxon Ltd., 2DXTable 2). We found no
correlation between the igin the three tumour lines and the log P valueshef

compounds (Pearson’s correlation, p >0.05).



Table 2: Log P values of synthetic compounds

Compounds| 17 18 19 23 24 25 27 28
Log P 4.5 5.2 3.9 3.8 3.8 5.6 4.8 5.3

2.2.2. Cell Cycle and Apoptosis Analysis

Many cytotoxic compounds exert an inhibitory effea growth by arresting the
cell cycle at a particular checkpoint of the csitle[40], by the induction of apoptosis
[41] or by a combined effect on cell cycle and apsjs[42]. In consequence, the
blockage of cell cycle progression by compoundmisnteresting area for study [43]. In
the present case, the best antiproliferative resast observed for compou2@ against
A-549 cells (IGo 0.6 uM), and as this compound was less toxic irmadb cells, we
analysed the effect @3 on the A-549 cell cycle (Figure 3). After 24h otluction with
28 at 1G5, we observed a significant increase in cells s @2/M fraction (14.5 % vs
8.8 % in the control group) and a reduction in 8&G1 fraction (53.7% vs 60.6 % in
the controls), but in both fractions the changesews low magnitude. However, at
48h, compoun@8induced a large increase in the sub-G1 phase ¢804 2.6% in the
controls), associated with a reduction in the otpbases, which may reflect the

induction of apoptosis [44].
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Fig. 3. Flow cytometric analysis of A-549 human lung cancell cycle after the
treatment with or without (control) compour2B for 24 and 48h. * Significant

difference with control group, p < 0.05.

Through various molecular effectors, cytotoxic rdgemay influence cell cycle
progression and apoptosis [45]. Apoptosis is onthefmajor processes in cell death,
and among its typical characteristics are chromagimdensation and fragmentation [46,
47]. We evaluated A-549 cell viability after indiom or not (control) for 24h witl28
using an annexin V-FITC/PI kit for flow cytometr¢§] and found tha28 induces a
significant reduction in cell viability (54.2% v8%% of the controls) with an increase
in total apoptosis (44.0% vs 13.2%) (Figure 4). €xrpression of the proteins Bax and
Bcl-2 plays a critical role in the apoptotic prosd49, 50]. A-549 cells were induced
with Ox (control), 0.5x or 1x 1§ of compound28 for 24h. Western blot analysis
showed a decrease and an increase in Bcl-2 angéeins, respectively, which is a
molecular hallmark of apoptosis (Figure 5). In gahemembers of the Bcl-2 family,
which includes Bcl-2, Bad, and Bax, are importaegulators of various apoptotic
pathways [51]. Bax exerts pro-apoptotic effects ighe Bcl-2 presents anti-apoptotic

activities [52, 53]. Collectively, these resultsggast that compoun@8 promotes



apoptosis. This mechanism of action is similar hattreported for various other
compounds, including: 1,8-Cineole, a predominanmhpound present in the hexane
extract ofCallistemon citrinus in A431 human skin carcinoma cells [54]; ovatoitie]
isolated from the hernisomeles indica, in human lung cancer A549 and H1299 cell
lines [55]; [1-9-MiC]-crourorb Al, a cyclic peptide isolated frabnoton urucurana, in
Huh-7 human hepatocarcinoma cells [56]; and Glaalggon A (GLA), a major
component isolated frofRabdosia japonica, in the UMUC3 human bladder cancer cell

line [57].
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Fig. 4. Flow cytometric analysis of A-549 viability aftereatment with or without
(control) compoun@®8 for 24 h, revealed by annexin V-FITC/PI stainidg. Selected
cytograms of control (left) and treated (right)taués. B) Histograms representing the

percentages of viable, necrotic and apoptotic celignificant difference with control

group, p < 0.05.
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Fig. 5. Western blot analysis of Bcl-2 and Bax expressiomii549 cultures induced
with Ox (CNT), 0.5x (1/2IGg) or 1x IG5 (ICsg) of compound 28 for 24h.

3. Conclusions

A new series of podocarpane and totarane deragtiincluding the natural
podocarpane23, has been synthesized and evaluatediforitro antiproliferative
potential against different human cancer cell li{BECF-7, T-84 and A-549). An
antiproliferative effect was induced by compou@8s27 and28, with ICso <10 uM in
two (27) or three cell lines23 and28). No correlation with log P values was observed.
The totarane-quinone27, and especially the catech®8, which is readily oxidisabléo
compound27, were the most active compounds, highlighting thecfional groups present
in C11 and C12. Compour#8 showed limited toxicity in normal PBMC, amgpeared to
exert anantiproliferative effect in A-549 cells through aeatanism that involves the
induction of apoptosis mediated by an increasedBa®R ratio. The results of the present
study indicate that compoura8 might be useful as antitumoural agent. Furthedistu
are required to elucidate the cellular and molecelements involved in its effect, and

the levels of activity/toxicity in preclinical motse



4. Experimental

4.1 General

Unless stated otherwise, reactions were performea/én-dried glassware under an
argon atmosphere using dry solvents. Solvents dieed as follows: benzene over Na—
benzophenone, dichloromethane (DCM) over £aHhin-layer chromatography (TLC)
was performed using F254 precoated plates (0.25 rang visualized by UV
fluorescence quenching and phosphomolybdic acidutisal staining. Flash
chromatography was performed on silica gel (230-406sh). Chromatography
separations were carried out by conventional colamrsilica gel 60 (230-400 Mesh),
using hexanes-AcOEt (AcOEt-hexane) mixtures of dasing polarity.*H and **C
NMR spectra were recorded at 500 and 400 MHz, an#i58, 125 and 100 MHz,
respectively. Chemical shifi® H) are quoted in parts per million (ppm) referenced t
the appropriate residual solvent peak and tetraytsifdne. Data forH NMR spectra
are reported as follows: chemical shidt gpm) (multiplicity, coupling constant (Hz),
integration), with the abbreviations s, br s, d,dbrt. dd, ddd, sext and m denoting
singlet, broad singlet, doublet, broad doubleplét, double doublet, double double
doublet, sextet and multiplet, respectively coupling constant in Hertz (Hz). Data for
13C NMR spectra are reported in terms of chemicdt skiative to M@Si (5 0.0) and
the signals were assigned utilizing DEPT experimamnid on the basis of heteronuclear
correlations. Infrared spectra (IR) were recordedhan films or as solids on a FTIR
spectrophotometer with samples between sodium idelglates and are reported in
frequency of absorption (c). Only selected absorbances.{) are reported. ¢]°)
measurements were carried out in a polarimetdizing a 1dm length cell and CHEI
as a solvent. Concentration is expressed in mg/HRMS were recorded on a

spectrometer, utilizing a Q-TOF analyzer, and'BE&tization.
4.2. Synthesis

4.2.1. (1S4aS10aR)-dimethyl 6-methoxy-1,4a-dimethyl-1,2,3,4,4a,9,10,10a-
octahydrophenanthrene-1,7-dicarboxylate (19)[ 28]



K2COs (125 mg, 0.905 mmol) was added to a solutiod®{190 mg, 0.548 mmol) in
acetone (8 mL) and the reaction mixture was kapirgj at room temperature for 15
min. Then, dimethyl sulfate (150 mg, 1.19 mmol) vealsled and the reaction mixture
was stirred at reflux for 12 h. The solvent waspevated and the crude product was
poured into AcCOEt — water (30 : 10 mL). The phasese shaken and separated, and
the organic phase was washed with brine (2 x 10, mii¢d over anh N&O;, filtered
and the solvent evaporated to give a crude prodilash chromatograpy on silica gel

using 10% AcOEt/ hexane ga¥8 (184 mg, 93%) as a colourless syrup.

