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Abstract

Antiproliferative Constituents of Roots of Podocarpus falcatus (Thunb.) R.Br. ex Mirb.

Ermias Mekuria Addo

Addis Ababa Univeristy, 2015

Once thought of as the disease of the developed, cancer nowadays is becoming the prob-
lem of every nation across the globe claiming millions of lives every year. Incidence, and
thus prevalence, is increasing every year due to adoption of lifestyle factors that are
known to be major cancer risk factors. Making things worse is the development of MDR
to the known effective anticancer drugs. Moreover, the currently available drugs are cost-
ly and are associated with severe side effects. Thus, discovering new anticancer drugs
with new and safe modes of action is urgently needed. Natural products derived from
medicinal plants are well-known contributors of clinically useful anticancer drugs; suffice
to mention taxol, the Vinca alkaloids, podophyllotoxin and camptothecin and their de-
rivatives. Relying on traditional medicines for most of their health needs, Ethiopians use
various plants for prevention and treatment of cancer. For example, the roots of Podocar-
pus falcatus are used as “anticancer” remedies in some parts of Ethiopia, which formed

the basis of the present study to isolate the “responsible” “bioactive” compounds.

Bioassay guided fractionation using the human colorectal adenocarcinoma (HT-29) cell
line of the methanol extract of dried roots of P. falcatus (Podocarpaceae) led to the isola-
tion of two new type C nagilactones, 16-hydroxy nagilactone F (PF-1) and 24,16-
dihydroxy nagilactone F (PF-3) and a new totarane-type bisditerpenoid 74-hydroxy mac-
rophyllic acid (PF-2), along with the seven known compounds: inumakinol D (28), mac-



rophyllic acid (37), nagilactone D (41), ponasterone A (94), 2f-hydroxy nagilactone F
(108), nagilactone I (109), and 15-hydroxy-nagilactone D (110). The structures of the
new compounds were determined by 1D and 2D-NMR, HRESIMS and by comparison
with the reported spectroscopic data of their congeners. The orientation of the hydroxyl
group at C-2 of 108 and 109 was revised to be £ based on evidence from detailed analysis
of 1D and 2D-NMR data and single crystal X-ray diffraction studies. Among the isolated
compounds the nagilactones, including the new dilactones 16-hydroxy nagilactone F
(PF-1) and 2p,16-dihydroxy nagilactone F (PF-3), were the most active (EDsp 0.3-5.13
MM range) against the HT-29 cell line, whereas the bisditerpenoids (PF-2 and 37) and the
other known compounds 28 and 94 were inactive. The presence of bioactive nagilactones

in P. falcatus supports its traditional use.
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1. Introduction

1.1. Cancer

1.1.1. Definition, pathogenesis and causes: An overview

Cancer, which encompasses more than 200 unique diseases, is a deregulated multiplica-
tion of cells with the consequence of an abnormal increase of the cell number in particu-
lar organs (Schwab, 2012; Abernethy et al., 2014). Typically aberrant gene function and
altered patterns of gene expression results in alteration of crucial intracellular signaling
pathways associated with the regulation of cell survival, proliferation, differentiation and
death mechanisms, ending up in uncontrolled cell division and dissemination to other or-
gans—which is the major cause of cancer death (Yokota, 2000; Jones and Baylin, 2007;
de Souza et al., 2011). Thus, the hallmarks of cancer can be identified as self-sufficiency
in growth signals, insensitivity to growth-inhibitory (antigrowth) signals, evasion of pro-
grammed cell death (apoptosis), limitless replicative potential, sustained angiogenesis,
and tissue invasion and metastasis (Hanahan and Weinberg, 2000; 2011). In short, expo-
sure to carcinogens, failure of DNA repair and progressive genetic instability lead to ac-
cumulation of mutations that drive cancer development, growth and metastasis (Dancey

etal., 2012).

Progressing through initiation, promotion and progression to metastasis, cancer mainly
results from an imbalance in the function of oncogenes and tumor suppressor genes that
involve the gain-of-function mutation, amplification, and/or overexpression of key onco-
genes together with the loss-of-function mutation, deletion, and/or epigenetic silencing of
key tumor suppressors (Luo et al., 2009). Proposed by Otto Warburg some 50 years ago,

it is thought that chronic hypoxia and/or reactive oxygen species (ROS) accumulation



leading to reprogramming of energy metabolism as the major initiator of cancer (Zhang
et al., 2015). Studies indicate chronic inflammation as a major linker of hypoxia, ROS
and cancer (Federico et al., 2007; Borrello et al., 2008; Kundu and Surh, 2008; Reuter et

al., 2010; Kundu and Surh, 2012; Candido and Hagemann, 2013).

Perhaps the major cause of death, accounting for more than 90% cancer-associated mor-
tality, from cancer results from the final stages of cancer progression-metastasis-that im-
pairs the function of vital organs (Aguirre-Ghiso, 2007; Jiang and Ablin, 2011; Sosa et
al., 2014). Metastasis is the spread, by a process called metastatic cascade, of malignant
tumour cells from the primary tumour site to distant organs (through the lymphatic sys-
tem or the blood), in which they grow expansively to develop deadly secondary tumours
(Kitamura et al., 2015). In brief, the metastatic cascade starts with the evasion of-anti-
tumour immune surveillance by tumor cells at the primary site and then intravasation into
blood and/or lymphatic vessels, which allows them to circulate and spread. At the meta-
static site these circulating tumour cells extravasate, become established and proliferate to

form the deadly metastatic tumour (Kitamura et al., 2015).

The major causes of cancer can be conveniently categorized as internal factors (such as
inherited mutations, hormones, and immune conditions) and environmental/acquired fac-
tors (such as tobacco, diet, radiation, and infectious organisms) (Anand et al., 2008).
While the former accounts for only 5-10% of all cancer cases, the major risk factor, ac-
counting for 90-95%, roots from environmental and lifestyle factors that include ciga-
rette smoking, diet (fried foods, red meat), alcohol, sun exposure, environmental pollu-
tants, infections (viruses and other microorganisms), stress, obesity and physical inactivi-
ty (Belpomme et al., 2007; Anand et al., 2008; Khan et al., 2010; Sung et al., 2011). The

2



evidence indicates that of all cancer—related deaths, almost 25-30% are due to tobacco, as
many as 30-35% are linked to diet, about 15-20% are due to infections and the remain-
ing percentage are due to other factors like radiation, stress, physical activity, environ-

mental pollutants etc (Anand et al., 2008).

1.1.2. Epidemiology

With the adoption of lifestyle behaviors that are known to increase cancer risk, such as
smoking, poor diet and physical inactivity, coupled with growth and aging of the popula-
tion, the burden from cancer death is expected to grow worldwide, particularly in less de-
veloped countries, in which about 82% of the world’s population resides (Kanavos, 2006;
Torre et al., 2015). According to a report by International Agency for Research on Can-
cer (IARC), a specialized agency of the World Health Organization, 14.1 million new
cases have been recorded in 2012 and this raised the number of people living with cancer
to 32.6 million at that time and the number of deaths were 8.2 million (Ferlay et al.,
2015). There is a slight increase compared to 2008 data: 12.7 million new cancer cases
and 7.6 million cancer deaths (Ferlay et al., 2010). In the 2012 data, 57% (8 million) of
new cancer cases, 65% (5.3 million) of the cancer deaths and 48% (15.6 million) of the 5-
year prevalent cancer cases occurred in the less developed regions (Ferlay et al., 2013).
Moreover, the number of new cases is expected to rise to 22 million within the next two
decades if the current pharmaceutical arsenal to treat cancer has not improved (WHO,

2015).

Ethiopia, as one of less developed nations and coupled with lifestyle changes, is experi-
encing the increasing burden from cancer. There is also a lack of comprehensive cancer

registration and population-based measurement of cancer burden. According to
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Woldeamanuel et al. (2013), in Ethiopia most of the diagnosis occur at late stage, at
which most patients have incurable disease and need mainly palliative care. Though,
some hospital records show that there are more than 200,000 cancer cases per year, an
estimated 60,000—125,000 per year patients visit the Oncology Unit, the only cancer re-
ferral center in the country located at Black Lion Hospital in Addis Ababa. Only about
500 patients (less than 1 %) per year could get treatment services where treatment costs

exceed 80,000 ETB ($6,667), which most patients cannot afford (ECA, 2007).

1.1.3. Prevention and treatment modalities: An overview

The ‘gold standard’ for cancer prevention is to interrupt the cancer-initiating process be-
fore pre-cancers form (Umar et al., 2012). Lifestyle modifications—that include better die-
tary choices, increasing physical activity, maintaining a healthy weight, stopping (or not
starting) the use of tobacco, moderating alcohol intake and other lifestyle factors—offer an
important strategy for cancer prevention (Mosby et al., 2012; Umar et al., 2012). Since
this is not always the case, prevention of cancer—with the intention of intercepting those
processes involved in progression to the invasive stage-remains the most promising strat-
egy for reducing both its incidence and the mortality due to this disease and hence ulti-
mately cancer-free survival (Umar et al., 2012). The rationale for this approach is that
once the disease is in the metastatic state, treatment is mainly palliative aimed at improv-
ing the quality of life the patients (Gennari et al., 2011). To this end various prevention

and treatment modalities has been devised.

Depending on the specific pathological and molecular characteristics of the cancer, its
location, extent of disease and the health status of the patient, there are different types of
treatment, which may be used alone or in combination, either simultaneously or sequen-
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tially: surgery, radiotherapy and chemotherapy (Lugmani, 2005) with other relatively
new additional options that use biological molecules, targeted therapies and immuneme-
diated therapies (Chabner and Roberts, 2005; Baxevanis et al., 2009; Vanneman and
Dranoff, 2012; Miller et al., 2013). Surgery is most frequently the first line of therapy,
and for ‘early’ cancers, it may be curative. Radiotherapy is most often used in a localized

setting and in conjunction with surgical procedures (Lugmani, 2005).

The term ‘chemotherapy’ refers to the use of drugs to kill or inhibit the growth of cancer
cells which can be used for either palliative or curative, as adjuvant or neodjuvant to sur-
gery or primary radiotherapy (Bhosle and Hall, 2006; 2009). Chemotherapy drugs (Table
1) exert their effects by interfering with the processes involved in cell division (Fernando
and Jones, 2015). Their therapeutic use stems from their ability to cause a greater propor-
tion of cell kill in cancer cells as opposed to normal cells (Caley and Jones, 2012). Unfor-
tunately, they can also be ‘cytotoxic’ to normal dividing cells, particularly those with a
high turnover, such as the bone marrow and mucous membranes; which are the major
cause of sever toxicities associated with chemotherapeutic drugs (Fernando and Jones,

2015).



Table 1. List of chemotherapy drugs classified based on their biochemical properties

Drug class

Mechanism of action

Examples

Alkylating
agents

Anti-
metabolites

Anti-tumour
antibiotics

Topoisomerase
inhibitors

Tubulin-
binding drugs

Impair cell function by forming
covalent bonds on important
molecules in proteins, DNA and
RNA. Classified by their chemi-
cal structure and mechanism of
covalent bonding

Structural analogues of naturally
occurring metabolities involved
in DNA and RNA synthesis.
They either substitute for a me-
tabolite that is normally incor-
poraated in to DNA or RNA or
compete for the catalytic site of a
key enzyme

Intercalate DNA at specific se-
quences, creating free radicals
which cause strand breakage. An-
thracyclines, products of the fun-
gus Streptomyces, also have
mechanism of action of topoiso-
merase | and Il, required for the
uncoiling of DNA required for
DNA synthesis

Topoisomerases are enzymes that
control the 3D structure of DNA.
Topoisoerase | and Topoisomer-
ase Il are enzymes responsible
for the uncoiling of DNA during
replication

They bind to tubulin, and prevent
the formation of the microtubule,
which is important during mito-
sis, but also for cell shape, intra-
cellular transport and axonal
function Taxoids prevents the
disassembly of the microtubules,
thereby inhibit normal function

Platinums (Cisplatin, Car-

boplatin, Oxaliplatin)

Nitrogen mustards (chlorambucil,
melphalan)

Oxazophosphorines (cyclophos-
phamide, ifosfamide)

Pyrimidine analogues (gemcita-
bine, 5-fluorouracil, capecitabine)

Anti-folates (methotrexate,
raltitrexed)

Anthracyclines
(doxorubicin, epirubicin,
bleomycin, mitoxantrone)

Topoisomerase | inhibitors
(irinotecan, topotecan)

Topoisomerase Il inhibitors
(etoposide)

Vinca alkaloids (vincristine, vi-
norelbine),

Taxanes (paclitaxel, docetaxel)




1.2. Natural products

1.2.1. The role of medicinal plants in cancer

Throughout the ages, humans have relied on nature for their basic needs—for the produc-
tion of foodstuffs, shelters, clothing, means of transportation, fertilizers, flavors and fra-
grances and, not least, medicines (Newman et al., 2000). The use of natural products
(NPs) with therapeutic properties is as ancient as human civilization and for a long time
natural products from plants, mineral and animals were the source of virtually all medici-
nal preparations and drugs (Newman, 2008; Qurishi et al., 2011; Harvey et al., 2015)
and still play a vital role in the drug discovery process (Newman, 2008; Ji et al., 2009;
Carter, 2011; Morrison and Hergenrother, 2014; Patridge et al., 2015). Many of the clini-
cally used drugs derived from natural products originated from microbial species, particu-
larly in the anti-infective area, but plant-derived drugs have also made significant contri-
butions, and it is certain that mankind would be immeasurably the poorer without such
natural plant—derived drugs as morphine, the vinca alkaloids, quinine, artemisinin, tax-
oids, podophyllotoxin and camptothecin and their derivatives (Kingston, 2011). Marine—
based drugs are also making an increasing contribution, with cytarabine, trabectidin,
eribulin and vedotin as examples of a marine-derived anticancer drugs (Simmons et al.,

2005; Newman and Cragg, 2014; Kita and Kigoshi, 2015).

Analysis of all approved therapeutic agents between 1981 and 2010 indicated that about
40 % of drugs are either NPs or NP-derivatives. More interestingly, the percentage con-
tribution of NPs in the anticancer therapeutic area is more pronounced: Without consider-
ing the contribution from the high molecular weight materials (biologicals and vaccines),

approximately 75% anticancers were either from NPs or naturally inspired agents



(Newman and Cragg, 2012). Thus, natural products tend to present more structurally di-
verse ‘‘drug-like’” and ‘‘biologically friendly’” molecular qualities than pure synthetic
compounds at random and are an important source of novel lead structures for the syn-
thetic and combinatorial chemistry aspects of anticancer drug discovery (Pan et al.,

2010a).

Plants have a long history of use as adjuvant (Ho and Cheung, 2014), prevention (Desai
et al., 2008; Singh et al., 2012; Ji et al., 2014) and treatment (Cragg and Newman, 2003;
Amin et al., 2009; Wang et al., 2012; Perez et al., 2014b) of cancer. Their use led to the
discovery of many novel chemotherapeutic types showing a range of cytotoxic activities
(Quirishi et al., 2011). There are now four major structural classes of plant-derived com-
pounds used in western medicine as single chemical entity compounds, namely, the Vinca
alkaloids (vinblastine (1), vincristine (2), vinorelbine (3)), the epipodophyllotoxin lignans
(podophyllotoxin (4), etoposide (5), teniposide (6)), the taxane diterpenoids (paclitaxel
(7), docetaxel (8)), and the camptothecin quinoline alkaloid derivatives (camptothecin
(9), topotecan (10), irinotecan (11)) (Pan et al., 2010a). The respective plants from which
the parent compounds isolated are Catharanthus roseus G. Don (Kingston, 2009), Podo-
phyllum peltuturn L. (Gordaliza et al., 2004; Guerram et al., 2012), Taxus brevifolia L.
(Kingston, 2007; Wani and Horwitz, 2014), and Camptotheca acuminata Decne (Lorence
and Nessler, 2004). These compounds have been found to act on two important biochem-
ical targets, tubulin and topoisomerase (Pan et al., 2012). Besides these, there are numer-
ous plant derived compounds that are active against various forms of cancer that are in

clinical trial and these act in a variety of ways (Ouyang et al., 2014).
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1.2.2. Ethiopian medicinal plants in cancer

Plants have traditionally been used as a source of medicine in Ethiopia since long time
ago to control various ailments afflicting humans and their livestock (Wondimu et al.,
2007; Giday et al., 2010). In fact, more than 80% of the people are dependent on plants

for their health service (Wondimu et al., 2007).