4.2.2 (1S4aS10aR)-dimethyl 6-methoxy-1,4a-dimethyl-1,2,3,4,4a,9,10,10a-
octahydrophenanthrene-1,7-dicarboxylate (20)

To a solution ofl9 (161 mg, 0.446 mmol) in dry THF (5 mL) was slovdgided 1M
methylmagnesium bromide solution in THF (1.2 mL2 thmol) at 0°C and under argon
atmosphere. The reaction mixture was stirred af Got 30 min, at which time TLC
showed no starting material. The reaction was dueshevith conc. HCI (2 mL), and the
reaction mixture was stirred at room temperatureafo additional 10 min. Then, the
solvent was removed under vacuum and the mixture dilated with AcOEt - Water
(20 : 5 mL). The phases were shaken and separBibedorganic extract was washed
with water (5 mL) and brine (5 mL), dried over adhyus NaSQ,, filtered and the
solvent was evaporated to give a crude product lwhi@as purified by flash
chromatography on silica gel (5% AcOEt/hexane)oralihg 20 (140 mg, 92%) as a

colorless syrup.

[a]p® =+ 108.2 (c = 1.3, CHEL IR (film) vmas 2929, 2849, 1725, 1609, 1498, 1463,
1403, 1378, 1328, 1305, 1243, 1213, 1190, 11711,11411, 1097, 1057, 1033, 973,
892, 848, 773 cth 'H RMN (CDCk, 500 MHz)5 (ppm): 1.07 (s, 3 H), 1.13 (ddd=
13.5, 13.5, 4.3 Hz, 1 H), 1.29 (s, 3 H), 1.44 (dbd,13.3, 13.3, 7.1 Hz, 1H), 1.55 @@,

= 10.49 Hz, 1 H), 1.63 — 1.67 (m, 1 H), 1.93 — 2.6% { H), 2.11 (s, 3H), 2.16 — 2.32
(m, 3 H), 2.73 (dddJ = 14.8, 14.8, 6.3 Hz, 1 H), 2.84 (dbi= 15.2, 3.6 Hz, 1 H), 3.68
(s, 3 H), 3.80 (s, 3 H), 5.07 (s, 1 H), 5.12 ($§)16.76 (s, 1 H), 6.88 (s, 1 HYC RMN
(CDCls, 125 MHz)$ (ppm): 19.9 (CHl), 21.1 (CH), 22.8 (CH), 23.3 (CH), 28.5
(CHs), 31.1 (CH), 37.7 (CH), 38.6 (C), 39.5 (CbJ, 44.0 (C), 51.2 (CH), 52.9 (GH
55.6 (CH), 108.1 (CH), 114.7 (C), 127.3 (C), 129.7 (CH), 130.3 (C), 143.9 (C),



147.9 (C), 154.9 (C), 177.9 (C). HRMS (ESI) m/zicdafor GoHz:03 (M+H")
343.2273, found: 343.2276.

4.2.3 (1S4aS 10aR)-dimethyl 6-methoxy-1,4a-dimethyl-1,2,3,4,4a,9,10,10a-
octahydrophenanthrene-1,7-dicarboxylate (21)

LiAIH 4 (60 mg, 1.57 mmol) was added to a stirred solubic®0 (103 mg, 0.3 mmol) in
dry E£O (5 mL) cooled to 0°C and the reaction mixture vkapt stirred at room
temperature under an argon atmosphere for 15 mimh&h time TLC showed no
remaining starting material. Then, 2 N HCI (0.5 nngs slowly added at 0°C, and the
mixture was diluted with EO — HO (20 : 5 mL). The phases were shaken and
separated, and the organic phase was washed vt (& x 5 mL), dried over anh
NaSO, and filtered. Removal of the solvent under vacwafforded pure2l (92 mg,

98%) as a colourless syrup.

[0]o®®=+55.1 (c =0.9, CHG)L IR (film) vmas 3375, 2924, 2851, 1609, 1563, 1497,
1463, 1402, 1375, 1327, 1260, 1241, 1207, 11046,10827, 987, 970, 891, 848, 802,
756, 666, 477 cth 'H RMN (CDCk, 500 MHz)8 (ppm): 1.04 (dddj = 13.6, 13.6, 4.2
Hz, 1 H), 1.07 (s, 3 H), 1.22 (s, 3 H), 1.46 — 1(A8 2 H), 1.58 (dJ =4.9 Hz, 1 H),
1.63-1.76 (m 3 H), 1.91 (d,= 13.7 Hz, 1 H), 1.97 — 2.01 (m, 1 H), 2.11 (s, 3MR1
(d,J= 14.7 Hz, 1 H), 2.77 (ddd, = 10.7, 10.7, 7.1 Hz, 1 H), 2.87 (d#i= 15.1, 6.7
Hz, 1 H), 3.57 (dJ = 10.9, 1 H), 3.80 (s, 3 H), 3.88 (@= 10.9, 1 H), 5.06 (s, 1 H),
5.11 (s, 1 H), 6.77 (s, 1 H), 6.86 (s, 1 MC RMN (CDCl;, 125 MHz)$ (ppm): 19.0
(CHy), 19.3 (CH), 22.3 (CH), 25.6 (CH), 26.8 (CH), 30.1 (CH), 35.2 (CH), 37.9
(C), 38.7 (C), 38.9 (CH), 51.3 (CH), 55.7 (Ch), 65.3 (CH), 107.3 (CH), 114.7 (Ch,
126.7 (C), 129.7 (CH), 130.2 (C), 143.9 (C), 14@%, 154.9 (C).HRMS (ESI) m/z:
calcd for GiH3;,0, (M+H") 315.2324, found: 315.2326.

4.2.4 1-((4bS8S,8aR)-8-(hydroxymethyl)-3-methoxy-4b,8-dimethyl-4b,5,6,7,8,8a,9,10-
octahydrophenanthren-2-yl)ethanone (22)

An ozone stream was bubbled into a solutio@Db{81 mg, 0.257 mmol) in Ci€l, (10
mL) cooled at -78 °C for 10 min, at which time TlsBowed no starting material. Then



an argon stream was bubbled for eliminating thenezexcess, and PPWas added to
the cooled solution, and then stirred for 1 h abmotemperature. Solvent was
evaporated to afford a crude product that was igdriby flash chromatography on silica
gel (30% AcOEt/hexane) to yieRP (70 mg, 86%) as a colourless syrup

[a]p?® = + 49.3 (c = 0.7, CHG). IR (film) vmax 3447, 2924, 2850, 1666, 1604, 1494,
1463, 1402, 1356, 1328, 1264, 1235, 1184, 1034, 989, 850, 752, 612 ¢ 'H
RMN (CDCk, 400 MHz)6 (ppm): 1.03 (ddd) = 13.6, 13.6, 4.2 Hz, 1 H), 1.06 (s, 3 H),
1.19 (s, 3H),1.22-1.27 (m, 3 H), 1.43-1.51 (M)31.61 — 1.76 (m, 2 H), 2.30 (d=
14.7 Hz, 1 H), 2.58 (s, 3H), 2.71 — 2.81 (m, 1 {89 (dd,J = 17.1, 6.8 Hz, 1 H), 3.55
(d,J=10.9, 1 H), 3.85 (dJ = 10.9, 1 H), 3.87 (s, 3 H), 6.83 (s, 1 H), 7.431($]). °C
RMN (CDCls, 100 MHz)d (ppm): 18.9 (CH), 19.1 (CH), 25.5 (CH), 26.8 (CH), 29.8
(CHy), 35.0 (CH), 38.4 (C), 38.8 (C), 38.9 (G 50.9 (CH), 55.5 (Ckj, 65.2 (CH),
107.6 (CH), 125.7 (C), 127.2 (C), 130.9 (CH), 15&°9, 157.3 (C), 199.5 (C). HRMS
(ESI) m/z: calcd for GH»dO5 (M+H") 317.2117, found: 317.2117.

4.25 1-((4bS8S8aR)-3-hydroxy-8-(hydroxymethyl)-4b,8-dimethyl-4b,5,6,7,8,8a,9,10-
octahydrophenanthren-2-yl)ethanone (23)

To a solution oR2 (50 mg, 0.158 mmol) in dry Ci€l, (5 mL) was added AlBr(121
mg, 0.454 mmol), and the reaction mixture wasesdirat room temperature for 4 h, at
which time TLC showed no starting material. Thér mixture was poured into ice and
diluted with AcOEt — Water (15 : 5 mL). The phasesre shaken and separated. The
organic layer was washed with water and brine,ddoger anhydrous N8O, and
filtered. Removal of the solvent under vacuum aféar a crude product which was
purified by flash silicagel column chromatographsing 40% AcOEt/hexanes to give
23 (42 mg, 88%) as a white solid.

[a]p® = + 57.4 (c = 0.8, CHE). IR (film) vmax 3429, 2925, 2851, 1640, 1489, 1373,
1333, 1308, 1266, 1220, 1003, 772cfH RMN (CDCk, 400 MHz)$ (ppm): 1.02
(ddd,J = 13.6, 13.6, 4.2 Hz, 1 H), 1.06 (s, 3 H), 1.17 ($)31.39 — 1.47 (m, 3 H),
1.62-1.76 (m, 3 H), 1.89 (d,= 14.3 Hz, 1 H), 1.98 — 2.03 (m, 1 H), 2.27 J& 12.5
Hz, 1 H), 2.58 (s, 3H), 2.74 — 2.82 (m, 1 H), 2(8d,J = 17.7, 6.4 Hz, 1 H), 3.56 (d,

= 10.9, 1 H), 3.84 (dJ = 10.9, 1 H), 6.87 (s, 1 H), 7.38 (s, 1 H), 11.891(H). *C



RMN (CDCls, 100 MHz)d (ppm): 18.8 (CH), 19.1 (CH), 25.2 (CH), 26.5 (CH), 26.8
(CHg), 29.6 (CH), 35.1 (CH), 38.5 (C), 38.6 (GH 38.8 (C), 50.6 (CH), 65.3 (GNH
113.7 (CH), 117.9 (C), 125.8 (C), 130.9 (CH), 15@%, 160.1 (C), 203.8 (CHRMS
(ESI) m/z: calcd for GH»,05 (M+H") 303.1960, found: 303.1952.

4.2.6 (1S4aS10aR)-methyl 6-hydroxy-1,4a-dimethyl-8-(prop-1-en-2-yl)-
1,2,3,4,4a,9,10,10a-octahydr ophenanthrene-1-car boxyl ate (24)

To a solution ofL7 (279 mg, 0.805 mmol) in dry THF (10 mL) was slovagded at 0
°C 1M methylmagnesium bromide solution in THF (3 @Immol) and under argon
atmosphere and the reaction mixture was stirre@® for Then, it was quenched at 0 °C
with conc HCI (3 mL), and the reaction mixture v&isred at room temperature for an
additional 10 min. Then, the solvent was removedeurvacuum and the mixture was
diluted with AcOEt - Water (30 : 10 mL). The phasesre shaken and separated. The
organic extract was washed with water (10 mL) amcheb (10 mL), dried over
anhydrous Nz5Q,, filtered and the solvent was evaporated to §4€217 mg, 82%) as
a yellow syrup. §]p®°> = + 157.1 (c = 1.1, CH@L IR (film) vmax 3417, 2933, 1723,
1588, 1448, 1378, 1305, 1219, 1192, 114, 1089, 10389, 1192, 1140, 981, 772, 667
cm™. *H RMN (CDCk, 500 MHz)& (ppm): 1.03 (s, 3 H), 1.08 (ddd= 13.6, 13.6, 4.3
Hz, 1 H), 1.27 (s, 3 H), 1.40 (dddi= 13.2, 13.2, 4.2 Hz, 1 H), 1.52 @z 10.6, Hz, 1
H), 1.59 — 1.63 (m, 1 H), 1.86 (dddil= 12.9, 12.9, 12.9, 5.2 Hz, 1 H), 1.98 (s, 3 H),
2.16 (d,J = 13.3, Hz, 3 H), 2.27 (d] = 13.5, Hz, 2 H), 2.57 (ddd, = 14.7, 14.7, 6.1
Hz, 1 H), 2.81 (dd)J = 16.6, 7.0 Hz, 1 H), 3.66 (s, 3 H), 4.79 (s, 1 HL25(s, 1 H),
6.45 (s, 1 H), 6.69 (s, 1 H’C RMN (CDCl;, 125 MHz)$ (ppm): 20.0 (CH), 21.1
(CHyp), 22.9 (CH), 24.2 (CH), 28.5 (CH), 29.2 (CH), 37.5 (CH), 39.0 (C), 39.7
(CHy), 43.9 (C), 51.3 (CH), 52.7 (GH 110.9 (CH), 112.8 (CH), 114.4 (GH 124.2
(C), 145.2 (C), 146.1 (C), 149.8 (C), 153.3 (C)827(C).HRMS (ESI) m/z: calcd for
Cu1H2005 (M+H™) 329.2093, found: 329.2104.