Even though, clear comprehensive cancer prevalence and incidence and definitive diag-
nostic criteria are absent, many ethnobotanical reports indicate the use of Ethiopian me-
dicinal plants as “anticancer” remedy. These include Tapinanthus globiferus (A. Rich.)
Tieghem, Plumbago zeylanica L., Gloriosa superba L. (Yineger et al., 2008), Clematis
bracteata (Roxb.) Kurz, Kalanchoe petitiana A. Rich, Ranunculus multifidus Forssk,
Zehneria scabra (Linn. f.) Sond (Bussmann et al., 2011), Gladiolus candidus (Rendle)
Goldblatt, Dorstenia barnimiana Schwienf, Podocarpus falcatus (Thunb.) Mirb
(Teklehaymanot, 2009) Cucumis prophetarum L., Maytenus senegalensis (Lam.) Excell

and Rubia discolor Turcz (Graham et al., 2000).

More interesting is the isolation of the potent tubulin inhibitor cytotoxic agent maytansine
(12) (Kupchan et al., 1972) and its analogues (Kupchan et al., 1977; Kupchan and Smith,
1977) from the Ethiopian shrub Maytenus serrata and other Maytenus spp (Celastraceae).
Even though maytansine was about 200 to 1000—fold cytotoxic than anticancer drugs in
clinical use that affect tubulin polymerization, such as the Vinca alkaloids or taxol, it
lacked a therapeutic window due to high systemic toxicity (Tassone et al., 2004). How-
ever, due to the advent of antibody-drug conjugate (ADC) drug targeted delivery system
(Flygare et al., 2013; Chari et al., 2014; Perez et al., 2014a), a derivative of maytansine,
DM1 (13) (N2-deacetyl-N?-(3-mercapto-1-oxopropyl)- maytansine) was linked with the
cytostatic monoclonal antibody trastuzumab (Herceptin) that specifically targets the hu-
man epidermal growth factor receptor 2 (HER2) in breast cancer to produce trastuzumab

emtansine (T-DM1; 14) (LoRusso et al., 2011; Amiri-Kordestani et al., 2014).
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T-DM1, sold under the trade name Kadcyla, is now used for treatment of women with
advanced, HER2-positive breast cancer who progress under treatment with trastuzumab
and a taxane or develop disease progression after completion of this treatment (Verma et

al., 2012; Cho and Roukos, 2013; Barok et al., 2014).

1.3. The family Podocarpaceae

The family Podocarpaceae is composed of evergreen trees or shrubs with resin ducts
(Demissew and Friis, 2009). The Podocarpaceae is the most diverse family of conifers,
both morphologically and ecologically (Kelch, 1998). The trees and shrubs are some-
times cultivated as ornamentals in suitably warm climates. In terms of number of species,
Podocarpaceae is the second largest family of conifers after Pinaceae (Little et al., 2013;
Mill, 2014). Even though debates still exist as to the clear idea of the number of the ge-
nus that this family comprises (Demissew and Friis, 2009), three principal genera are
recognized: Phyllocladus, Podocarpus and Dacrydium (Lowry, 1972), the latter two be-

ing the largest and the most diverse (Barkera et al., 2004).
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1.4. The genus Podocarpus

1.4.1. Description and distribution

The genus Podocarpus (Podocarpaceae) is composed of more than 100 species of ever-
green coniferous trees or shrubs that are distributed widely throughout tropical, sub-
tropical areas and the South Temperate Zone (Han et al., 2014). Many of its species are
important timber trees, and many are threatened with extinction for this or a variety of
other reasons such as habitat loss, particularly deforestation or climate change (Mill,

2014).

1.4.2. Chemistry
The genus Podocarpus is one of the most extensively studied with respect to chemical
composition and as a result many compounds have been characterized including lignans,

terpenoids, flavonoids and steroids (Ito and Kodama, 1976).

1.4.2.1. Terpenoinds

The genus Podocarpus is well known to natural product chemists as a rich source of ter-
penoids (Hembree et al., 1979). The most well characterized terpenoids are the diterpe-
noids, notably totarol (15) and its derivatives and a group of highly oxidized norditerpene
dilactones generally known as nagilactones or podolactones (Figure 1 and 2) (Ito and
Kodama, 1976). The latter are considered to be taxonomic markers for this genus
(Abdillahi et al., 2010), though less common sesquiterpenes including podoandin (16)
(Kubo et al., 1992b) and 15-hydroxyphaseic acid (17) (Faiella et al., 2012) have been al-

so isolated from podocarps.
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1.4.2.1.1. Diterpenes and derivatives

The most common diterpenoids isolated from Podocarpus sp. are the phenolic diterpenes
(15) and ferruginol (18), which are based on totarane and abietane diterpne skeleton, re-
spectively (Figure 1) and their derivatives (Cox et al., 2007). Also, diterpenes belonging
to labdane (Kuo et al., 2008), rosettane (Clarke et al., 1997; Chin et al., 2001), kaurene
(Aplin et al., 1963), isopimarane and phyllocladane (Campello et al., 1975) class have

been isolated from various Podocarpus species.

Ferruginol (18) is a simple representative of the abietane class that has been first isolated
from the resin of P. ferruginea (Brandt and Neubauer, 1939) with subsequent isolation
from many Podocarpus species such as P. fleuryi (Zhang et al., 2013) and also from oth-
er unrelated genus such as Vitex rotundifolia L. f. (Verbenaceae) (Ono et al., 1999) and
Salvia eriophora (Lamiaceae) (Ulubelen et al., 2002). Besides ferruginol, members of
Podocarpus are well known to contain other abietane type diterpenoids such as carnosol
(19) (Cambie et al., 1984), podoimbricatin B (20) (Han et al., 2014) and fleuryinols A-C

(21-23) (Zhang et al., 2013).

Totarol (15) is a diterpenoid with migrated abietane carbon skeleton (called totarane skel-
eton; Figure 1) that has been initially isolated from heartwoods of P. totara and then
from various Podocarpus spp. (Bendall and Cambie, 1995). Totaradiol (24), totaral (25),
19-hydroxytotarol (26) (Cambie et al., 1984; Ying and Kubo, 1991; Reynolds et al.,
2006), inumakiols C-H (27-32) (Sato et al., 2008), cycloinumakiol (33), inumakal (34)
and inumakoic acid (35) (Devkota et al., 2011) are few of congeners of totarol from vari-
ous Podocarpus species. Totarol (15) is also considered to be the precursor of the Cy to-

tarane-dimeric compounds podototarin (36) (Cambie and Mander, 1962) and macrophyl-
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lic acid (37) (Bocks et al., 1963) originally isolated from the heartwoods of P. totara and
P. macrophylhs D. Don, respectively. These are considered to be taxonomic markers of

the family Podocarpaceae (Ito and Kodama, 1976).
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1.4.2.1.2. Nagilactones

The family of nor- and bisnor- diterpenoid dilactones known as nagilactones (podolac-
tones) consists of more than 70 members, exhibiting a wide range of biological activities
(Hanessian et al., 2009). The structural features common to the whole group is that they
have 1) the degraded ring C of totarane carbon skeleton to unsaturated J-lactone, as such
the numbering of the podolactone skeleton follows that of totarane skeleton (Figure 1) 2)
a y-lactone between C-19 carbon and the g-oriented hydroxyl group at Ce, 3) two tertiary
methyl groups, a-methyl at C4 and p-methyl at C-10 and 4) extensively oxidized carbo-
cyclic rings A ond B with hydroxyl, epoxy and/or olefinic groups. So that all of these di-
lactones have 19 carbons at largest and up to 9 oxygen atoms in the molecule (Ito and

Kodama, 1976).

11 0 11 11
1 14 1 1
S8h (e 8%

18 18 19 18 19

Nagilactone nuclues Totarane diterpene nuclues Abietane diterpene nuclues

Figure 1. Nagilactone, totarane and abtietane diterpene nucleus

The three rings of nagilactones are designated as A, B and C similar to those found in ab-
ietane, totarane, podocarpane diterpenes (Figure 2). Based on the unsaturation patterns of
B and C rings, nagilactones are classified into three major groups: type A, which are
those with a-pyrone [8(14),9(11)-dienolide], type B with 7a,8a-epoxy-9(11)-enolide and

type C with 7(8),9(11)-dienolide (Hayashi and Matsumoto, 1982; Barrero et al., 2003).
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Type B

Figure 2. Types of nagilactones

Type A nagilactones

Typical UV features for this class is the presence of Amax 300-305 nm while their IR is
well characterized by absorptions for y-lactone (at 1760-1780 cm™) and J-lactone (1685
1740 cm?) in addition to a weak band due to C=C conjugated with C=0 (1620-1640 cm"
1 (1to and Kodama, 1976). Examples of this group include nagilactones A-D (38-41)
(Hayashi et al., 1968), inumakilactone E (42) (Hayashi et al., 1972a), hallactone A (43)
(Russell et al., 1973) and the chlorine containing dilactone rakanmakilactone G (44)

(Park et al., 2004a).
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Type B nagilactones

This class of nagilactones are characterized by UV Amax 0f 217-221 nm due to the conju-
gated J-lactone which is also responsible for IR absorption at 1705-1733 cm™. A weak
absorption due to C=C conjugated with C=0 shows signal at 1640-1650 cm™ while IR
absorption due to y-lactone is quite similar to type A dilactones (Ito and Kodama, 1976).
A representative of this class is the antileukomic podolide (45) from twigs and leaves of
P. gracilior Pilg (Kupchan et al., 1975) with the additional examples as the sulfur con-
taining derivatives podolactone C (46) and D (47) from bark of the P. neriifolius
(Galbraith et al., 1971), rakanmakilactones A-F (48-53) from leaves of P. macrophyllus

var. maki . (Park et al., 2004b) and makilactones N-R (54-58) form the dried root of P.

macrophyllus D. Don (Sato et al., 2009a).
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Type C nagilactones

Though limited in number, this group contains the most cytotoxic norditerpenoids with
7:8,9:11-dienolide moiety (Hayashi et al., 1979; Hayashi and Matsumoto, 1982). The
conjugated dienolide gives a characteristic UV absorption at Amax 257-263 nm, whereas
IR typically shows signals at 1700-1720 cm™ (d-lactone) and 1608-1643 cm™ (C=C con-
jugated with C=0) besides the signal for y-lactone similar to the other two groups (Ito
and Kodama, 1976). Nagilactone F (59) (Hayashi et al., 1972b), ponalactone A (60) (Ito
et al., 1971), nubilactone A (61) (Silva et al., 1973) and makilactones A-D (62-65) (Sato

et al., 2009b) are few examples that belong to this group.

1.4.2.2. Flavonoids

Nubigenol (66) is a chalcone isolated from the extract from the leaves and stems the
Chilean P. nubigena (Bhakuni et al., 1973), whereas kaempferol (67), quercetin (68),
aromadendrin (69) and taxifolin (70) have been isolated from various Podocarpus sp.
(Briggs and Cain, 1959; Briggs et al., 1959a). Many anthocyanins and their glycosides,
such as pelargonidin (71) and peonidin (72) (Lowry, 1972), cyanidin-3-neohesperidoside
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(73) (Crowden, 1974), delphinidin-3-neohesperidoside (74) and cyanidin-3-rutinoside
(75) (Andersen, 1989), cyanidin-3-glucoside (76) (Crowden and Grubb, 1971) and del-
phinidin-3,5-diglucoside (77) (Lowry, 1968) have been isolated from various podocarps.
Isoflavonoids have also been characterized as exemplified by biochanin A (78), daidzein
(79), genistein (80), irisolidone (81) and podospicatin (82) (Briggs and Cain, 1959;

Briggs and Cebalo, 1959; Carman et al., 1985).
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As a member of the Gymnospermae, the family Podocarpaceae is characterized by occur-
rence of bioflavonoids (Krauze-Baranowska et al., 2004). More specifically, Podocarpus
species contain a simple pattern of derivatives based on amentoflavone (83) and hinoki-

flavone (84) (Roy et al., 1987), which are C-3'/C-8" and C-4'/0O/C-6" dimers of apigenin
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(85) (Krauze-Baranowska et al., 2004). Podocarpusflavanone (86) (Roy et al., 1987),
isoginkgetin (87), podocarpusflavone A (88) and B (89) (Haider et al., 1974), bilobetin
(90), sequoiaflavone (91) (Hameed et al., 1973), neocryptomerin (92) (Miura et al., 1968)
and heveaflavone (93) (Yeh et al., 2012) are just very few examples of bioflavonoids

isolated from Podocarpus sp.

" 0
© OCH,

1.4.2.3. Phytoecdysteroids

The genus is well known as the first source of phytoecdysteroids (Nakanishi et al., 1966),
these are Co7—Cp9 analogues of the arthropod steroid hormones ecdysteroids which regu-
late moulting, metamorphosis, reproduction, embryogenesis and diapauses (Dinan, 2009).

Almost all possess common key features: cholest-7-en-6-one carbon skeleton, f oriented
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CHz3-10 and CHs-13, trans B/C- and C/D-ring junctions and usually cis A/B configura-

tion (Dinan, 2001).

The number of phytoecdysteroids isolated exceeds 463 (Laekeman and Vlietinck, 2013)
and more than 20 species of Podocarpus are known to contain phytoecdysteroids
(Mamadalieva, 2013). Ponasterone A (94) (Nakanishi et al., 1966; Kubo et al., 1984),
crustecdysone (95) (Galbraith and Horn, 1969), ponasterone B (96) and C (97)
(Nakanishi et al., 1968) and makisterones A-D (98-101) (Imai et al., 1968a; Imai et al.,

1968b) are just few representative examples.

100 CH; H OH

1.4.2.4. Miscellaneous compounds

Even though less common lignans such as thujaplicatin methyl ether (102) (Matlin et al.,
1984) and secoisolariciresinol (103) (Briggs et al., 1959b), cyclopeptides such as nagitide
A (104) and B (105) (Zhang et al., 2012) and fatty acids such as sciadonic acid

(20:3A5,11,14) (106) and juniperonic acid (20:4A5,11,14,17) (107) (Wolff et al., 1999;
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Hammann et al., 2015) have been isolated from the genus Podocarpus besides those

mentioned above.
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1.4.3. Ethnobotanical and pharmacological uses

The genus Podocarpus has got many applications ranging from commercial timber pro-
duction to cultural use, e.g. as a love charm by the Zulu in South Africa and in treating all
types of ailments in various parts of the world in the traditional system of medicine
(Abdillahi et al., 2010). For the natural product chemist, the genus is known to provide
chemically, biologically and pharmacologically interesting compounds such as 15 and 18
and their derivatives, nagilactones, phytoecdysteroids and biflavonoids (Hayashi et al.,
1980). Specially, the nagilactones exhibit a broad spectrum of biological activity as anti-
tumor agents against human and murine cancer lines2 and oncogenic transcription factors
(Hayashi and Sakan, 1975; Kupchan et al., 1975; Hayashi et al., 1977b; 1977a; Hayashi
et al., 1979; Hembree et al., 1979; Cassady et al., 1984; Shrestha et al., 2001; Park et al.,

2004a; Park et al., 2004b; Kuo et al., 2008; Sato et al., 2009a; Sato et al., 2009b), plant
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growth regulators (Galbraith et al., 1972; Hayashi et al., 1972a; Hayashi et al., 1972b;
Sasse et al., 1981; Kubo et al., 1991b), insecticides (Russell et al., 1973; Kubo et al.,
1984; Zhang et al., 1992), antifeedants (Hayashia et al., 1992; Macias et al., 2000) and

antifungal (Kubo et al., 1991a).