4.2.7 (1S4aS10aR)-methyl 6-hydroxy-8-isopropyl-1,4a-dimethyl-1,2,3,4,4a,9,10,10a-
octahydr ophenanthrene- 1-carboxylate (25)



To a solution o4 (233 mg, 0.709 mmol) in Gi&l, (10 mL) were successively added
Et:SiH (0.5 mL) and trifluoroacetic acid (0.2 mL) atiee reaction mixture was refluxed
for 1 h. Then CKHCl,, CRRCO,H and excess ESiH were evaporated and the resulting
crude product, was purified by column chromatogyapking 20% AcOEt/hexanes to
give 25 (204 mg, 87%) as colourless syrup]of° = + 127.1 (c = 1.6, CH@)l IR
(film) vmax 3417, 2933, 1723, 1588, 1448, 1378, 1306, 1219211140, 1089, 981,
898, 862, 773 cih *H RMN (CDCk, 500 MHz)§ (ppm): 1.04 (s, 3 H), 1.07 (ddd=
13.6, 13.6, 4.3 Hz, 1 H), 1.16 (@= 6.8 Hz, 3 H), 1.19 (d] = 6.8 Hz, 3 H), 1.28 (s, 3
H), 1.36 (dddJ = 13.5, 13.5, 4.3 Hz, 1 H), 1.50 (dtiz 12.5, 1.8 Hz, 2 H), 1.59 — 1.63
(m, 1 H), 1.90 (ddd) = 12.9, 12.9, 6.4 Hz, 1 H), 1.94 — 2.02 (m, 1 H),62(d,J =
12.7, Hz, 1 H), 2.21 — 2.28 (m, 2 H), 2.51 — 2.60 { H), 2.91 (ddJ = 16.5, 5.5 Hz, 1
H) 3.09 (h,JJ= 6.8 Hz, 1 H), 3.67 (s, 3 H), 6.61 = 2.7 Hz, 1 H), 6.63 (d] = 2.6 Hz,

1 H). *3C RMN (CDCl;, 125 MHz)8 (ppm): 20.0 (CH), 21.1 (CH), 22.9 (CH), 23.1
(CHs), 23.6 (CH), 28.0 (CH), 28.4 (CH), 37.5 (CH), 38.9 (C), 39.9 (Ch), 43.9 (C),
51.3 (CH), 52.3 (Ch), 109.76 (CH), 109.83 (CH), 124.5 (C), 148.3 (€49.8 (C),
153.7 (C), 178.1 (C). ). HRMS (ESI) m/z: calcd @wHs;05 (M+H") 331.2273, found:
331.2260.

4.2.8 Treatment of phenol 25 with (PhSe0),0

(PhSeO)O (720 mg,1.99 mmol) was added to a solution ofnph@5 (630 mg, 1.9
mmol) in anhydrous THF (10 mL) under an argon aghese, and the reaction was
kept stirring at reflux for 10 min. The solvent wagaporated under vacuum to give a
crude product, which after column chromatography sihca gel using 10%
EtOAc/hexane, affordedrtho-quinone27 (477 mg, 73%) and hydroxy dienog2é (131
mg, 20%).

(1S4aS,8aR)-methyl 8a-hydroxy- 7-isopropyl-1,4a-dimethyl-6-oxo-
1,2,3,4,4a,6,8a,9,10,10a-decahydr ophenanthrene-1-car boxyl ate (26)

[0]p® =+ 12.3 (c = 1.8, CHG). IR (film) vmax 3403, 2928, 1726, 1661, 1619, 1463,
1387, 1219, 1151, 1044, 773 ¢mH RMN (CDCk, 400 MHz)3 (ppm): 1.02 (ddd) =
13.2, 13.2, 3.9J Hz, 1 H), 1.13 (= 6.9 Hz, 3 H), 1.19 (d] = 6.9 Hz, 3 H), 1.21 (s, 3
H), 1.22 (s, 3 H), 1.50 (ddd,= 13.0, 13.0, 4.3 Hz, 1 H), 1.61 — 1.67 (m, 1 H)51(d,
J=12.0 Hz, 1 H), 1.91 — 2.03 (m, 2 H), 2.22 Jd&s 13.7 Hz, 1 H), 2.41 — 2.52 (m, 2



H), 2.87 (h,J = 6.9 Hz, 1 H), 6.05 (d) = 1.8 Hz, 1 H), 6.09 (dJ = 1.8 Hz, 1 H)*C

RMN (CDCls, 100 MHz)3 (ppm): 18.6 (CH), 18.9 (CH), 19.3 (CH), 24.1 (CH), 24.7

(CHs), 27.8 (CH), 28.7 (ClJ, 37.2 (CH), 37.7 (CH), 38.3 (CH), 41.9 (C), 44.4 (C),
51.4 (CH), 55.8 (Ch), 72.1 (C), 122.35 (CH), 122.57 (CH), 169.1 (C)3B (C), 177.3
(C), 187.4 (C).

(1S4aS,10aR)-methyl 8-isopropyl-1,4a-dimethyl-5,6-dioxo-1,2,3,4,4a,5,6,9,10,10a-
decahydrophenanthrene-1-carboxylate (27)

[a]p® = + 24.3 (c = 0.5, CHG). IR (film) vmax 2928, 2854, 1725, 1679, 1656, 1465,
1383, 1308, 1232, 1192, 1159, 1140, 1099, 980cAr3 *H RMN (CDCk, 400 MHz)
d (ppm): 1.02 (ddd) = 13.2, 13.2, 3.9J Hz, 1 H), 1.09 (s, 3 H), 1.15J(¢,6.7 Hz, 3
H), 1.16 (dJ = 6.7 Hz, 3 H), 1.23 (s, 3 H), 1.49 — 1.56 (m, 3 HY5 — 1.92 (m, 2 H),
2.17 -2.22 (m, 2 H), 2.34 — 2.44 (m, 1 H), 2.62.68 (m, 2 H), 2.82 (h] = 6.7 Hz, 1
H), 3.64 (s, 3 H), 6.21 (s, 1 H’C RMN (CDCls;, 100 MHz)$ (ppm): 17.6 (CH), 19.5
(CHyp), 19.9 (CH), 22.6 (CH), 22.7 (CH), 28.6 (CH), 29.0 (Ch), 30.4 (CH), 36.7
(CHyp), 37.4 (CH), 39.5 (C), 43.5 (C), 51.4 (CH), 52.9 (gH72.1 (C), 122.7 (CH),
146.4 (C), 147.7 (C), 164.7 (C), 177.3 (C), 1804, (180.9 (C). ). HRMS (ESI) m/z:
calcd for GiH290,4 (M+H™) 345.2066, found: 345.2055.

4.2.9 (1S4aS 10aR)-methyl 5,6-dihydroxy-8-isopropyl-1,4a-dimethyl-
1,2,3,4,4a,9,10,10a-octahydr ophenanthrene-1-car boxyl ate (28).