The dominant diterpenoids 15 and 18 and their derivatives are also shown to possess a
range of activities including antibacterial (Kubo et al., 1992a; Micol et al., 2001; Sato et
al., 2008), cytotoxicity to tumor cells (Reynolds et al., 2006; de Jesus et al., 2008; Zhang
et al., 2013; Han et al., 2014), inhibition of lipid peroxidation, gastroprotective and ulcer
healing effect (Rodriguez et al., 2006). Interestingly, totarol is shown to be active against
methicillin resistant Staphylococcus aureus (MRSA) (Kubo et al., 1992a; Muroi and

Kubo, 1994).

1.5. Podocarpus falcatus

1.5.1. Description and distribution

Locally known as zigiba and commercially as Podo or East African Yellow Wood
(Pankhurst, 2000), P. falcatus (Thunb.) R.Br. ex Mirb. (synonym: Afrocarpus falcatus
(Thunb.) C. N. Page) is an evergreen, dioecious, medium- to large-sized tree up to 60 m
tall widely distributed in Ethiopia, Kenya, Tanzania, Mozambique, South Africa, and
Madagascar (Figure 3) (Mabberley, 1997; Aerts, 2008). It is an indigenous tree species
that grows at 1500-2500 m altitude above sea level in areas with mean annual rainfall of
1200-1800 mm (Feleke et al., 2012; Tadele and Fetene, 2013). P. falcatus is known as a
year round seeding tree whose seedlings and saplings are neither browsed by cattle and
wildlife nor severely attacked by insects (Strobl et al., 2011). P. falcatus is one of the po-

tentially oldest tree species so far known from eastern Africa (Krepkowski et al., 2012).
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It is a multipurpose species with a wider range of socio-economic and environmental im-

portance (Teketay, 2011).

Figure 3. Picture of Podocarpus falcatus

1.5.2. Chemistry, ethnobotanical uses and ethnopharmacological reports

The timber of P. falcatus is used for construction and household utensils. In addition, in
some areas of Ethiopia local communities collect the fruit of P. falcatus growing in their
areas to produce edible oil (Feleke et al., 2012). Moreover, the oils are said to have me-
dicinal properties in curing gonorrhoea and the powder from the bark is used for curing
headaches (Pankhurst, 2000). Other ethnobotanical reports also indicate the use of vari-
ous parts of P. falcatus for treatment of human and livestock diseases: roots for evil spirit
and bone fracture (Lulekal et al., 2014) and febrile illness (Mesfin et al., 2009), leaves for
hair loss and rabies and fruits for ringworm (Yineger et al., 2008). Besides those and oth-
er medicinal, commercial and ecological importance, ethnobotanical reports from some
parts of Ethiopia indicate that preparations from the roots of this plant are used as “anti-
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cancer” remedies (Lulekal et al., 2008; Teklehaymanot, 2009). This formed the basis for
this research to isolate the “responsible” compounds for its traditional use as “anticancer”

remedy.

A methanolic extract from the leaves and young stems of P. falcatus was shown to pos-
sess antioxidant, COX and tyrosinase inhibitory activities (Abdillahi et al., 2011), while
an ethanolic extract from the same parts was shown to be cytotoxic against HepG2 cells
(Abdillahi et al., 2012). The wood of P. falcatus has been shown to contain 15 and 37
(Cambie et al., 1984). More recently, from the seed oil of P. falctus, Hammann et al.
(2015) isolated the unusual polyunsaturated fatty acids (PUFASs) 106 and 107 along with

other common PUFAs.

1.6. Statement of the problem

With rare exception, today’s therapies for most forms of human cancer remain incom-
pletely effective and transitory, despite knowledge of driving oncogenes and crucial on-
cogenic signaling pathways amenable to pharmacological intervention with targeted ther-
apies (Hanahan and Coussens, 2012). Various factors contribute: While surgery is usually
effective in early-stage disease (Fernando and Jones, 2015), radiotherapy (Marin et al.,
2015) and chemotherapy (Torrisi et al., 2011; Livshits et al., 2014) are shown to produce
severe non-selective toxicities to normal cells—nausea and vomiting, myelosupression
with leucopenia, thrombocytopenia, anaemia, mucous membrane ulceration and alope-

cia—among others (Garg, 2011; Caley and Jones, 2012; Fernando and Jones, 2015).

The emergence of drug resistance, the most common of which is multidrug resistance

(MDR), to chemotherapeutic agents is another factor that limits the efficacy of chemo-
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therapy and leads to failure of the treatment clinically, more specifically in over 90 % of
patients with metastatic stage (Kibria et al., 2014). Reduced delivery of cytotoxic agents
to the cell, increased drug efflux, mutations of the drug target, DNA damage repair, in-
creased drug metabolism and detoxification, activation of alternative signaling pathways
and evasion of cell death are some of the mechanisms in MDR (Holohan et al., 2013;

Rebucci and Michiels, 2013; Fernando and Jones, 2015).

Accompanied with the ever increasing cancer incidence and prevalence, the above factors
necessitate the search for new drugs with new mode of action and better safety profile.
Highly reputed with their role in the drug discovery process (Taylor et al., 2001; Balunas
and Kinghorn, 2005; Gurib-Fakim, 2006; Itokawa et al., 2008; Saklani and Kutty, 2008),
medicinal plants from traditional medical system are proven to be an important source of
anticancer drugs (Cragg and Newman, 2005; Brower, 2008; Poojari et al., 2012), even in
providing compounds active against MDR cancers (Chen et al., 2010; Klepsch et al.,
2010; Li et al., 2010; Nabekura, 2010; Wu et al., 2011). Thus, the general aim of this re-
search was in vitro evaluation and isolation of antiproliferative compounds from the roots

of the Ethiopian traditional “anticancer” remedy, P. falcatus.
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2. Objectives

2.1. General objective
To isolate antiproliferative compounds from the roots of the Ethiopian traditional
“anticancer” remedy Podocarpus falcatus (Thunb.) R.Br. ex Mirb. (Podocarpace-
ae) using the human colorectal adenocarcinoma (HT-29) cell line through bioas-

say-guided fractionation and isolation.

2.2. Specific objectives

e To carry out cytotoxicity testing in a bioassay-guided manner, using sulforhoda-

mine B colorimetric assay.
e To isolate and purify active compound(s) using HPLC

e To elucidate the structure of isolated compound(s) using various spectroscopic

methods.
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3. Materials and methods

3.1. Materials

3.1.1. Chemicals

Methanol, water, dichloromethane, ethyl acetate, hexanes for extraction, partition and
fractionation on open column chromatography (CC) were either purchased from Sigma-
Aldrich (Sigma-Aldrich Co., MO, USA) or Thermo Fisher Scientific (Thermo Fisher Sci-
entific Inc., Waltham, MA, USA) and all were of analytical grade. HPLC grade methanol
and water were purchased from either Sigma-Aldrich or Thermo Fisher Scientific. Se-
phadex LH-20 (GE, Uppsala, Sweden) and silica gel (SilicaFlash®P60, 230-400 mesh;
SiliCycle Inc., Quebec, Canada) were used for open CC. Analytical TLC was performed
using pre-coated silica gel 60 Fass4 plates (aluminium backed, 200 um, Merck KGaA,
Darmstadt, Germany) and a freshly prepared solution of Modified Godin’s reagent was
used for chemical detection on TLC plates. The deuterated NMR solvents, CDCls,
CD30D, DMSO-de and pyridine-ds, were either purchased from Sigma-Aldrich or Cam-

bridge Isotope Laboratories, Inc (Tewksbury, MA, USA)

3.1.2. Instruments

Water from the extract was removed using Operon freeze dryer (Operon Co. Ltd., South
Korea). Organic solvents and water from fractions and compounds were removed using
Heidolph rotary evaporators (Heidolph Instruments GmbH & Co.KG, Germany). Optical
rotations were measured on a PerkinElmer model 343 polarimeter (PerkinElmer, Wal-
tham, MA, USA). UV spectra were recorded on a Hitachi U2910 UV spectrophotometer
(Hitachi High-Technologies Corporation, Tokyo, Japan). IR spectra were recorded on a

Nicolet 6700 FT-IR spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA).
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'H and 3C, HSQC, HMBC, NOESY and COSY NMR spectra were recorded at room
temperature on a Bruker AVI111400 instrument (Bruker, Billerica, MA, USA). HRESIMS
were measured on a Q-TOF mass spectrometer (Waters Corp., Milford, MA, USA) in the
positive-ion mode with Nal being used for mass calibration. HPLC was performed with a
Hitachi Primaide HPLC (Hitachi High-Technologies Corporation, Tokyo, Japan)
equipped with Primaide 1430 Diode Array Detector, Primaide 1210 Autosampler and
Primaide 1110 pump with degasser and a semi-preparative Cig column (Dynamax Cisg

HPLC Column 10 X 250 mm).

3.1.3. Plant material collection

Roots of P. falctus were collected from the Berga forest, Addis Alem (55 km west of Ad-
dis Ababa), Oromia Region, Ethiopia, in March 2014. Identification of the plant material
was done by Mr. Melaku Wondafrash, Senior Botanist at the National Herbarium, Addis
Ababa University, Addis Ababa, Ethiopia. Voucher specimens (EMAO004) were deposited

at the National Herbarium, Addis Ababa University, Addis Ababa, Ethiopia.

3.2. Methods

3.2.1. Extraction, bioassay-guided fractionation and isolation

The air-dried roots of P. falcatus (270 g) were extracted with 90% MeOH (3 x 0.6 L) by
maceration at room temperature for nine consecutive days with solvent renewal every 72

hrs.

The bioassay-guided fractionation and isolation was monitored by using the human colon

cancer cells (HT-29) in which extracts and fractions, and isolated compounds were con-
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sidered active if they have a dose that kills 50% (EDso) of the tumors at less than 20 g/

mL and 10 pM, respectively (Pan et al., 2010b).

3.2.2. Cell culture and cytotoxicity assay
Cytotoxic potential of the extract, fractions and isolated compounds against HT-29 was
determined using an established protocol (Pan et al., 2010b) using paclitaxel as positive

control. The detailed procedure is described below.

Human colon cancer cells (HT-29) were obtained from American Type Collection
(ATCC catalog no. HTB-38). Cells were cultured in MEME medium (Hyclone, Logan,
UT) supplemented with streptomycin (100 pug/mL), penicillin (100 units/ mL), amphoter-
icin B (Fungizone, 0.25 pg/mL), and 10% fetal bovine serum (FBS) and incubated in a
humidified incubator with an atmosphere of 95% air and 5% CO- at 37 °C. Cells were
trypsinized and split for subculture when they reached near-confluent state (five days or
later). Upon reaching about 60-70% confluence, the medium was changed and the cells

were used for test procedures one day later.

The harvested cells, after appropriate dilutions, were seeded in 96- well (9500 cells/190
ML) plates using complete medium and treated with the test compounds (10 pL/well in
triplicate) at various concentrations. Test samples were initially dissolved in DMSO and
then diluted 10-fold with H2O. Serial dilutions were performed using 10% DMSO as the
solvent. For the control groups, 10 pL of 10% DMSO was also added to each well. The
plates were incubated for three days at 37 °C in 5% CO.. On the third day, the cells were
fixed to the plates by the addition of 100 pL of cold 20% trichloroacetic acid and incu-

bated at 4 °C for 30 min. The plates were washed three times with tap water and dried
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overnight. The fixed cells were dyed with sulforhodamine B (SRB, an anionic protein
stain) solution at 0.4% (w/v) in 1% acetic acid and incubated at room temperature for 30
min. The plates were washed three times with 1% acetic acid and allowed to air-dry. The
bound SRB stain was then solubilized with 10 mM unbuffered Tris base (pH 10, 200
pL/well). The plates were placed on a shaker for 5 min, and the absorbance was read at
515 nm using a Bio-Tek pQuant microplate reader. The EDsg values of test samples with
serial dilutions were calculated using nonliner regression analysis (Table Curve2Dv4;

AISN Software, Inc., Mapleton, OR).

The use of HT-29 tumor cell line was just to monitor the activity of the extract, fractions
and isolated compounds; it should not be interpreted in a way that the cell line was used
because the plant is used traditionally for colon cancer. In fact, none of the reports indi-
cate use for specific type of cancer. Moreover, this is a well-established protocol devel-
oped by the College of Pharmacy at The Ohio State University to evaluate the activity of

extracts, fractions and synthetic and natural compounds.

3.2.3. X-ray crystallography of compounds 41, 108 and 1009.

Crystals of compounds 41, 108 and 109 were obtained from MeOH upon slow evapora-
tion. Briefly, a methanolic solution of each compound was placed in separate small vials,
then the lid was closed partially and the solutions were left (2—4 weeks) until a single
crystal suitable-usually free of cracks when observed under microscope-for X-ray diffrac-
tion was formed. The crystals were then sent for structural analysis to Department of
Chemistry and Virginia Tech Center for Drug Discovery, Virginia Tech, Blacksburg,
Virginia, United States. The details of the structural analyses are described in Appendix

X111, which, along with CIF files, have also been deposited in the Cambridge Crystallo-
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graphic Data Centre (CCDC Nos. 1038571, 1038573 and 1038572 for compounds 41,
108 and 1009, respectively). A summary of the crystal data of each compound is also giv-

en in Appendix XII.
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4. Results and discussion

4.1. Antiproliferative activity of extracts and fractions

Traditionally the roots of the plant are either used topically (crush and paint) or orally
(powdered dry root mixed with water and then taken orally)-since the role of water is as a
vehicle, 90% MeOH was used so as to extract “almost all of the constituents” that might
contribute to the activity. Therefore, extraction of the air-dried roots of P. falcatus (270
g) with 90% MeOH yielded a brownish, gummy solid (13 g; 4.8%), which showed cyto-
toxicity against HT-29 with an EDsg value of 10 pg/mL. Liquid-liquid partition with hex-
anes, EtOAc and H2O yielded the corresponding hexanes (1.21 g, EDsg = 11 pg/mL),
EtOAc (2.15 g, EDsp = 3 pg/mL) and H20 (9.44 g, EDso >20 pg/mL) fractions. The most
active EtOAc fraction (EDso = 3 pug/mL) was partitioned with dichloromethane (DCM, 5
x 500 mL) and H20 (400 mL) to afford 1.01 g of DCM (EDsp = 2 pg/mL) and 1.06 g
(EDso > 20 pg/mL) of H20 fractions. Using DCM/MeOH (1:1) as eluent, the cytotoxic
DCM fraction was subjected to Sephadex LH-20 CC (4.5 x 62 cm; flow rate = 2.5
mL/min) to afford 111 fractions. Fractions with similar TLC (stationary phase: silica gel;
solvent system: CHCIs: EtOAc: MeOH (7:2:1); TLC dimension: 5.5 x 6 cm; detection
methods: physical-day light and UV (256 and 366 nm) and chemical-modified Godin’s
reagent) profiles were combined to yield seven pooled fractions (F1-F7), with F3 being

the most active (EDso = 0.7 ng/mL) (Figure 4).