Sodium borohydride (60 mg, 1.58 mmol) was addea $olucién o7 (181 mg, 0.525
mmol) in THF (5 mL) and the yellow reaction mixtusas stirred at room temperature
for 10 min, at which time the solution became cdkess. Then, Amberlyst A-15 (200
mg) was added carefully and the reaction was dtiiwe an additional 5 min. Then, the
mixture was filtered and the solvent was removedieaivacuum, affording8 (178 mg,
98%) as a colourless syrup]§®® = + 21.5 (c = 0.9, CHE). IR (film) vmax 3419,
1610, 1588, 1452, 1434, 1379, 1305, 1231, 12061,116142, 1087, 1007, 976, 773
cm. *H RMN (CDCk, 400 MHz)3 (ppm): 1.09 (dddj = 13.6, 13.6, 4.3 Hz, 1 H), 1.14
(d,J=6.8Hz, 3H), 1.15 (dJ=6.8 Hz, 3 H), 1.21 (s, 3 H), 1.28 (s, 3 H), 1(@8d,J =
13.0, 13.0, 4.7 Hz, 2 H), 1.86 — 2.04 (m, 2 H)02@d,J = 13.9, 6.4 Hz, 2 H), 2.27 (d,
J=13.8, Hz, 2 H), 2.57 (ddd,= 14.6, 14.6, 5.3 Hz, 1 H), 2.87 @= 13.8, Hz, 1 H),
3.06 (h,J = 6.8 Hz, 1 H), 3.66 (s, 3 H), 5.30 (s, 1 H), 5.54% H), 6.64 (s, 1 H)*C



RMN (CDCls, 100 MHZz)3 (ppm): 16.6 (CH), 19.9 (CH), 21.0 (CH), 23.4 (CH), 23.8
(CHs), 27.9 (CH), 28.9 (CH), 29.8 (CH), 36.1 (CH), 37.7 (CH), 40.1 (C), 43.9 (C),
51.2 (CH), 54.7 (Ch), 109.8 (CH), 127.6 (CH), 134.2 (C), 138.0 (C)0H4(C), 141.2
(C), 178.2 (C). ). HRMS (ESI) m/z: calcd for,€3:0, (M+H") 347.2222, found:
347.2220.

4.3. Biological Assays

4.3.1. Cellsand culture

Human breast tumor line MCF-7, human colon tuniee IT-84 and human lung
tumor line A-549 were cultured at 37°C in 5% £0d 90% humidity with Dulbecco’s
modified Eagle medium (DMEM), supplemented with 16&&t inactivated fetal bovine
serum, 10 ml/L penicillin-streptomycin 100x and #In-glutamine. All cell lines were
provided by the Department of Cell Cultures of Beanada University Scientific
Instrumentation Center. Peripheral blood mononuaeis (PBMC) were isolated by a
standard method of density gradient centrifugatisimg Histopaque-1077, and cultured
with RPMI-1640 medium supplemented with 20% fetalvibe serum, 10 ml/L
penicillin-streptomycin 100x and 2mM glutamine af°@ in 5% CQ and 90%
humidity. The protocol for the obtention and usehaman blood samples had been
approved by the local ethical committee. Culturelimand supplements were supplied
by Sigma-Aldrich (St. Louis, MO).

4.3.2. In vitro antiproliferative assay

In order to quantify the I§g of compounds, cells were seeded in 96 well plates
density of 5 x 1& cells/cnf. At 24h, cells were induced with increasing commbu
concentrations for 3 days. Subsequently, cells virreel with 10% cold trichloroacetic
acid (4°C) and stained with 0.4% sulforhodamine SRB) in 1% acetic acid. The
colorant was solubilized with 10 mM Tris-base pHSl@nd optical density values were
determined by colorimeter at 492 nm (Multiskan EPXiermo Electron Corporation,
Milford, MA, USA). The inhibitory concentration 5@IC50), considered as the
concentration of a drug that causes 50% reductigoradiferation and/or cell density

versus control cultures, was calculated from thailegarithmic dose-response curve



by linear interpolation. Alternatively, non-adhered@BMC cultures were quantified
using MTT assay at 570 and 595nm [58,59].

4.3.3. Céll cycle and Sub-G1 analysis

A-549 cells were seeded in 6 well plates at aitlens 4 x 10" cells/cnf, and after
24h were induced or not (control) withsiCof compound28 for 24 or 48h. Then the
cells were collected, fixed with 70% cold ethanatubated with a DNA extraction
solution (0.2 M NagHPQ,, 0.1 M Citric Acid, pH 7.8) for 15 min at 37°C, éstained
with a solution of propidium iodide/ RNAse for 30inmat 37°C in the dark. Finally,
samples were analyzed using a flow cytometer (BOCS8alibur) and the FlowJo
software (v 7.6.5, Tree Star, Inc.) [60].

4.3.4. Apoptosis assays with annexin-V

A-549 cells were seeded in 6 well plates at aitens4 x 10 cells/cnt, and after
24h were induced or not (control) withs§f compound®8 for 24h. Cell viability was
determined by flow cytometry using the TACS® AnmexV-FITC kit (Trevigen,
Gaithersburg, MD, USA) following the manufactureifsstruction. Samples were
analyzed using a flow cytometer (BD FACSCaliburyl &he FlowJo software (v 7.6.5,

Tree Star, Inc.).

4.3.5. Western blot analysis

A-549 cells were seeded in 6 well plates at aitlens 4 x 10 cells/cnt, and after
24h were induced with Ox (control), 0.5x or 1xsd@f compound28 for 24h. The
medium was then removed, and cells were lysed sdathple buffer (62.76 mM Trise
HCI pH 6.8, 5%3-mercaptoethanol, 2% SDS, 10% glycerol, 0.5% brdmeapl blue).
Proteins were separated by electrophoresis in 1@%aanide gels in an Mini Protean
Tetracell (Bio-Rad, CA, USA), transferred to nitelalose membranes, and blocked
with a buffer containing 3% non-fat milk powder, 186vine serum albumin (Sigma-
Aldrich), and 0.5% Tween-20 in PBS for 1 h. Subssqly, the membranes were
incubated overnight with mouse monoclonal anti-B8anta Cruz Biotechnology, sc-
7480) or anti-Bcl-2 (Santa Cruz Biotechnology, $615), followed by incubation with
HRP-conjugated anti-mouse Ig@-actin was detected using a HRP-conjugated mouse
monoclonal antB-actin (Sigma, A-3854). All antibodies were purabddrom Santa
Cruz Biotechnology (Texas, USA). Protein-antibodymplexes were detected by



chemoluminiscence using the ECL prime immunodedacteagent (GE Healthcare,
Little Chalfont, UK).

4.3.6. Satistical analysis

SPSS 24 for Windows (SPSS, Chicago, IL, USA) wasdufor the statistical
analysis. Results were compared with the Studésss one-way ANOVA or Pearson’s
test. p < 0.05 was considered significant. Data weaphically represented by using

Microsoft Excel 2013 software (Microsoft Corporatjo
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Appendix A. Supplementary data

Supplementary data related to this articld &nd**C NMR spectra of all new
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REFERENCES

(1) W.F. Short, H. Stromberg, Totarol. Part I, J. Ch&wc. (1937) 516-520.

(2) H. Haraguchi, H. Ishikawa, I. Kubo, Antioxidativeten of diterpenoids from
Podocarpus nagi, Planta Med. 63 (1997) 213-215.