The fraction F3 was subjected to silica gel CC (3.2 cm x 39 cm; flow rate = 3.5 mL/min;
solvent system: CHCIs: EtOAc: MeOH (7:2:1)) which, based on their similarity in TLC
(stationary phase: silica gel; solvent system: CHCIs: EtOAc: MeOH (7:2:1); TLC dimen-

sion: 5.5 x 6 cm; detection methods: physical-day light and UV (256 and 366 nm) and
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chemical-modified Godin’s reagent) to afford 14 pooled fractions (F3-1 through F3-14).
Cytotoxicity evaluation of these fractions revealed that F3-4 and F3-5 were the most ac-
tive, with equal EDsg values of 0.4 pug/ mL (Figure 4). These fractions were subjected to
semipreparative RP-18 HPLC (Dynamax Cig HPLC column 10 X 250 mm; flow rate: 2
mL/min) using a gradient mixture of H.O/MeOH from 50:50 to 0:100 for 41 min with a
program of 50:50 to 40:60 for 10 min, 40:60 to 30:70 for 5 min, 30:70 to 20:80 for 10
min, 20:80 to 15:85 for 5 min, 15:85 to 0:100 for 1 min, 0:100 for 10 min. Fraction F3-4
(46.3 mg) yielded compounds, 2p-hydroxynagilactone F (108) (Revised structure see
Section 4.3; 11.2 mg; tr = 15.30 min), PF-1 (1.3 mg; tr = 16.12 min) and PF-2 (11.7 mg;
tr = 27.00 min) (Figure 5), while F3-5 (83.0 mg) yielded compounds 108 (3 mg; tr =
15.30 min) and PF-2 (4.13 mg; tr = 27.00 min) and an impure fraction (F3-5-1; 41.47
mg; tr = 10.07 min) (Figure 6), which was resubjected to semipreparative RP-18 HPLC
(gradient mixture of H2O/MeOH from 90:10 to 0:100 for 37 min with program of 90:10

to 60:40 for 20 min, 60:40 to 50:50 for 5 min, 50:50 to 19:81 for 4 min, 19:81 to 0:100

for 1 min and 0:100 for 7 min) to yield compounds nagilactone D (41) (11.47 mg; tr

30.35 min) and nagilactone | (109) (Revised structure see Section 4.3; 12.89 mg; tr

31.43 min) (Figure 7).

From Figure 4, it can be seen that the dose to kill 50% of tumor cells (EDso) increases
somehow from the most active fraction F3-4 (EDso = 0.4 ng/ mL) to F3-2 (EDso = 6.4 ng/
mL) then decreases in F3-1 (EDso = 2.4 ng/ mL). Likewise, activity decreases from the
most active fraction F3-5 (EDso = 0.4 ng/ mL) to F3-8 (EDso = 6.5 pg/ mL) then increases
in F3-9 (EDso = 2.4 ug/ mL). This was a bit interesting and isolation was done on this

fractions to isolate the “active” compounds that caused such changes. Thus, preparative

34



RP-18 HPLC (Dynamax Cig HPLC column 10 X 250 mm; flow rate: 2 mL/min) using a
gradient of H,O/ MeOH (from 20:80 to 0:100) for 22 min with program of 20:80 to 10:90
for 10 min, 10:90 to 0:100 for 5 min and 0:100 for 7 min of F3-1 (30.2 mg) yielded com-
pound macrophyllic acid (37) (3.7 mg; tr = 22.53 min) (Figure 8), whereas RP-18 HPLC
(Dynamax Cig HPLC column 10 X 250 mm; flow rate: 2 mL/min) purification of F3-9
yielded compounds 15-hydroxynagilactone D (110) (0.9 mg; tr = 8.19 min), PF-3 (1.58
mg; tr = 10.81 min), and ponasterone A (94) (6.08 mg; tr = 25.49 min) (Figure 9) using a
gradient of H2O/ MeOH (from 60:40 to 0:100) for 32 min with program of 60:40 to 50:50
for 10 min, 50:50 to 10:90 for 14 min, 10:90 to 0:100 for 1 min and 0:100 for 7 min.
Compound inumakiol D (24), (1 mg) was obtained as a precipitate from one of the inac-

tive fractions after column chromatography.
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Stationary phase: Silica gel
Solvent system: CHCI,: EtOAC: MeOH (7:2:1)

TLC dimension: 5.5 x 6 cm

Detection methods:
Physical: Day lightand UV (256 and 366 nm)

Chemical: Modified Godin’s reagent

TLC parameters for monitoring of DCM and F3 fractions :

90 % MeOH root extract of
Podocarpus falcatus (Podocarpaceae)
(Yield = 4.8%) (EDs, 10 pg/ml)

Dissolved in methanol and partitioned
with 4*300 ml hexanes

Hexanes fraction

(Yield =1.21 g) (EDsg, 11.5 pg/ml)

Suspendedﬁ water and | partitioned

with 5*400ml with ethyl acetate

Methanol
fraction

Ethyl acetate fraction
(Total=2.15 g) (EDs, 3 pg/ml)

Water fraction
(Yield=9.56 g) (ED5, >20 pg/ml)

Suspended in water and partitioned
with 5*400ml with dichloromethane®

Dichloromethane fraction
(Yield=1.06 g) (EDs, 2 pg/ml)

Polar portion of ethyl acetate fraction ‘
(Yield=1.01g) (EDs, >20 pg/ml) ‘

| Fractioned on Sephadex LH-20
with DCM:MeOH (1:1)

Remarks:

» A total of one hundred eleven (111) fractions were collected
» Fractions having similar TLC behavior were combined to give:

F1 F2 F3 F4 F5 F6 F7
184.4mg 87.6 mg 409.2 mg 211.3mg 18.5mg 3.5mg 18.3mg
|EDgy| >20 pg/ml 3.6 pg/ml 0.7 pg/ml 19.4 pg/ml | | >20 pg/ml | | >20 pg/ml | [>20 pg/ml
Fractioned i 1 Remarks:
rlac |oni on stl fca gs } » A total of one hundred (100) fractions were collected
o TagTey » Fractions having similar TLC behavior were combined to give:
F1 | [ P32 F3-3 F3-4 F35 F3-6 Fa-7 F3-8 F3-9 F3-10 Fa-11 F3-12 F3-13 F3-14
34.33mg| | 3226 mg | |10.83 mg 50.52mg | | 92.54 mg 12.5mg 41.23mg 4.96 mg 19.49mg | | 10.63 mg 7.96mg 13.38 mg 7.12mg 46.39 mg
EDg, (ng/ml)| 2.4 6.4 2.8 0.4 0.4 1.1 2.7 6.5 2.4 10.3 >20 >20 >20 >20
e e

Isolation on reverse
phase (C,g) HPLC

(See Figure 8)

Isolation on reverse
phase (C,5) HPLC

(See Figure 5)

Isolation on reverse
phase (C,g) HPLC
(See Figure 6 and 7)

Isolation on reverse
phase (C,g) HPLC
(See Figure 9)

Figure 4. Flow chart showing bioassay-guided fractionation of the roots of P. falcatus using the HT-29 cell line
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Figure 5. HPLC chromatogram of fraction F3-4 (Solvent system: MeOH:H20 gra-

dient; Flow rate: 2 mL/min; Detection wavelength: 254 nm)
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Figure 6. HPLC chromatogram of fraction F3-5 (Solvent system: MeOH:H20 gra-

dient; Flow rate: 2 mL/min; Detection wavelength: 254 nm)
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Figure 7. HPLC chromatogram of fraction F3-5-1 (Solvent system: MeOH:H20

gradient; Flow rate: 2 mL/min; Detection wavelength: 280 nm)
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Figure 8. HPLC chromatogram of fraction F3-1 (Solvent system: MeOH:H20 gra-

dient; Flow rate: 2 mL/min; Detection wavelength: 254 nm)
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Figure 9. HPLC chromatogram of fraction F3-9 (Solvent system: MeOH:H20 gra-

dient; Flow rate: 2 mL/min; Detection wavelength: 280 nm)

4.2. General overview of fractionation and isolation

The antiproliferative methanolic extract (EDso =10 pg/mL) of air-dried roots of P. falca-
tus was fractionated with hexanes, EtOAc and H20. Bioassay on HT-29 showed that the
EtOAc fraction was the most active (EDso of 3 pg/mL). Subsequent liquid-liquid partition
and fractionations on Sephadex LH-20 and silica gel column chromatography resulted in
two fractions with improved activities of EDso 0.4 pg/mL (Figure 4). Reversed phase Cis
HPLC (Figure 5) of each active fractions resulted in the isolation of the two new type C
nagilactones, 16-hydroxynagilactone F (PF-1) and 24,16-dihydroxynagilactone F (PF-3)
and a bisditerpenoid 74-hydroxymacrophyllic acid (PF-2) (See Section 4.4 for structural
elucidation) along with seven known compounds identified as: inumakiol D (25), macro-
phyllic acid (37), nagilactone D (41), ponasterone A (94), 2f-hydroxynagilactone F (108;

Revised structure see Section 4.3), nagilactone | (109; Revised structure see Section 4.3)
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and 15-hydroxynagilactone D (110). The structure of 110 has been reported without 3C
NMR data (Hayashi et al., 1977a) and in the present report we included the full NMR
data of 15-hydroxynagilactone D (106) (Tables 4 and 5). The structures of compounds
104 and 105 were revised based detailed analysis of 1D and 2D NMR data and single-
crystal X-ray diffraction studies; hence discussion of the structural elucidation of the iso-

lated compounds starts with the structure revision of 108 and 109.

4.3. Structure revision of compounds 108 and 109

Compounds 108 and 109 are known compounds; however, their C-2 hydroxy group was
reported to be a-oriented (Ying et al., 1990; Bloor and Molloy, 1991; Kubo et al., 1991a).
The *H and 3C NMR, IR and UV spectroscopic data as well as the optical rotations of
the newly isolated compounds 108 and 109 are similar with reported data (Tables 2 and
3; Appendix I). Minimization of the energy of the two structures of 108 with 2« and 24
hydroxy groups using the MM2 program in the ChemBioDrawUltra software (version
14.0.0.117, CambridgeSoft Corporation) showed that both compounds have a boat con-
formation of the ring A. This observation was different from the reported data suggesting
a chair conformation of the parent compounds. Moreover, it is noteworthy that compari-
son of our NMR data of 108 with the data of reported compounds led to the conclusion
that the assignments of the **C NMR chemical shifts of C-18 and C-20 methyl groups of

compound 108 in ref (Kubo et al., 1991a) should be interchanged.
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Table 2. 'H NMR (400 MHz) data for compounds 108 and 109

Reference Kubo et al., Bloor etal., Present data Ying etal., Present data
1991 1991 1990
Position 1082 108P 108°¢ 1092 1092 109P
1 2.48 dd 2.24t 2.42 dd 2.47 dd 2.50 dd 2.4 dd
(13.7,9.0) (13) (13.4, 10) (13.3,9.6) (13.6,9) (136,9.2)
1.84 dd 1.91 (obsc.) 1.53 dd 1.87 dd 2.20dd 1.58 dd
(13.7,6.8) (134,7.2) (13.3,4.9) (13.6,7.2) (13.6,7.2)
2 411m 4.08 dddd 4.31 dddd 41brs
(12.9, 10, 7.2, (12.6,9, 7.2,
5.1) 5.1)
431 m 4.28 m
(W12 26 Hz) (Wa2 28 Hz)
3 2.56 dd 2.45 dd 211 brt 2.54 dd 257t 2.20 brt
(13.7,12.8)  (14,9) (13.4) (133,12.4)  (13.2) (13.5)
2.19 dd 1.59 dd 1.84 dd 1.85d 2.20 dd 1.92 dd
(13.7,51)  (14,7) (13.4,5.1) (12.4) (13.7,5.1) (135,5.2)
4
5 1.82d 1.95d 2.18d 1.83d 1.84d (5) 1.92d
(5.1) (5) (5) (5.6) (5)
6 5.14 dd 5.08 ddd 5.23 ddd 5.16 t-like 5.19 ddd 5.00 ddd
(5.1,2.1) (5,5,1.5) (5,5,1.7) (5,5, 1.6) (5,5,1.7)
7 6.27 brd 6.20 ddd 6.35 ddd 6.43d 6.46 ddd 6.13 ddd
(5,1.5) (5,1.7,1.6) (2.1) (5,1.9,1.7) (5,1.8,1.7)
8
9
10
11 6.05s 5.83d 5.83d 6.09 s 6.12d 5.82d
(1.6) @7 .7 @7
12
13
14 486 brs 4.87d 5.01 ddd 5.32brs 5.34 ddd 5.21 ddd
(2.3,1.7,16) (4.1,19,16) (4,18,1.7)
15 2.22 dogq 2.25m 2.4 sd 3.39 dqg 3.42 qd 3.16 qd
(6.8, 6.8, (6.8,2.3) (6.8, 3.9) (7.1,4.1) (7.2, 4)
2.1)
16 0.98d 0.98d 1.18d
(6.8) (6) (6.8)
17 1.13d 1.20d 0.97d 1.46d 1.48d 1.38d
(6.8) (6) (6.8) (6.8) (7.1) (7.2)
18 1.39s 1.42s 1.40s 1.30s 1.38s 14s
19
20 1.29s 1.28s 1.24s 1.36s 1.32s
-OCHs 3.63s 3.655s 3.70 s

2 Data collected in pyridine-ds

b Data collected in chloroform-d
¢ Data collected in methanol-d,
J-Coupling constants in parenthesis
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Table 3. 13C NMR (100 MHz) data for compounds 108 and 109

Reference  Kuboetal,, Blooretal., Presentdata Yingetal, Present data
1991 1991 1990

Position 1082 108 108¢ 1092 10924 109°
1 41.2 40.2 41.3, CH2 41.0 415, CH2 40.4, CH2
2 63.9 64.7 65.3, CH2 63.9 64.3, CH 64.8, CH2
3 37.8 36.5 37.7, CH2 37.6 38.1, CH2 36.7, CH2
4 42.8 42.4 44.0,C 42.8 43.2,C 425,C
5 45.5 45.7 46.6, CH 45.3 45.7, CH 45.8, CH
6 72.4 72.0 74.1, CH 72.4 72.8,CH 72.0,CH
7 122.4 121.6 123.9, CH 1225 122.7,CH 121.9, CH
8 133.8 133.8 134.8,C 133.2 133.7,C 132.8,C
9 159.0 158.3 161.3,C 158.8 159.2,C 158.3,C
10 36.1 35.9 37.3,C 36.2 36.6, C 36.2,C
11 113.1 112.8 113.2,CH 113.1 113.6, CH 112.9,CH
12 164.1 165.0 166.8,C 163.5 163.8,C 163.2,C
13
14 83.0 83.0 85, CH 80.0 80.4, CH 79.5, CH
15 29.8 29.7 31.4,CH 42.4 42.8,CH 42.8,CH
16 16.3 151 20.1, CH: 172.6 173.0,C 172.3,C
17 19.7 19.6 15.6, CHs 13.8 14.1, CHs 12.8, CH3
18 23.4 27.9 28.7, CH3 28.0 28.4, CH3 28.2, CH3
19 181.6 180.6 183.8,C 181.6 181.9,C 180.8,C
20 27.8 23.4 23.7,CHz3 23.3 23.8, CH3 23.6, CH3

—OCHs 51.9 52.3, CHs 52.5, CHs

@ Data collected in pyridine-ds
b Data collected in chloroform-d
¢ Data collected in methanol-d,

dPart of the assignments of the carbon multiplicities was performed based on their similarities with the re-

ported data (Ying et al., 1990).

Analysis of the splitting patterns of the H-2 resonance in the *H NMR spectrum and the
2D-NOESY of both compounds showed that the orientation of the hydroxy group should
be . The dddd (J = 12.9, 10, 7.2, 5.1 Hz) splitting of H-2 (6 4.08) for compound 108
showed that two large couplings were present, and this was also reported by the previous
authors (Table 2). These coupling patterns were possible only if the H-2 hydroxy group is
S-oriented (Figure 10). In addition, H-2 of compounds 108 and 109 exhibited NOE cross-

peaks with H-3a and H-18. Both H-3a and H-18 also correlated with H-5 and H-6, while

H-14 and H-3p correlated with the CH3-20 singlet.
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P-oriented hydroxy group a-oriented hydroxy group

< Large coupling constant
12.9 Hz

Figure 10. Stable conformation of the 2a- and 2f-hydroxynagilactone F after MM2

energy minimization

To confirm these assignments, compounds 108 and 109 were crystallized and subjected
to X-ray crystallographic analysis. These studies confirmed the 25-OH orientation for
both compounds (Figure 11). The *H and 3C NMR data arising from the A ring are in
agreement with the data reported for the tetranor-diterpenoid wentilactone B (111), which
has been isolated from the endophytic fungus Aspergillus wentii EN-48 (Sun et al.,

2012).

Figure 11. X-ray ORTEP drawing of the crystal structures of 41, 108 and 109

From these evidences, the structure of 108 should be revised to 2f-hydroxynagilactone F
and the orientation of the C-2 hydroxy group of nagilactone 1 (109), methyl 24-

hydroxynagilactone F-16-oate, should be f as depicted. The X-ray crystal structure of the
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related compound 41, a bisnor-diterpenoid that is consistent with the reported structure

(Kubo et al., 1984), is also shown in Figure 11.

0
0O O
B | )
“y, HO iy O/
P
7 HO
0
0

108 109

HO

4.4. Structure elucidation of the new compounds PF-1, PF-2 and PF-3

Structure elucidation of compound PF-1

Compound PF-1 exhibited a sodiated pseudomolecular ion peak [M+Na]* at m/z
355.1500 (calcd. 355.1516) (Figure 27) which in conjunction with the 3C NMR data
indicated a molecular formula of C19H240s, identical to that of 108. The UV spectrum
(Figure 25) showed an absorption band at Amax 0f 259 nm and the IR stretching at 1762
cm™? (y-lactone), 1701 cm™ (5-lactone), 1597 cm™ (weak; C=C conjugated with C=0)
(Figure 26) suggested that PF-1 is a type C nagilactone (Ito and Kodama, 1976). The 'H
NMR spectroscopic data of PF-1 (Table 4 and Figure 19) were similar to those of 108
except for the absence of H-2a signal (6 4.08, dddd), the methyl doublet at 6 0.97 of 108
and the presence of two doublet of doublets at 6 3.76 (dd, J= 11, 4.4 Hz) and ¢ 3.47 (dd,
J= 11, 8 Hz) in addition to multiplets corresponding to three methylenes at ¢ 2.22-2.15
and 1.84-1.52. The *C NMR (Table 5 and Figure 20) and HSQC (Figure 22) revealed
the presence of 19 carbon resonances with two carbonyl carbons indicative of y-lactone (6
183.8, C-19) and o-lactone (¢ 166.6, C-12) moieties, four olefinic carbons, two of which

were monosubtituted (6 112.5, C-11 and ¢ 124.0, C-7), two oxymethines (¢ 73.9, C-6 and
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0 83.5, C-14), an oxymethylene (¢ 63.5, C-16), two quaternary carbons (o 44.4, C-4 and ¢
36.6, C-10), three methylenes (6 31.2, C-1; 6 18.7, C-2 and ¢ 29.1, C-3), two methines (6
48.5, C-5 and ¢ 39.3, C-15) and three methyl carbons at ¢ 15.2, 24.6 and 25.7 ascribable

to C-17, C-18, and C-20, respectively.

Comparison of the *H and *C NMR of PF-1 with those of 108 revealed that the differ-
ence between the two compounds was the oxidation states of the ring A and one of the
isopropyl methyls at C-15. Two dimensional NMR including, HSQC, 'H-'H COSY,
HMBC and NOESY (Figures 21-24) were performed in order to determine the planar
structure of PF-1. The 'H-!H COSY correlations observed from H-1 to H-3 (Figure 13
and 21) demonstrated the absence of a C-2 hydroxy group in PF-1. The long range cross
peaks from the two pairs of diastereotopic oxygen-bearing methylene doublet of doublets
at 0 3.47 and 3.76 to C-14, C-15 and C-17 permitted the location of the hydroxymeth-
ylene group at C-15 (Figure 13 and 23). This is in accordance with the absence in PF-1 of
one isopropyl methyl doublet of 108 (¢ 0.97, d, J= 6.8 Hz). The HMBC correlations from
the oxygen-bearing methylene protons with C-15, C-17 and C-14 together with that of H-
17 with C-16 confirmed that one of the isopropyl methyls (C-16) was substituted. The
presence of a y-lactone moiety was evidenced by the HMBC correlations from H-5 (0
2.08, d, J=4.8 Hz) to C-1, C-3, C-9, C-10, C-18 and C-19, from CH3-18 to C-3, C-4, C-5
and C-19 (¢ 183.8) and H-20 to C-1, C-5, C-9 and C-10 while H-11 showed correlation to
the o-lactone carbonyl at C-12 (¢ 166.6). The relative configuration of PF-1 was deduced
from the data observed in the 2D-NOESY spectrum (Figure 15 and 24). The orientation
of the other substituents of the stereogenic carbons of PF-1 was deduced to be the same

as those in 108 by analysis of the NOE crosspeaks observed in the NOESY spectrum.
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Table 4. 'H NMR (400 MHz) data for compounds PF-1, PF-2, PF-3 and 110

Position PF-12 PF-32 PF-20$ PF-205 110¢
1 a 169m 2.42 dd 243 m 1.32 3.57d
(Overlapped)!  (13.5,9.1) (Overlapped)"  (Overlapped)’ (4.2)
b 1.79m 1.54 dd 145m 2.14
(Overlapped)!  (13.5,7.2) (Overlapped)"  (Overlapped)"
2 a 1.75m 4.06 dddd 2.38m 152 brd 3.48 dd
(Overlapped)"  (12.6,9.1,7.2,5.1) (Overlapped)! (11.4) (6,4.2)
b 1.84m 1.58 m( 1.89
(Overlapped)T Overlapped)”  (Overlapped)T
3 a 155m 211 brt 2.58 brt 1.04 4.45 dd
(13.5) (10.5) (Overlapped)' (6, 2.2)
b 218m 1.84 dd 1.18 brt 211
(135,5.1) (11.6) (Overlapped)'
4
5 2.08d 2.11d 2.58 1.96 1.88d
(4.8) (5) (Overlapped)  (Overlapped)" (6.4)
6 a 5.22ddd 5.22 ddd 2.98 brd 2.00 4.94 dt
(4.8,4.8,1.7) (5,5, 1.6) (12.6) (Overlapped)" (9.8, 6.4, 6.4)
b 2.85brt 2.15
(12.6) (Overlapped)'
7 a 6.42ddd 6.42 ddd 5.56 br s 4.78 brs 3.54 dd
(48,19,19) (518, 1.6) (16.8,9.8)
b 2.74 dd
(16.8, 6.4)
8
9
10
11 5.79d 5.82d 7.50s 6.91s 6.37 s
(1.9) (1.6)
12
13
14 5.09 ddd 5.09 ddd
(20,1.917) (20,18, 1.6)
15 2.39m 2.37m 4.29 sep 3.56* 4.87 dq
(6.6) (9.5, 6.6)
16 a 3.76dd 3.74dd 1.88d 1.34d 1.52d
(11.0, 4.4) (11.0, 4.5) (6.6) (7.1) (6.6)
b 3.47dd 3.46 dd
(11.0, 8.0) (11.0, 8.0)
17 1.224d 177 brs 1.32d
(6.8) (7.4)
18 1.33s 140s 159s 143s
19
20 1165 121s 1.42 brs 1.28s
3-OH 3.4d
(2.2)
15-OH 2.26d
(9.5)

aMeasured in methanol-da
®Measured in pyridine-ds
®Measured in DMSO-ds
dMeasured in chloroform-d
$Assignment of the monomer
*Qverlapped with the water signal

"The overlapped signals were assigned with accurate axis calibration of *H-'H COSY and HSQC.



From the above data the structure of PF-1 was deduced to be 16-hydroxynagilactone F

(Figure 12).

Figure 12. Chemical structure of 16-hydroxynagilactone F (PF-1)

Structure elucidation of compound PF-3

The molecular formula of PF-3 was determined to be C1gH240¢6 from the *C NMR data
(Table 5 and Figure 29) and an HRESIMS pseudomolecular ion peak at m/z 371.1460
(calcd. for [M+Na]* 371.1465) (Figure 36). The UV absorption at Amax 261 nm (Figure
34) along with IR (Figure 35) stretching absorption at 1764 cm™ (y-lactone), 1698 cm™
(5-lactone) and 1600 cm™ (C=C conjugated with a carbonyl) suggested that PF-3 also
belonged to type C (7(8), 9(11)-dienolide) norditerpene dilactones (Ito and Kodama,
1976). The *H NMR spectroscopic data of PF-3 (Table 5 and Figure 28) were similar to
those of 108 except for the absence of one of the isopropyl methyl doublets (6 0.97) in
PF-3 and appearance of two doublet of doublet signals of hydroxymethylene protons at ¢
3.74 and 3.46 ppm which were identical to those of PF-1. The *C NMR and HSQC data
(Figure 31) also indicated that PF-3 had a total of 19 resonances with two disubstituted
olefinic carbons (¢ 161.3, C-9 and 134.6, C-8), two monosubstituted olefinic carbons (6
123.9, C-7 and 113.2, C-11), three oxymethine carbons (¢ 83.5, C-14; 74.2, C-6 and 65.3,
C-2), an oxymethylene carbon (6 63.4, C-16), two methylene carbons (¢ 41.4, C-1 and

37.7, C-3), two methine carbons (6 46.6, C-5 and 39.5, C-15), and three methyl carbons

47



(0 15.2, C-17; 23.7, C-20 and 28.8, C-18) and two quaternary carbons (44.0, C-4 and
37.4, C-10). The remaining two signals at ¢ 183.8 (C-19) and ¢ 166.5 (C-12) were typical
of the carbonyls of y-lactone and conjugated J-lactone moieties, respectively, characteris-

tic of the type C nagilactones.

—IH-'"H COSY
~NHMBC, 'H to 13C

O pF-3
Figure 13. Key HMBC and 'H-'H COSY correlations of the new compounds PF-1,

PF-2 and PF-3.

Comparison of the *H and *3C NMR data of PF-3 with those of 108 revealed that the only
difference was the presence of C-15 hydroxymethylene group in PF-3 instead of a C-15
methyl group in 108. This was confirmed by the HMBC correlations from H-16 to C-15,
C-17 and C-14 (Figure 13 and 32). The location of the hydroxy group at C-2 was evi-
denced by the presence of the spin network H-1 (6 2.42 and 1.54)-H-2 (¢ 4.06)-H-3 (6
2.11 and 1.84) in the COSY spectrum (Figure 13 and 30). The locations of the C-7 and C-
9 double bonds were substantiated by the COSY spin system, H-5 (0 2.11)-H-6 (¢
5.22)-H-7 (¢ 6.42)-H-11(6 5.82) and also from the HMBC correlations from H-6 to C-7

(0 123.9) and C-8 (0 134.8) and H-15 to C-8. The assignment of the two lactone rings
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was confirmed by comparison of the 3C NMR data of PF-3 with those of 108 and inter-
pretation of the HMBC spectroscopic data. The determination of the relative configura-
tion of PF-3 was carried out as follows. The correlation between H-2 (6 4.06) and the
methyl signal at H-18 (¢ 1.40, s) in the NOESY spectrum of PF-3 indicated that the C-2
hydroxy was g-oriented (Figure 15 and 33).

Table 5. 13C NMR (100 MHz) data for compounds PF-1, PF-2, PF-3 and 110

Position  PF-12 PF-3? PF-2b* PF-2¢" 110

1 31.2, CH, 41.3, CH, 40.7, CH, 39.5, CH 57.2, CH
2 18.7, CH, 65.3, CH 21.3,CH, 20.3, CH, 50.7, CH
3 29.1, CH, 37.7,CH;, 38.8, CH, 37.6, CH, 67.6, CH
4 44.4,C 44.0,C 44.2,C 429,C 48.8,C

5 48.5, CH 46.6, CH 45.9, CH 445, CH 50.4, CH
6 73.9, CH 74.1, CH 33.2, CH; 31.6, CH, 73.2, CH
7 124.0, CH 123.9, CH 65.6, CH 64.0, CH 24.9, CH,
8 135.0,C 134.6, C 137.5,C 134.6,C 108.4,C

9 161.9,C 161.3,C 142.6,C 140.9, C 162.5, C*
10 36.6, C 37.4,C 39.7,C 38.5,C 37.9,C
11 112.5, CH 113.2, CH 127.6, CH 126.0, CH 106.6, CH
12 166.6, C 166.4, C 130.9, C 130.6, C 162.6, C*
13 152.3,C 151.5,C

14 83.5, CH 83.4, CH 136.6, C 136.0, C 160.7, C$
15 39.3, CH 39.5, CH 29.2, CH 27.7,CH 64.7, CH
16 63.5, CH, 63.4, CH, 21.8, CHs 21.4, CHs 22.0, CH3
17 15.2, CHs 15.2, CHs 22.0, CH3 21.4, CHs

18 24.6, CH3 28.8, CHy 29.8, CH, 28.6, CHy 25.9, CH,
19 183.8,C 183.7,C 180.6, C 179.6,C 177.9,CS
20 25.7, CHs 23.7, CHs 23.7, CHs 22.9,CHs  17.7,CHs

aMeasured in methanol-ds

bMeasured in pyridine-ds

®Measured in DMSO-ds

dMeasured in chloroform-d

§Signal assignments were from HMBC
£0verlapped with the solvent signal
*Assignment of the monomer

This was confirmed not only by the splitting pattern of the H-2 resonance which was sim-
ilar to those in 108 and 109 but also by the NOE correlation between H-34 and CH3-20 (0
1.21) which in turn correlated with H-15. The (14S) configuration was deduced by com-
parison of the *H and the 3C NMR chemical shifts of C-14 of PF-3 with those of PF-1

and 108. The key HMBC correlations in support of the structure elucidation of PF-3 are
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shown in Figure 13. Thus, the complete structure of PF-3 was assigned to be 24,16-

dihydroxynagilactone F (Figure 14).

Figure 14. Chemical structure of 2f,16-dihydroxynagilactone F (PF-3)

Structure elucidation of compound PF-2

Examination of the UV spectroscopic data (Figure 43) of PF-2 showed absorptions at
Jmax 217, 251 and 291 nm which are similar to those of the 15 dimer macrophyllic acid 37
(Amax 220, 251, 291 nm) originally isolated from the heartwood of P. macrophyllus D.
Don. (Bocks et al., 1963). The IR spectrum exhibited absorption bands and stretch fre-
quencies at 3533, 3500-2400 (broad), 1694,1614 1467, 1259, 1175 cm™ ascribable to hy-
droxy, carboxylic acid OH, carbonyl, aromatic methine and phenolic hydroxy functions
(Figure 44) (Bocks et al., 1963; Pavia et al., 2009). The HRESIMS displayed a sodiated
pseudomolecular ion peak [M+Na]* at m/z 685.3727 (calcd. 685.3711) (Figure 45) which
in conjunction with the *3C NMR data indicated a molecular formula of CsHs40s which
had two more oxygen atoms than 37. The difference between PF-2 and 37 was thus sug-

gested to be the presence of two additional oxygen atoms in PF-2.