(3) (a) K. Yamaji, S. Mori, M. Akiyama, A. Kato, T. Nakhima, The Antifungal
Compound Totarol of Thujopsis dolabrata var. hor&eds Selects for Fungi on

Seedling Root Surfaces, J. Chem. Ecol. 33 (20034-2265. (b) C. Clarkson, W.



(4)

(5)

(6)

(7)

(8)

E. Campbell, P. Smith, In vitro antiplasmodial @ity of abietane and totarane
diterpenes isolated from Harpagophytum procumbeaesil(s claw), Planta Med.
69 (2003) 720-724. (c) H. Muroi, I. Kubo, Antibai# activity of anacardic acid
and totarol, alone and in combination with methitil against
methicillinresistan&aphylococcus aureus, J. Appl. Bacteriol. 80 (1996) 387-394.
(d) I. Kubo, H. Muroi, M. Himejima, Antibacterial &ivity of Totarol and Its
Potentiation, J. Nat. Prod. 55 (1992) 1436-1440K(eNicolson, G. Evans, P. W.
O'Toole, Potentiation of methicillin  activity aganh methicillin-
resistantSaphylococcus aureus by diterpenes, FEMS Microbiol. Lett. 179 (1999)
233-239.

Y. Gao, X. Xu, S. Chang, Y. Wang, Y. Xu, S. Ran,Hlang, P. Li, J. Li, L.
Zhang, J. M. Saavedra, H. Liao, T. Pang, Totarev@nts neuronal injury in vitro
and ameliorates brain ischemic stroke: Potentialsrof Akt activation and HO-1
induction, Toxicol. Appl. Pharmacol. 289 (2015) 1¥24.

K. Sato, K. Sugawara, H. Takeuchi, H-S. Park, kiyAma, T. Koyama, Y.
Aoyagi, K. Takeya, T. Tsugane, S. Shimura, Antibaat Novel Phenolic
Diterpenes from Podocarpus macrophyllus D. DON, nich&harm Bull. 56
(2008) 1691-1697.

For seminal reviews, see: (a) J. R. Hanson, Nad.FRep. 21 (2004) 312-320. (b)
J. R. Hanson, Diterpenoids, Nat. Prod. Rep. 214p@85-793.

I. R. Sherwood, W. F. Short, Podocarpic acid. Rait Chem. Soc. (1938) 1006-
1013.

(@) W. Liu, S. Chen, J. Dropinski, L. Colwell, M.oRins, M. Szymonifka, N.
Hayes, N. Sharma, K. MacNaul, M. Hernandez, C. ®@uyrC. P. Sparrow, J. G.

Menke, S. B. Singh, Design, synthesis, and straetgtivity relationship of



9)

(10)

(11)

podocarpic acid amides as liver X receptor agorfistspotential treatment of
atherosclerosis. Bioorg. Med. Chem. Lett. 15 (2005§4-4578. (b) S. B. Singh,
J. G. Ondeyka, W. Liu, S. Chen, T. S. Chen, X A.iBouffard, J. Dropinski, A.
B. Jones, S. McCormick, N. Hayes, J. Wang, N. Sharkh MacNaul, M.
Hernandez, Y-S. Chao, J. Baffic, M-H. Lam, C. Buart&. P. Sparrow, J. G.
Menke, Discovery and development of dimeric podpicaacid leads as potent
agonists of liver X receptor with HDL cholesteraliging activity in mice and
hamsters, Bioorg. Med. Chem. Lett. 15 (2005) 282282 (c) W. He, A. Gavai,
F. C. Huang, J. Regan, B. Hanney, G. Poli, J. BriioK. Chan, S. W. Djuric,
K. T. Yu, A. Zilberstein, Novel cytokine releasehihitors. Part IV: Analogs of
podocarpic acid, Bioorg. Med. Chem. Lett. 9 (19969-474. (d) Y. M. Cui, E.
Yasutomi, Y. Otani, T. Yoshinaga, K. ldo, K. Sawada Ohwada, Design,
synthesis and characterization of podocarpate aktres as openers of BK
channels, Bioorg. Med. Chem. Lett. 18 (2008) 519205

Z. Dang, K. Jung, L. Zhu, H. Xie, H-H. Lee, C-H. &h L. Huang, Phenolic
Diterpenoid Derivatives as Anti-Influenza A Virusgénts, ACS Med. Chem.
Lett. 6 (2015) 355-358.

J. Chaudhuri, N. Bose, J. Gong, D. Hall, Ar. RitkilD. Bhaumik, T. H. Peiris,
M. Chamoli, C. H. Le, J. Liu, G. J. Lithgow, A. Ramathan, X. Z. ShawnXu, P.,
Kapahi, A Caenorhabditis elegans Model ElucidatesCa@nserved Role for
TRPA1-Nrf Signaling in Reactivel-Dicarbonyl Detoxification, Current Biology.
26 (2016) 3014-3025.

A. Mukherjee, S. Sengupta, Characterization of mimb as a potent intestinal
disaccharidase and glucoamylase inhibitor preseitzadirachta indica (neem)

useful for the treatment of diabetes, J. Enz. Inkibd. Chem. 28 (2013) 900-910.



(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

S.-T. Bai, Q.-D. Deng, Y. Xie, W.-H. Tang, W.-J. &aL. Tong, Anti-
angiogenesis effect of nimbidiol extracted fr@& astrus aculeatus Merr. Tianran
Chanwu Yanijiu Yu Kaifa . 27 (2015) 900-904.

Y. Xiong, K. Wang, Y. Pan, H. Sun, J. Tu, Isolati@ynthesis, and anti-tumor
activities of a novel class of podocarpic diterperi@oorg. Med. Chem. Lett. 16
(2006) 786-789.

H. E. Zapata-Estrella, A. D. M. Sanchez-Pardeni{laGGarcia-Sosa, F. Escalante-
Erosa, F. de Campos-Buzzi, N. L. Meira-QuintaoCéchinel-Filho, L. M. Pefa-
Rodriguez,Bioactive metabolites fror@nidoscolus souzae andAcmella pilosa,
Nat. Prod. Comm. 9 (2014) 1319-1321.

T. Oishi, Y. Otsuka, T. Limori, Y. Sawada, S. OchRreparation of phenantrene
derivatives as 5-lipoxygenase inhibitors and amtiamts. Patent JP 04275247 A
19920930 (1992).

M. Tada, J. Kurabe, H. Yasue, T. lkuta, SynthedisTotarane Diterpenes:
Totarol, Maytenoquinone, 6-Deoxymaytenoquinone &htll,13-Totaratriene-
12,13-diol, Chem. Pharm. Bull. 56 (2008) 287-291.

M. B. Kim, J. T. Shaw, Synthesis of Antimicrobiabtdral Products Targeting
FtsZ: (+)-Totarol and Related Totarane Diterperi&gy. Lett. 12 (2010) 3324-
3327.

M. Tada, J. Kurabe, T. Yoshida, T. Ohkanda, Y. Matsto, Syntheses and
Antibacterial Activities of Diterpene Catechol Detives with Abietane,
Totarane and Podocarpane Skeletons against MéttRakistantStaphylococcus
aureus andPropionibacterium acnes, Chem. Pharm. Bull. 58 (2010) 818-824.