The 3C NMR (Table 5 and Figure 38) and HSQC (Figure 40) indicated 20 resonances
for the monomeric units: a carboxylic acid carbonyl (6 180.6), an oxygenated aromatic
carbon (¢ 152.3), four quaternary aromatic carbons (¢ 142.6, 137.5, 136.6, 130.9), an ar-

omatic methine carbon (J 127.6), an oxymethine carbon (6 65.6), two methine carbons (o
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45.9, 29.2), two quaternary carbons (o 44.2, 39.7), four methylenes (oc 40.7, 38.8, 33.2,
21.3), and four methyl carbons (6 29.8, 23.7, 22.0, 21.8). With the exception of the car-
bon resonance at 6 130.9, the 3C NMR spectrum of PF-2 was similar to that of the
inumakinol D (28), a known totarane—type monomer isolated from the bark of P. macro-
phyllus D. Don (Sato et al., 2008) (vs. 117.3 in 28). Likewise, the *H NMR spectroscopic
data of PF-2 was also close to those of 28 except for the absence of the two aromatic
doublets of 25 (¢ 6.64, d, J = 8.7 Hz and 6.97, d, J = 8.7 Hz) compared to the aromatic
singlet at (0 7.50, s) in PF-2. This coupled with the HRESIMS data (Figure 45) with two
extra oxygen atoms in PF-2 and the similarity of the IR and UV spectroscopic data with

37 indicated that PF-2 was a dimer of 28.

Figure 15. Key NOESY correlations of compounds PF-1, PF-2, PF-3, 108 and 109

Noteworthy, most of the proton and carbon signals in the *H and **C NMR spectra of PF-
2 were broadened. To gain more information on the structure of PF-2 the NMR spectro-

scopic data of PF-2 were measured in DMSO-ds (Tables 3 and 4). The assignments of all
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carbons and protons in PF-2 as well as the site of the dimerization of the two monomers
were successfully achieved by the interpretation of the NMR data obtained from three
solvents (methanol-ds, pyridine-ds, and DMSO-ds; (Figures 37-42). The assignment of
the oxygen-bearing methine at 0 5.56 (dc 65.6) to be at C-7,7' was determined by the
presence of the spin network from H-5,5" to H-7,7' [¢ 2.58 (H-5,5"), on 2.98 and 2.85 (H-
6ab,6'ab), and o 5.56 (H-7,7")] in the H-'H COSY spectrum (Figure 13 and 39). This
was in accordance with the similarity of the carbon chemical shifts of C-5,5', C-6,6" and
C-7,7' (45.9, 33.2, and 65.6 ppm, respectively) of PF-2 with those reported for 28. Apart
from the solvent signals (pyridine-ds), the aromatic region of the *H NMR spectrum of
PF-2 displayed only one signal (¢ 7.50, s) which was attributed to two aromatic methines
of two equivalent pentasubstituted aromatic rings. The assignment of the two aromatic
methines to be at H-11,11" was performed by the observation of the NOESY correlation
from the signal at ¢ 7.50 to H-1a (¢ 2.43) and to the methyl singlet at 6 1.42 (CH3-20,20")
(Figure 15 and 42). The location of the isopropyl moiety at C-14,14" of PF-2 which con-
firmed its totarane nature was further confirmed by the NOESY correlation from H-7 (¢
5.56, br s) to the isopropyl methine proton septet at ¢ 4.29 (H-15,15', sept, J = 6.6 Hz).
This was confirmed by the long range cross peak from the isopropyl methyl signals [0
1.88 (H-16,16") and ¢ 1.77 (H-1,17")] and isopropyl methine (¢ 29.2, C-15,15") and o
136.6 (C-14,14") (Figure 13 and 41). The long range correlation from both H-11,11" and
H-15,15" to the oxygen-bearing aromatic carbon (dc 151.8) permitted the location of the
hydroxy group at C-13,13". This was also supported by the correlation of both protons
(H-11,11" and H-15,15") with the quaternary aromatic carbon C-8. These data indicated

that the second monomeric unit must be attached at C-12. The strong HMBC correlation
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observed between H-11,11" and C-12,12' confirmed the 2J (H-11 to C-12 or H-11' to C-
12"y and 3J (H-11 to C-12’ or H-11" to C-12) couplings (Figure 13 and 41). Therefore, the
structure of PF-2 named as 74-hydroxymacrophyllic acid, was elucidated as shown (Fig-

ure 16).

Figure 16. Chemical structure of 7p-hydroxymacrophyllic acid (PF-2)

Besides the new compounds, the structure of the known compounds were determined by
comparison of their observed and reported spectroscopic and physical data: inumakiol D
(28) (Sato et al., 2008), macrophyllic acid (37) (Amaro and Dignora Carroz, 1989), nagi-
lactone D (41) (Kubo et al., 1984) and ponasterone A (94) (Vokac et al., 1998). Except
90, 'H and *C NMR data of compounds is given in Tables 6 and 7 and Appendices V,
VI, VII and VIII. The chemical shift variation might be due to different solvents used to
the NMR which can affect the chemical shift by interactions including hydrogen bonding,
the anisotropy of the solvent molecules and polar and van der Waals effect with the so-
lute (Abraham et al., 2006). A summary of physical and spectral data of the ten com-

pounds is given in Appendix I.
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Table 6. 'H NMR (400 MHz) data for compounds 28, 37 and 41

Position 282 37° 41°

1 a 2.23m (Ove”apped) l 2.07 brd (126) 3.57d (41)
b 1.37 m (Overlapped) T 1.27 (Obscured)

2 a  2.01m (Overlapped) T 1.94 m (Overlapped) 3.46 dd (6, 4.12)
b 1.59brd (14.0) 1.54 brd (13.4)

3 a 224 m (O\/er|apped) l 2.18 brd (132) 4.44 dd (608, 184)
b 115brt(133,41)  1.04brdt(13.2, 3.7)

4

5 2.02 m (Overlapped) T 1.46 d (11.9) 1.88d (6.52)

6 a 215brdt(14.3,3.4) 2.24 brtd (13.4,5.3) 4.93 dt (9.92, 6.48)
b 2.26 m (Overlapped) T 1.97 m (Overlapped) '

7 a  4.93brt(2.6) 2.65ddd (16.8,12.3, 6.2)  3.39 dd (16.4, 9.92)
b 3.00 dd (16.8, 4.11) 2.8 dd (16.6, 6.4)

8

9

10

11 6.64d (8.7) 6.84s 635

12 6.97 d (8.7)

13

14

15 3.53sep (7) 3.28brs 2.58 ¢ (7.56)

16 1.41d(7) 1.29d (7) 1.24 t (7.56)

17 17d(7) 1.33d(7)

18 1.29s 1.32s 1.43s

19

20 1.05s 0.98s 1.26s

3.0H 34d(2.2)

@ Measured in methanol-d,
b Measured in chloroform-d
T The overlapped signals were assigned with careful axis calibration of *H-*H COSY and HSQC.

Ponasterone A (90): *H NMR (CD30D, 400 MHz): 6 5.80 (7H, d 2.4), 3.95 (Ha-3, m),
3.84 (H-2, ddd, 12, 4.1, 3.2), 3.33 (H-22-m, Overlapped with solvent signal), 3.15 (H-9,
ddd, 10.8, 7.2, 2.2), 2.38 (H-5, dd, 12.4, 4.8), 2.38 (H-17, t, 8.2), 2.12 (Ha-12, ddd,12.9,
12.9, 4.7), 2.05-1.19 (Significantly overlapped area-H-1, Hy-3, H-4, Hp-12, H-15, H-16,
H-23, H-24, 25-H). 3C NMR (CD30D, 100 MHz): 6 18.2 (C-18), 21.1(C-11), 21.7 (C-
18), 21.7 (C-16), 22.9 (C-26), 23.6 (C-27), 24.6 (C-19), 29.4 (C-25), 30.6 (C-24), 31.9
(C-15), 32.7 (C-12), 33.0 (C-4), 35.3 (C-9), 37.5 (C-1), 37.8 (C-23), 39.4 (C-10), 50.6 (C-
17), 52.0 (C-5), 68.7 (C-3), 68.9 (C-2), 78.0 (C-20), 78.1 (C-22), 85.4 (C-14), 122.3 (C-

7), 168.1 (C-8), 206.6 (C-6).
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Table 7. 3C NMR (100 MHz) data for compounds 28, 37 and 41

Position 282 37° 41b

1 41.2, CH» 40.5, CH; 57.3, CH
2 21.5, CH; 20.2, CH; 50.7, CH
3 38.7, CH» 37.1, CH; 67.6, CH
4 445, C 43.8,C 48.8, C

5 46.4, CH 52.5, CH 50.6, CH
6 32.6, CH; 21.3, CH; 72.4, CH
7 66.3, CH 30.43, CH; 25.7, CH;
8 135.2,C 132.1,C 106.4, C

9 141.2,C 135.2,C 163.8, C
10 39.9,C 38.9,C 37.83,C
11 125.0, CH 125.1, CH 106.9, CH
12 117.9, CH 1204, C 162.2,C
13 155.7,C 150.3,C

14 134.3,C 140.9,C 163.1,C
15 29.2, CH 28.3, CH 24.8, CH;
16 21.1, CH; 20.4, CH3 12.0, CH3
17 21.2, CH3 20.0, CH3

18 29.2, CHs 28.0, CH3 25.9, CH3
19 180.2,C 185.5,C 178.5,C
20 23.0, CHs 22.5, CH3 17.69, CHs3

@Measured in methanol-ds
b Measured in chloroform-d

4.5. Cytotoxicity of the isolated compounds from the roots of P. falcatus

The isolated compounds were evaluated for cytotoxicity against human colorectal adeno-

carcinoma cell line HT-29 and their EDsp values are shown in Table 8. From the strong

antiproliferative data displayed by all the nagilactones it may be inferred that: (1) the y-

lactone moiety together with the unsaturated o-lactone unit of nagilactones are responsi-

ble for the strong antiproliferative activity, (2) introduction of a lipophilic ester group at

C-16/17 slightly lower the activity while hydroxylation of the isopropyl side chain of

nagilactones decreases the activity roughly two to three fold and (3) the presence of a C-

1/C-2 epoxide moiety marginally decreases the activity (Figure 17).
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Table 8. Cytotoxicity of the isolated compounds from the roots of P. falcatus

Compound EDso against HT-29 (uM)?2
16-Hydroxynagilactone F (PF-1) 0.6+£0.4
2f3,16-Dihydroxynagilactone F (PF-2) 1.1+0.5
2f3-Hydroxynagilactone F (108) 0.3+0.1
7p-hydroxymacrophyllic acid (PF-3) >10
Macrophyllic acid (37) >10
Nagilactone D (41) 0.9+0.3
15-Hydroxynagilactone D (110) 5.1+0.8
Nagilactone I (109) 0.5+0.1
Inumakiol D (28) >10
Ponasterone A (94) >10
Paclitaxel (7) 0.00082+0.0003

8The values represent the average + standard deviation from a triplicate.

These observations were in good agreement with a previous report on the structure-
activity relationship of natural and synthetic nagilactones against Yoshida sarcoma cell

line (Hayashi et al., 1979).

Oxidation
decreases activity

Oxidation ’
decreases activity

Figure 17. Structure-activity requirement of nagilactones

A study done by Chan et al. (2004) indicated that the type A nagilactone, nagilactone C
(40), is a potent inhibitor of protein synthesis that specifically inhibits eukaryotic transla-

tion apparatus and interfere with translation elongation. Since, the nagilactones are the
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active compounds isolated from the roots of P. falcatus in the present study, they might
act by a mechanism similar to nagilactone C thereby causing death cells by deprivation of
important proteins. Moreover, since these compounds contain an «, f, y, 0 unsaturated
lactone, which acts as Michael acceptor, they might irreversibly alkylate important cellu-
lar components, such as DNA, enzymes and/or those involved in protein synthesis (Fig-
ure 18) (Zhang et al., 2005). These mechanism have been shown to be the main mecha-
nism action of the antitumors mitomycin C (Paz et al., 2012), neratinib and afatinib
(Hoelder et al., 2012), bardoxolone methyl (Couch et al., 2005; Wang et al., 2014) and
the antimigraine and antitumor parthenolide (Zhang et al., 2005; Skalska et al., 2009;
Ghantous et al., 2013). It is also possible that there might be opening of the y- and ¢-
dilactone moiety to occupy/intertwine active sites in enzymes or important proteins

and/or to intercalate DNA, thereby making them inactive.
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Figure 18. Plausible mechanism of action of nagilactones
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5. Conclusion

In summary, the present study led to the isolation of ten bioactive compounds through
bioassay guided fractionation and isolation, three of which are new. The nagilactones
were shown to be the major active constituents, which is in agreement with a number of
reports indicating their activity against various tumor cell lines. Thus, the traditional use
of the plant may be justified by its high content of cytotoxic nagilactones, which might
contribute for development of new, safe and effective anticancer drugs. The isolation of
compounds PF-1 and PF-3 from the roots of P. falcatus adds number to the rare type C

nagilactones, which are the most cytotoxic among the nagilactones.
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6. Recommendations

e Since the study was conducted on a single cancer line, the compounds need to be

checked for activity against other tumor cell lines.

e Moreover, it is worth to check their selectivity against normal cells which the

common drawback of existing anticancer drugs.

e Invivo studies should be done to assess their activities in real biological systems.
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Appendices

Appendix I: Summary of physical and spectral data of isolated compounds
16-Hydroxynagilactone F (PF-1): fine colorless needles; [a]3) —78 (¢ 0.1, MeOH); IR
(KBr) vmax 3388 (OH), 1762 (y-lactone), 1701 (d- lactone), 1597 (conjugated C=C) cm;
UV (MeOH) Jmax (log €) 259 (3.7); H and *C NMR data, see Table 4 and Table 5 and
Appendix II; HRESIMS [M + Na]® m/z 355.1500 (calcd for Ci9H240sNa*, 355.1516)

(Appendix I1).

2,16-Dihydroxynagilactone F (PF-3): fine colorless needles; [a]3 —75 (c 0.2, MeOH);
IR (KBr) vmax 3390 (OH), 1764 (y-lactone), 1698 (¢-lactone), 1600 (conjugated C=C)
cm™L; UV (MeOH) Amax (log €) 261 (4.06); *H and 3C NMR data, see Table 4 and Table
5 and Appendix IllI; HRESIMS [M + Na]® m/z 371.1460 (calcd for CioH240sNa",

371.1465) (Appendix I11).

7p-Hydroxymacrophyllic acid (PF-2): white, amorphous solid; [a]3 +66.9 (c 0.2,
MeOH); IR (KBF) vmax 3533, 3359-2400 (broad), 2958, 2932, 2872, 1694, 1467, 1453,
1259, 1175 cm™%; UV Amax (MeOH) (log ) 217 (4.45), 251 (3.96), 291 (3.67) nm; *H and
13C NMR data, see Table 5 and Table 5 and Appendix 1V; HRESIMS [M + Na]* m/z

685.3727 (calcd for C40Hs408Na™, 685.3711) (Appendix 1V).

Inumakiol D (28): whitish, amorphous solid; [o]%, IR and UV: Not done do you to small
amount that was submitted for bioassay; *H and 3C NMR data, see Table 6 and Table 7
and Appendix V; HRESIMS [M + Na]* m/z 355.1880 (calcd for C2oH2304Na*,355.1880)

(Appendex V).
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Macrophyllic acid (37): yellowish, amorphous solid; [a]% +85 (c 0.1, MeOH); IR (KBr)
vmax 3527, 3350—2400 (broad), 2956, 2929, 2872, 2852, 1693, 1467, 1449, 1251, 1181
cmL; UV Amax (MeOH) (log ) 215 (4.47), 251 (3.93), 287 (3.68) nm; H and *C NMR
data, see Table 6 and Table 7 and Appendix VI; HRESIMS [M + Na]® m/z 653.3832

(calcd for C4oHssOsNa*, 653.3813) (Appendix V1).

Nagilactone D (41): colorless crystals; [a]2 +12 (¢ 0.1, MeOH); IR (KBr) vmax 3502
(OH), 1766 (y-lactone), 1716 (5-lactone), 1636 (conjugated C=C) cm™*; UV (MeOH) Amax
(log ¢) 302 (3.8); H and *C NMR data, see Table 6 and Table 7 and Appendix VII;

HRESIMS [M + Na]*" m/z 355.1162 (calcd for C1sH2106Na*, 355.1152) (Appendix VII).

Ponasterone A (94): White, fine colorless needles; [a]3’ +51 (c 0.1, MeOH); IR (KBr)
vmax 3554, 3293 (OH); 1638 (C=0); 1049 (C-0O) cm™*; UV (MeOH) Amax (log &) 242 (4);
'H and *C NMR data, see Page 50 for summarized data and Appendix IX; HRESIMS [M

+ Na]* m/z 487.3037 (calcd for C27H4s06Na", 487.3030) (Appendix IX).

2p-Hydroxynagilactone F (108): colorless crystals; [a]3’ —38 (c 0.1, MeOH); IR (KBr)
vmax 3446 (OH), 1769 (y-lactone), 1711 (6- lactone), 1601 (conjugated C=C) cm™?; UV
(MeOH) Amax (log €) 259 (4.4); *H and *C NMR data, see Table 2 and Table 3 and Ap-
pendix VIII; HRESIMS [M + Na]* m/z 355.1512 (calcd for Ci9H240sNa*, 355.1516)
(Appendix VIII).

Nagilactone 1 (109): colorless crystals; [a]2) —64 (¢ 0.1, MeOH); IR (KBr) vmax 3438
(OH), 1766 (y-lactone), 1732 (ester carbonyl), 1709 (o- lactone), 1600 (conjugated C=C)

cm™L; UV (MeOH) Amax (log €) 260 (3.9); *H and *C NMR data, see Table 2 and Table 3
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and Appendix X; HRESIMS [M + Na]* m/z 399.1414 (calcd for C2oH2507Na*, 399.1404)

(Appenedix X).

15-Hydroxynagilactone D (110): fine colorless needles; [o]2 +38 (c 0.1, MeOH); IR
(KBr) vmax 3399 (OH), 1763 (y-lactone), 1712 (d-lactone), 1634 (conjugated C=C) cm™*;
UV (MeOH) Jmax (log €) 299 (4.1); *H and *C NMR data, see Table 4 and Table 5 and
Appendix XI; HRESIMS [M + Na]* m/z 371.1105 (calcd for C1sH2107Na*, 371.1101)

(Appendix XI).
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Appendix 11: 'H and *C NMR, 'H-'H COSY, HSQC, HMBC, 2D-NOESY, UV, IR

and HRESIMS of 16-hydroxynagilactone F (PF-1)
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Figure 19. 'H NMR spectrum of 16-hydroxynagilactone F (PF-1) (CDsOD, 400

MHz)
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Figure 20. 13C NMR spectrum of 16-hydroxynagilactone F (PF-1) (CDsOD, 100

MHz)
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Figure 22. HSQC spectrum of 16-hydroxynagilactone F (PF-1) (CDsOD, 400 MHz)
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Figure 27. HRESIMS of 16-hydroxynagilactone F (PF-1)

Appendix I11: *H and 3C NMR, *H-'H COSY, HSQC, HMBC, 2D-NOESY, UV, IR

and HRESIMS of 28,16-dihydroxynagilactone F (PF-3)
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Figure 28. *H NMR spectrum of 28,16-dihydroxynagilactone F (PF-3) (CDsOD, 400

MHz)

97



<+ n o - I —
S o R = ~ e © ~ o o o o ~
S [N & o < b IN 3 T 3T 1
2 ! o X & > N oo S o &
o o = < o fae] e hd M © N~ -
@© 8 o B B = o < w3 ] s
= - = = — = B ~ e} & ] -
[ N/ (.
- ®
= &
S ©
R 2
N
[
[
-
37.8
f1 (ppm)
|
o
1t
T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 90 80 70 60 50 40 30 20 10

f1 (p}t’or:l))
Figure 29. 13C NMR spectrum of 24,16-dihydroxynagilactone F (PF-3) (CD3OD, 100

MHZz)

& - Qg F4.5
o, e X N
(-
.0 0 0o Los

T T T T T
3.0 2.5 2.0 1.5 1.0

Q%o
=

T T T T T T
6.5 6.0 5.5 5.0 4.5 4.0 3.5
2 (ppm)

Figure 30. *H-'H COSY spectrum of 2,16-dihydroxynagilactone F (PF-3) (CDzOD,

400 MHz)
98



I

L

Figure 31. HSQC

MHz)

ot b

T
6.0

T
5.5

T
5.0

4.0 3.5
f2 (ppm)

T
3.0

T T
2.0 1.5

- ¥

I

= to
- )
& g .
= - [ 00
® o i ®
@
0
L
= o
. ¢
- ¢
T T T T T T T T T T
6.5 6.0 5.5 5.0 4.5 3.0 2.5 2.0 1.5 1.0

4.0 3.5
f2 (ppm)

rio
20
30
40
50
60
r70
80
90
100
r110
r120
r130
140
150

160

100
110
120
130
140
150
160
170
180
190

f1 (ppm)

spectrum of 2p,16-dihydroxynagilactone F (PF-3) (CD3OD, 400

f1 (ppm)

Figure 32. HMBC spectrum of 2#,16-dihydroxynagilactone F (PF-3) (CDsOD, 400

MHz)

99



(wdd) 14

r3.5
r4.0

r4.5
5.0

5.5

r6.0

r6.5
r7.0

.

T
4.0

T T
3.5 3.0 2.5 2.0 1.5 1.0

2 (ppm)

T T
6.0 5.5 5.0 4.5

6.5

Figure 33. 2D-NOESY spectrum of 24,16-dihydroxynagilactone F (PF-3) (CDsOD,

nm

|
400

350

300

250

Figure 34. UV spectrum of 24,16-dihydroxynagilactone F (PF-3)

100



603 .60

2933.14

1600.28
639.78

3390.79
1326.81

666.00

1363.41

% Transmittance
o
3
1193.89

1383.19
750.39

1254.59

1764 .62

@
o
=
=]

o
=3
1698.28

3500 3000 2500 2000 1500 1000

Wavenumbers (cm-1)

Figure 35. IR spectrum of 28,16-dihydroxynagilactone F (PF-3) (KBr)

371.1460

%

372.1532

373.1524

. Lt

0 L I_J.l.“ll.thlll e T—
200 400

s r ' ' m/z
600 800 1000

Figure 36. HRESIMS of 2#,16-dihydroxynagilactone F (PF-3)

101



Appendix 1V: 'H and *C NMR, 'H-'H COSY, HSQC, HMBC, 2D-NOESY, UV, IR

and HRESIMS of 78-hydroxymacrophyllic acid (PF-2)
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Figure 37. 'H NMR spectrum of 7g-hydroxymacrophyllic acid (PF-2) (A. Pyridine-

ds, B. DMSO-ds, 400 MHz)
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Figure 40. HSQC spectrum of 7p-hydroxymacrophyllic acid (PF-2) (A. Pyridine-ds,

B. DMSO-dg, 400 MHz)

L

r10
20

s
L E ]
°

30

; ' 40

50

| .MM

60
- 70
80
90

f1 (ppm)

[ 100
F110
¢ XK 120

’* 130
L} "0 P
* 140

L
<

150
160
170
(] 180
190

T T T T T T T T T T T T T T T T T T T
10.5 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05
2 (ppm)

105



"

40

1
"o o

* * ’ 50

| HHMI

60
r70
80
el
r100

f1 (ppm)

F110
F120
F130
. F140

) ‘Ml‘

- - 150
r160
170

I
]
.

180

190

5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
2 (ppm)

Figure 41. HMBC spectrum of 78-hydroxymacrophyllic acid (PF-2) (A. Pyridine-ds,

B. DMSO-ds, 400 MHz)

JUAJW\J/\IM }
wor L Al
© @ r
£
. e e e
\ . om ot 3
[}
.
s
e -FTPS NS I M. BIR . Ty NMEVERE MBI S0 100 Saf
s
e e L
T T
~N o
f1 (ppm)

. £ r8
k]
v ' ¢
g..,p—» | .
| o : o
& *
4 . 9
10
3
- - s -
T T T T T T T T T T T T T T T T T T
10.5 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 0.5
2 (ppm)

106



(wdd) 7

T
1.0 0.5

1.5

T T
4.5 4.0 35 3.0 2.5 2.0
2 (ppm)

5.5 5.0

T
6.0

nm

|
400

o]

0.303

Abs

Figure 42. 2D-NOESY spectrum of 7p-hydroxymacrophyllic acid (PF-2) (A. Pyri-

dine-ds, B. DMSO-ds, 400 MHz)

1.05
0.55
0.503
0.45
0.35 3
0.25

107

Figure 43. UV spectrum of 7p-hydroxymacrophyllic acid (PF-2)



3533.34

3359.35

% Transmittance

2872.39

2932.80
1694.28

2058.54

3500 3000 2500 2000

Wavenumbers (cm-1)

1500

1467 95

1453.67

@
)
2 @
@
@
3
- B
@
& o 5
2 8
=
bid 0w @
- ]
Sole | 2
g 18| e
- |2 @
@
53 £ @
QE @ 8
s = 3 o
o =~
&
.
1000

Figure 44. IR spectrum of 7g-hydroxymacrophyllic acid (PF-2) (KBr)
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Appendix V: H and 3C NMR, 'H-'H COSY, HSQC, HMBC, 2D-NOESY, UV, IR

and HRESIMS of inumakiol D (28)
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Figure 46. *H NMR spectrum of inumakiol D (28) (CDsOD, 400 MHz)
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Figure 47.3C NMR spectrum of inumakiol D (28) (CD30OD, 100 MHz)
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Appendix VI: 'H and *C NMR, 'H-'H COSY, HSQC, HMBC, 2D-NOESY, UV, IR

and HRESIMS of macrophyllic acid (37)
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Appendix VII: 'H and *C NMR, 'H-'H COSY, HSQC, HMBC, 2D-NOESY, UV, IR

and HRESIMS of nagilactone D (41)
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Figure 50. 'H NMR spectrum of nagilactone D (41) (CDCls, 400 MHz)

Y8207~
8969°LT
e
EEN%
1946’57~
6b£8'LE—
9728'8h~.
195905
9L££°05
910845~
9699'L9—
69bb'EL —
9T95'90T~_ B
¥SL6'90T
YEI8HT— - o
2
n
]
52LST— -
o
196'5¢— - S
0vL2'29T
gheTEeT
wegear/
86581 —
9795'90T — —T|
= ©
g
¥5£6'90T — -

- =
0vLT291 7 =T
8521'€9T ~ — =rF
LV88°E9T~ =

==

. T T . . . . : : . T . . : . T
220 210 200 190 180 170 160 150 140 130 f11(20 )110 100 9 8 70 60 50 40 30 20
ppm

T
230

Figure 51. 3C NMR spectrum of nagilactone D (41) (CDCls, 100 MHz)
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Appendix VIII: 'H and *C NMR, 'H-'H COSY, HSQC, HMBC, 2D-NOESY, UV,

IR and HRESIMS of ponasterone A (94)
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Figure 52. 'H NMR spectrum of ponasterone A (94) (CD3OD, 400 MHz)
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Figure 53. 3C NMR spectrum of ponasterone A (94) (CD3OD, 100 MHz)
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Appendix IX: 'H and *C NMR, 'H-'H COSY, HSQC, HMBC, 2D-NOESY, UV, IR

and HRESIMS of 2f-hydroxynagilactone F (108)
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Figure 54. *H NMR spectrum of 28-hydroxynagilactone F (108) (CD3OD, 400 MHz)
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Figure 55. 3C NMR spectrum of 28-hydroxynagilactone F (108) (CD3OD, 100 MHz)
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Appendix X: *H and 3C NMR, 'H-'H COSY, HSQC, HMBC, 2D-NOESY, UV, IR

and HRESIMS of nagilactone 1 (109)
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Figure 58. 'H NMR spectrum of nagilactone 1 (109) (A. CDCls, B. Pyridine-ds, 400

MHz)
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Appendix XI: 'H and *C NMR, 'H-'H COSY, HSQC, HMBC, 2D-NOESY, UV, IR

and HRESIMS of 15-hydroxynagilactone D (110)
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Figure 61. 'H NMR spectrum of 15-hydroxynagilactone D (110) (CDCls, 400 MHz)
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Figure 62. 3C NMR spectrum of 15-hydroxynagilactone D (110) (CDCls, 100 MHz)
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Figure 63. HSQC spectrum of 15-hydroxynagilactone D (110) (CDCls, 400 MHz)
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Figure 64. HMBC spectrum of 15-hydroxynagilactone D (110) (CDCls, 400 MHz)
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Figure 67. IR spectrum of 15-hydroxynagilactone D (110) (KBr)
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Appendix XII: X-ray crystallographic data of compounds 41, 108 and 109.

In each case a colorless crystal was mounted on the goniometer of an Agilent Nova dif-
fractometer operating with Cu Ka radiation (A = 1.541 84 A). The data collection routine,
unit cell refinement, and data processing were carried out with the program CrysAlisPro.
The structure was solved using SHELXT-201442 and refined using SHELXL-2014 via
OLEX.42 The final refinement model involved anisotropic displacement parameters for
non-hydrogen atoms. A riding model was used for the aromatic and alkyl hydrogens. Hy-
drogen atom positions and isotropic displacement parameters were refined independently
for the hydroxy and water hydrogens that are potentially involved in hydrogen bonding.

The absolute configuration was established from anomalous dispersion effects for 41

[Flack x = -0.04(6); Hooft P2(true) = 1.000, P3(true) = 1.000, P3(rac-twin) = 0.000;
P3(false) = 0.000, y = 0.01(7)], for 108 [Flack x = —0.07(13); Hooft P2(true) = 1.000,
P3(true) = 1.000, P3(rac-twin) = 0.000; P3(false) = 0.000, y = —0.00(11)] and for 109

[Flack x = —0.13(8); Hooft P2(true) = 1.000, P3(true) = 1.000, P3(rac-twin) = 0.000;

P3(false) = 0.000, y = —0.09(7)]. Olex2 was used for molecular graphics generation. The
details of the structural analyses are described in the Tables 9-17 which, along with the
CIF files, have also been deposited in the Cambridge Crystallographic Data Centre
(CCDC Nos. 1038571, 1038573 and 1038572 for compounds 41, 108 and 109, respec-

tively).