F. Li, Q. Tu, S. Chen, L. Zhu, Y. Lan, J. Gong,YAng, Bioinspired Asymmetric

Synthesis of Hispidanin A, Angew. Chem. Int. Ed (3017) 5844-5848.



(20)

(21)

(22)

(23)

(24)

(25)

(26)

W. Cao, H. Deng, Y. Sun, B. Liu, S. Qin, AsymmetBgnthesis of Hispidanin A
and Related Diterpenoids, Chem. Eur. J. 24 (2018pP-9129.

V. Rosales, J. L. Zambrano, M. Demuth, Regioselectalladium-Catalyzed
Alkylation of Allylic Halides with Benzylic Grignat Reagents. Two-Step
Synthesis of Abietane Terpenes and Tetracyclicehoid Compounds, J. Org.
Chem 67 (2002) 1167-1170.

K. Ishihara, H. Ishibashi, H. Yamamoto, Enantiod &nastereoselective Stepwise
Cyclization of Polyprenoids Induced by Chiral andhial LBAs. A New Entry
to (-)-Ambrox, (+)-Podocarpa-8, 11, 13-triene DQuemoids, and (-)-Tetracyclic
Polyprenoid of Sedimentary Origin, J. Am. Chem..Sd&% (2002) 3647-3655.

J. G. Bendell, R. C. Cambie, P. S. Rutledge, RADodgate, Investigation of the
Structures of Some Natural Products From the Neeee, TAust. J. Chem. 46
(1993) 1825-1843.

E. J. Alvarez-Manzaneda, R. Chahboun, J. J. Guawtl Lachkar, A. Dahdouh,
A. Lara, I. Messouri, New route to 15-hydroxydefoabietic acid derivatives:
application to the first synthesis of some bioac@bietane and nor-abietane type
terpenoids Tetrahedron Lett. 47 (2006) 2577-2580.

J. L. Zambrano, V. Rosales, T. Nakano, First forsyalthesis of (+)-nimbidiol.
Synthesis, X-ray structure and anticancer actiatya novel ring C aromatic
diterpene: dimethyl (+)-podocarpa-8, 11,13- trid2e- 13-dicarboxylate,
Tetrahedron Lett. 44 (2003) 1859-1862.

(@) E. Alvarez-Manzaneda, R. Chahboun, E. Cabteralvarez, R. Alvarez-
Manzaneda, M. Hmamouchi, H. Es-Samti, Novel syithstrategy toward
abietane and podocarpane-type diterpenes fromc(a)e®l: synthesis of the

antitumor (+)-7-deoxynimbidiol, Tetrahedron Let8 @2007) 8930-8934. (b) E. J.



(27)

(28)

(29)

(30)

(31)

(32)

Alvarez-Manzaneda, J. L. Santiago Romera, R. Chamb& New Route toward
7-Ox0-13-hydroxy-8,11,13-podocarpatrienes from laated Diterpenes, J. Nat.
Prod. 69 (2006) 563-566.

Y-P. Gao, Y-H. She, X-K. Xu, J-M. Tian, H-W. Zen§, Lin, C.-M. Liu, W-D.
Zhang, Diterpenoids from Gaultheria yunnanensistédmemistry Lett. 8 (2014)
6-9.

S. Mahdjour, M. Harche-Kaid, A. Haidour, R. ChahbpE. Alvarez-Manzaneda,
Short Route to Cassane-Type Diterpenoids: Syntluédise Supposed Structure
of Benthaminin 1, Org. Lett. 18 (2016) 5964-5967.

(@) J. de Pascual, A. San Feliciano, J. M. Miguell @Qorral, A. F. Barrero,
Terpenoids from Juniperus Sabina, Phytochemist2y(1®83) 300-301. (b) A.
Ahond, P. Carnero, B. Gastambide, Isolement da@dé communique des cones
d’une variété naine de cypr&ull. Soc. Chim. Fr. (1964) 348-349.

E. Alvarez-Manzaneda, R. Chahboun, E. Cabrera, karéz, R. Alvarez-
Manzaneda, M. Lachkar, I. Messouri, Synthesis loérf®l Abietane Diterpenes
Based on the Oxidative Radical Cyclization Utilgirthe Mn(OAc)/Ac, O
System, Synlett. 15 (2007) 2425-2429.

J. G. Bendell, R. C. Cambie, P. S. Rutledge, PRVDodgate, Investigation of the
Structures of Some Natural Products From the Neeee, TAust. J. Chem. 46
(1993) 1825-1843.

E.M. Saleh, R. A. EI-Awady, N. Anis, Predictive rkars for the response to 5-
fluorouracil therapy in cancer cells: Constantefigel electrophoresis as a tool for
prediction of response to 5-fluorouracil-based cbérarapy, Oncology Letters. 5

(2013) 321-327.



(33)

(34)

(35)

(36)

(37)

(38)

D.Y. Lim, S.H. Shin, M-H. Lee, M. Malakhova, I. Kiaov, Q. Wu, J. Xu, Y.

Jiang, Z. Dong, K. Liu, K.Y. Lee, K.B. Bae, B.Y. @hY. Deng, A. Bode, Z.

Dong, A natural small molecule, catechol, inducédyc degradation by directly
targeting ERK2 in lung cancer, Oncotarget. 7 (2(85)01-35014.

S.S. Damasceno, B.B. Dantas, J. Ribeiro-Filho, M.AAraujo, J. Galberto M da
Costa, Chemical Properties of Caffeic and Ferulada in Biological System:

Implications in Cancer Therapy. A Review, Curr. PhaDes. 23 (2017) 3015-
3023.

D. Sumi, Y. Numasawa, A. Endo, N. lwamoto, Y. Kuraad@ atechol estrogens
mediated activation of Nrf 2 through covalent madifion of its quinone

metabolite to Keapl, J Toxicol Sci. 34 (2009) 635-.6

C.D. Netto, E.S.J. Santos, C.P. Castro, A.J.M. id&a,SV.M. Rumjanek, P.R.R.

Costa, (+/-)-3,4-Dihydroxy-8,9-methylenedioxyptesiggan and derivatives:
cytotoxic effect on human leukemia cell lines, EurMed. Chem. 44 (2009) 920-
925.

R.B. De Oliveira, E.M. De Souza-Fagundes, H.A.§ju8ira, R.S. Leite, C.L.

Donnici, C.L. Zani, Synthesis and biological adfviof 4-thiazolidinones,

thiosemicarbazides derived from diflunisal hydrazidur. J. Med. Chem. 41
(2006) 756-760.

D. Hofera. H.P. Varbanova. M. Hej, M.A. Jakupec, Rollera, M. Galanskia,

B.K. Kepplera, Impact of the equatorial coordioatisphere on the rate of
reduction, lipophilicity and cytotoxic activity oplatinum (IV) complexes, J.

Inorg. Biochem. 174 (2017) 119-129.



(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

G. Caron, G. G. J. Ermondi, Calculating Virtual @ the Alkane/Water System
(log PN and Its Derived Parametedog Poci.ax and logDPHa Med. Chem. 48
(2005) 3269-3279.

K.J. Barnum, M .J. O’'Connell, Cell cycle regulatibly checkpoints, Methods
Mol Biol. 1170 (2014) 29-40.

D. Karunagaran, R. Rashmi, TR. Kumar, Inductiompdptosis by curcumin and
its implications for cancer therapy, Curr. Cand@rug. Targets. 2 (2005) 117-
129.

I. Tegeder, S. Grosch, A. Schmidtko, A. HausslerSeEhmidt, E. Niederberger,
K. Scholich, G. Geisslinger, G Protein-independéntCell Cycle Block and
Apoptosis with Morphine in Adenocarcinoma Cells:vdivement of p53
Phosphorylation, Cancer Res. 63 (2003) 1846-1852.

R.K. Senwar, P. Sharma, T.S. Reddy, M.K. Jeengér, Nayak, V.G. Naidu, A.
Kamal, N. Shankaraiah, Spirooxindole-derived mohplesfused-1,2,3-triazoles:
Design, synthesis, cytotoxicity and apoptosis imagicstudies, Eur. J. Med.
Chem. 24 (2015) 413-424.

I. Chayboun, E. Boulifa, A.l. Mansour, F. Rodrigugerrano, E. Carrasco, P.J.
Alvarez, R. Chahboun, E. Alvarez-Manzaneda, Finstnéiospecific syntheses of
marine merosesquiterpenes neopetrosiquinones 8:aedaluation of biological
activity, J. Nat. Prod. 78 (2015) 1026-1036.

E. Susan, Apoptosis: a review of programmed celtideT oxicol Pathol. 4 (2007)
495-516.

R. Shankar, B. Chakravarti, U. S. Singh, M. I. Ans§. Deshpande, S. K.D.

Dwivedi, H.K. Bid, R. Konwar, G. Kharkwal, V. Charad A. Dwivedi, K. Hajela,



(47)

(48)

(49)

(50)

(51)

(52)

(53)

Synthesis and biological evaluation of 3,4,6-tr&3pyranones as a potential new
class of anti-breast cancer agents, Bioorg. Meg@nCH7 (2009) 3847-3856.

R.K. Senwar, P. Sharma, T.S. Reddy, M.K. Jeengar, Nayak, V.G. Naidu, A.
Kamal, N. Shankaraiah, Spirooxindole-derived molplesfused-1,2,3-triazoles:
Design, synthesis, cytotoxicity and apoptosis imagicstudies, Eur. J. Med.
Chem. 24 (2015) 413-424.

H. Zhu, J. Zhang, N. Xue, Y. Hu, B. Yang, Q. He,vlbcombretastatin A-4
derivative XN0O502 induces cell cycle arrest andpapsis in A549 cells, Invest.
New Drugs.28 (2010) 493-501.

Q. Yao, M. Lin, Y. Wang, Y. Lai, J. Hu, T. Fu, L.&Kg, S Lin, L. Chen, Y. Guo,
Curcumin induces the apoptosis of A549 cells viadatve stress and MAPK
signaling pathways, International journal of molecunedicine. 36 (2015) 1118-
1126.

P. Sharma, D. Thummuri, T.S. Reddy, K.R. SenwarG.M. Naidu, G.
Srinivasulu, S-K. Bharghava, N. Shankaraiah, New )-1falkyl-1H-
benzo[d]imidazol-2-yl) methylene) indolin-2-onegnghesis, in vitro cytotoxicity
evaluation and apoptosis inducing studies, Eur.d.@lleem. 122 (2016) 584-600.
S.K.S. Sarada, P. Himadri, D. Ruma, S.K. Sharma,Pa&uline, Mrinalini,
Selenium protects the hypoxia induced apoptosiseiroblastoma cells through
upregulation of Bcl-2, J. Brain. Res. 1209 (2008)33.

X. Wang, The expanding role of mitochondria in apgfs, Genes Dev. 15 (2001)
2922-2933.

J. Eun-Park, B. Park, I.G. Chae, D-H. Kim, J. Kundu Kumar-Kundu, K.S.

Chun, Carnosic acid induces apoptosis through ivedein of Src/STAT3



(54)

(55)

(56)

(57)

(58)

(59)

signaling pathway in human renal carcinoma Cakisc€dncol Rep. 35 (2016)
2723-2732.

S. Sampath, S. Subramani, S. Janardhanam, P. Samram Yuvaraj, R.
Chellan, Bioactive compound 1,8-Cineole selectivelguces G2/M arrest in
A431 cells through the upregulation of the p53 aloy pathway and molecular
docking studies, Phytomedicine. 46 (2018) 57-68.

C-Y. Yu, C-L. Jerry Teng, P-S. Hung, C-C. Chend,.$su, G-Y. Hwang, Y-M.
Tzeng, Ovatodiolide isolated from Anisomeles indioduces cell cycle G2/M
arrest and apoptosis via a ROS-dependent ATM/ABRading pathways, Eur. J.
Pharmacol. 819 (2018) 16-29.

P. de Matos Candido-Bacani, F. Ezan, P. de OlivEigueiredo, M. de F.C.
Matos, F. Rodrigues Garcez, W. Silva Garcez, GfeBafl-9-NuC]-crourorb Al
isolated from Croton urucurana latex induces G2\l @y/cle arrest and apoptosis
in human hepatocarcinoma cells, Toxicol. Lett. 22817) 44-54.

W. Lin, J. Xie, N. Xu, L. Huang, A. Xu, H. Li, C.iLY. Gao, M. Watanabe, C.
Liu, P. Huang, Glaucocalyxin A induces G2/M cellcley arrest and apoptosis
through the PI3K/Akt pathway in human bladder camedls, Int. J. Biol. Sci. 14
(2018) 418-426.

T. Mosmann, Rapid colorimetric assay for cellularowgth and survival:
Application to proliferation and cytotoxicity assayJ. Immunol. Methods. 65
(1983) 55-63.

S.A. Ahmed, R.M. Gogal, J.E. Walsh, A new rapid anmdple non-radioactive
assay to monitor and determine the proliferatiofyoiphocytes: an alternative to

[3H] thymidine incorporation assay, J. Immunol. WMet70 (1994) 211-224.



(60) M. Szumilak, A. Szulawska-Mroczek, K. Koprowska, Btasiak, W. Lewgowd,
A. Stanczak, M. Czyz, Synthesis and in vitro biatayj evaluation of new
polyamine conjugates as potential anticancer drdgs, J. Med. Che. 45 (2010)

5744-5751.



Several podocarpane and totarane terpenoids lyatleesized from naturatans-
communic acid.

The natural podocarpane hydroxy ket@3gisolated fromGaultheria yunnanensis, has
been synthesized for the first time.

The unnantural totarane catecB@8land the relatedrtho-quinone27 have been
synthesized.

The best activity was found for compou2ftlin A549 cells (1Gy 0.6 uM).

Compound?8 induces apoptosis mediated by an increased Ba/Batio in A549
cells.