Crystal data of nagilactone D (41): C1sH2207, M = 350.35, orthorhombic crystal

system, crystal size 0.2002 x 0.1846 x 0.0543 mm3, space group P2:1212:, a

7.13350(10) A ¢ = 90°, b =8.36010(10) A p= 90°, ¢ = 26.2049 A y = 90°, V

1562.78(4) A3 reflections collected 18271, parameters 241,
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Crystal data of 2g-hydroxynagilactone F (108): Ci9H240s, M = 332.38, ortho-
rhombic crystal system, crystal size 0.44 X 0.13 X 0.23 mm?3, space group P212121, a =
7.82202) A @ =90° b=12.4501(4) #=90°,c=17.1803(6)A y = 90°, V =
1673.11(9) A3, reflections collected 10392, parameters 225.

Crystal data of nagilactone 1 (109): C20H2407, M = 376.39, orthorhombic crystal
system, crystal size 0.14 X 0.19 X 0.28 mm?, space group P212121, a = 7.77930(10) A «
=90°, b = 11.77260(10) A p=90°, ¢ = 19.7352(3) A y = 90°, V = 1807.40(4) A3, reflec-

tions collected 11384, parameters 252,

123



Table 9. Crystal data and structure refinement for nagilactone D (41)

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

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

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

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

cs2143

C18H2207

350.35

99.90(14) K

1.54184 A

Orthorhombic

P212:121

a = 7.13350(10) A o= 90°.
b = 8.36010(10) A = 90°.
¢ =26.2049(5) A 7=90°.
1562.78(4) A3

4

1.489 Mg/m3

0.963 mm-!

744

0.2002 x 0.1846 x 0.0543 mm3

3.373 to 74.877°.

-8<=h<=5, -10<=k<=10, -32<=1<=32
18271

3207 [R(int) = 0.0483]

100.0 %

Gaussian

0.950 and 0.831

Full-matrix least-squares on F2
3207/0/241

1.047

R1 =0.0323, wR2 = 0.0818

R1 = 0.0340, wR2 = 0.0834

-0.04(6)

n/a

0.255 and -0.204 e.A3
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Table 10. Bond lengths [A] and angles [°] for nagilactone D (41)

0(1)-C(1)
0(1)-C(13)
0(2)-C(1)
O(3)-H({3)
0(3)-C(3)
0(4)-C(4)
0(4)-C(5)
0(5)-C(9)
0(6)-C(9)
0(6)-C(10)
C(1)-C(2)
C(2)-C(3)
C(2)-C(14)
C(2)-C(15)
C(3)-H(3A)
C(3)-C(4)
C(4)-H(4)
C(4)-C(5)
C(5)-H(5)
C(5)-C(6)
C(6)-C(7)
C(6)-C(14)
C(6)-C(16)
C(7)-C(8)
C(7)-C(11)
C(8)-H(8)
C(8)-C(9)
C(10)-C(11)
C(10)-C(17)
C(11)-C(12)
C(12)-H(12A)

1.354(2)
1.464(2)
1.204(3)
0.78(4)

1.424(2)
1.446(3)
1.443(2)
1.217(3)
1.386(2)
1.371(2)
1.526(3)
1.558(3)
1.544(3)
1.546(3)
1.0000

1.532(3)
1.0000

1.473(3)
1.0000

1.536(3)
1.524(3)
1.554(3)
1.553(3)
1.354(3)
1.453(3)
0.9500

1.435(3)
1.354(3)
1.501(3)
1.510(3)
0.9900
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C(12)-H(12B)
C(12)-C(13)
C(13)-H(13)
C(13)-C(14)
C(14)-H(14)
C(15)-H(15A)
C(15)-H(15B)
C(15)-H(15C)
C(16)-H(16A)
C(16)-H(16B)
C(16)-H(16C)
C(17)-H(17A)
C(17)-H(17B)
C(17)-C(18)
C(18)-H(18A)
C(18)-H(18B)
C(18)-H(18C)
O(7)-H(7A)
O(7)-H(7B)
C(1)-0(1)-C(13)
C(3)-0(3)-H(3)
C(5)-0(4)-C(4)
C(10)-0(6)-C(9)
0(1)-C(1)-C(2)
0(2)-C(1)-0(1)
0(2)-C(1)-C(2)
C(1)-C(2)-C(3)
C(1)-C(2)-C(14)
C(1)-C(2)-C(15)
C(14)-C(2)-C(3)
C(14)-C(2)-C(15)

0.9900

1.524(3)

1.0000

1.533(3)

1.0000

0.9800

0.9800

0.9800

0.9800

0.9800

0.9800

0.9900

0.9900

1.528(3)

0.9800

0.9800

0.9800

0.90(5)

0.85(5)

110.30(15)
110(3)

61.31(12)

122.72(16)
110.92(16)
120.83(19)
128.11(18)
113.83(16)
103.13(15)
106.50(16)
115.40(17)
109.55(16)



C(15)-C(2)-C(3)
0(3)-C(3)-C(2)
0(3)-C(3)-H(3A)
0(3)-C(3)-C(4)
C(2)-C(3)-H(3A)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3A)
0(4)-C(4)-C(3)
O(4)-C(4)-H(4)
O(4)-C(4)-C(5)
C(3)-C(4)-H(4)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)
O(4)-C(5)-C(4)
O(4)-C(5)-H(5)
0O(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(4)-C(5)-C(6)
C(6)-C(5)-H(5)
C(5)-C(6)-C(14)
C(5)-C(6)-C(16)
C(7)-C(6)-C(5)
C(7)-C(6)-C(14)
C(7)-C(6)-C(16)
C(16)-C(6)-C(14)
C(8)-C(7)-C(6)
C(8)-C(7)-C(11)
C(11)-C(7)-C(6)
C(7)-C(8)-H(8)
C(7)-C(8)-C(9)
C(9)-C(8)-H(8)
0(5)-C(9)-0(6)
0O(5)-C(9)-C(8)
0(6)-C(9)-C(8)
0(6)-C(10)-C(17)
C(11)-C(10)-0(6)

108.03(16)
111.92(16)
107.6
113.22(17)
107.6
108.59(16)
107.6
116.41(17)
116.5
59.23(12)
116.5
119.22(17)
116.5
59.46(12)
116.3
118.92(16)
116.3
117.45(18)
116.3
103.14(16)
112.44(16)
113.68(16)
104.80(15)
107.82(16)
114.83(16)
124.87(18)
119.90(18)
115.22(17)
119.4
121.25(18)
119.4
116.04(17)
127.44(19)
116.51(17)
112.00(17)
121.26(18)
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C(11)-C(10)-C(17)
C(7)-C(11)-C(12)
C(10)-C(11)-C(7)
C(10)-C(11)-C(12)

C(11)-C(12)-H(12A)
C(11)-C(12)-H(12B)

C(11)-C(12)-C(13)

H(12A)-C(12)-H(12B)
C(13)-C(12)-H(12A)
C(13)-C(12)-H(12B)

0(1)-C(13)-C(12)
0(1)-C(13)-H(13)
0(1)-C(13)-C(14)
C(12)-C(13)-H(13)
C(12)-C(13)-C(14)
C(14)-C(13)-H(13)
C(2)-C(14)-C(6)
C(2)-C(14)-H(14)
C(6)-C(14)-H(14)
C(13)-C(14)-C(2)
C(13)-C(14)-C(6)

C(13)-C(14)-H(14)

C(2)-C(15)-H(15A)
C(2)-C(15)-H(15B)
C(2)-C(15)-H(15C)

H(15A)-C(15)-H(15B)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)

C(6)-C(16)-H(16A)
C(6)-C(16)-H(16B)
C(6)-C(16)-H(16C)

H(16A)-C(16)-H(16B)
H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)
C(10)-C(17)-H(17A)
C(10)-C(17)-H(17B)

126.67(19)
119.28(18)
118.34(19)
122.30(18)
109.5
109.5
110.73(17)
108.1
109.5
109.5
109.72(16)
108.9
105.33(15)
108.9
114.83(17)
108.9
115.63(16)
107.9
107.9
103.42(16)
113.64(16)
107.9
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
108.2
108.2



C(10)-C(17)-C(18) 116.17(18) C(17)-C(18)-H(18C)  109.5

H(17A)-C(17)-H(17B)  107.4 H(18A)-C(18)-H(18B)  109.5
C(18)-C(17)-H(17A)  108.2 H(18A)-C(18)-H(18C)  109.5
C(18)-C(17)-H(17B)  108.2 H(18B)-C(18)-H(18C)  109.5
C(17)-C(18)-H(18A)  109.5 H(7A)-O(7)-H(7B) 107(4)

C(17)-C(18)-H(18B)  109.5

Table 11. Hydrogen bonds for nagilactone D (41) [A and °]

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
0(3)-H(3)...0(4) 0.78(4) 2.28(4) 2.750(2) 120(3)
C(12)-H(12B)...0(5)#1 0.99 2.46 3.180(3) 128.9

Symmetry transformations used to generate equivalent atoms:
#1 x,y-1,z
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Table 12. Crystal data and structure refinement for 2f-hydroxynagilactone F (108)

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

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

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

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

Table 13. Bond lengths [A] and angles [°] for 28-hydroxynagilactone F (108)
128

ERXR-3
C19H240s5

332.38

100.00(10) K

1.54184 A

Orthorhombic

P212:121

a=7.8220(2) A o= 90°.
b =12.4501(4) A = 90°.
c=17.1803(6) A 7=90°.
1673.11(9) A3

4

1.320 Mg/m3

0.776 mm-1

712

0.2293 x 0.1311 x 0.0395 mm3

4.386 to 74.732°.

-9<=h<=7, -15<=k<=13, -21<=I<=21
10392

3407 [R(int) = 0.0476]

99.9 %

Gaussian

0.971 and 0.879

Full-matrix least-squares on F2
3407/0/225

1.042

R1 = 0.0408, wR2 = 0.1041

R1 = 0.0444, wR2 = 0.1074

-0.07(13)

n/a

0.616 and -0.176 e.A3



0(1)-C(1)
0(1)-C(13)
0(2)-C(1)
0(3)-C(4)
O(4)-C(9)
0(5)-C(9)
0(5)-C(10)
C(1)-C(2)
C(2)-C(3)
C(2)-C(14)
C(2)-C(15)
C(3)-C(4)
C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(6)-C(14)
C(6)-C(16)
C(7)-C(8)
C(7)-C(11)
C(8)-C(9)
C(10)-C(11)
C(10)-C(17)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(17)-C(18)
C(17)-C(19)

1.351(3)
1.475(3)
1.206(3)
1.424(3)
1.208(3)
1.353(3)
1.472(3)
1.519(4)
1.534(4)
1.538(3)
1.544(3)
1.512(3)
1.536(3)
1.546(3)
1.517(3)
1.548(3)
1.550(3)
1.338(3)
1.479(3)
1.474(3)
1.509(3)
1.520(3)
1.339(3)
1.501(3)
1.522(3)
1.530(3)
1.533(4)

C(1)-O(1)-C(13)109.29(18)

C(9)-0(5)-C(10)
0(1)-C(1)-C(2)
0(2)-C(1)-0(2)
0(2)-C(1)-C(2)
0(1)-C(13)-C(14)

C(12)-C(13)-C(14)

C(2)-C(14)-C(6)
C(13)-C(14)-C(2)

119.39(18)
111.2(2)
121.6(2)
127.2(2)
104.76(18)
114.96(19)
113.12(19)
102.62(18)
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C(1)-C(2)-C(3)
C(1)-C(2)-C(14)
C(1)-C(2)-C(15)
C(3)-C(2)-C(14)
C(3)-C(2)-C(15)
C(14)-C(2)-C(15)
C(4)-C(3)-C(2)
0(3)-C(4)-C(3)
0(3)-C(4)-C(5)
C(3)-C(4)-C(5)
C(4)-C(5)-C(6)
C(5)-C(6)-C(14)
C(5)-C(6)-C(16)
C(7)-C(6)-C(5)
C(7)-C(6)-C(14)
C(7)-C(6)-C(16)
C(14)-C(6)-C(16)
C(8)-C(7)-C(6)
C(8)-C(7)-C(11)
C(11)-C(7)-C(6)
C(7)-C(8)-C(9)
0(4)-C(9)-0(5)
0O(4)-C(9)-C(8)
0(5)-C(9)-C(8)
0(5)-C(10)-C(11)
0(5)-C(10)-C(17)

C(11)-C(10)-C(17)

C(7)-C(11)-C(10)
C(12)-C(11)-C(7)

C(12)-C(11)-C(10)
C(11)-C(12)-C(13)

0(1)-C(13)-C(12)

113.1(2)
101.6(2)
107.0(2)
113.6(2)
110.6(2)
110.5(2)
110.1(2)
107.7(2)
111.8(2)
114.6(2)
113.60(19)
108.01(18)
109.02(19)
114.36(19)
104.80(18)
105.99(19)
114.78(19)
125.8(2)
119.2(2)
114.8(2)
121.1(2)
118.2(2)
123.8(2)
117.9(2)
109.84(17)
106.59(18)
117.95(19)
113.0(2)
121.9(2)
124.8(2)
120.9(2)
111.9(2)



C(13)-C(14)-C(6) 113.00(19)
C(10)-C(17)-C(18) 110.4(2)
C(10)-C(17)-C(19) 113.0(2)
C(18)-C(17)-C(19) 110.3(2)

Table 14. Hydrogen bonds for 28-hydroxynagilactone F (108) [A and °].

Table 3. Hydrogen bonds for ¢s2147 [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)

0(3)-H(3)...02)#1 1.05(5) 1.83(5) 2.878(3) 173(4)

Symmetry transformations used to generate equivalent atoms:

#1 x+1y,z

130



Table 15. Crystal data and

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

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

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

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

structure refinement nagilactone

ERXR-2

C20H2407

376.39

100.00(10) K

1.54184 A

Orthorhombic

P212121

a=7.77930(10) A o= 90°.
b = 11.77260(10) A B=90°.
c=19.7352(3) A 7=90°.
1807.40(4) A3

4

1.383 Mg/m3

0.872 mm-!

800

0.2794 x 0.1872 x 0.1428 mm?

4.373 to 74.703°.

-9<=h<=9, -14<=k<=14, -24<=|<=21
11384

3688 [R(int) = 0.0356]

99.8 %

Gaussian

0.906 and 0.843

Full-matrix least-squares on F2
3688/0/252

1.043

R1 =0.0344, wR2 = 0.0920

R1 =0.0356, wR2 = 0.0931

-0.13(8)

n/a

0.230 and -0.191 e A3
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Table 16. Bond lengths [A] and angles [°] for nagilactone 1 (109)

0(1)-C(1) 1.342(3) 0(1)-C(1)-C(2) 111.73(17)
0(1)-C(13) 1.471(2) 0(2)-C(1)-0(1) 121.37(19)
0(2)-C(1) 1.211(3) 0(2)-C(1)-C(2) 126.90(19)
0(3)-C(4) 1.430(2) C(1)-C(2)-C(3) 111.11(17)
0(4)-C(9) 1.208(3) C(1)-C(2)-C(14) 101.44(15)
0(5)-C(9) 1.351(2) C(1)-C(2)-C(15) 107.67(16)
0(5)-C(10) 1.464(2) C(14)-C(2)-C(3) 114.19(16)
0(6)-C(18) 1.198(3) C(14)-C(2)-C(15) 110.22(18)
0(7)-C(18) 1.324(3) C(15)-C(2)-C(3) 111.61(17)
0(7)-C(19) 1.443(3) C(4)-C(3)-C(2) 114.22(17)
C(1)-C(2) 1.522(3) 0(3)-C(4)-C(3) 104.90(15)
C(2)-C(3) 1.542(3) 0(3)-C(4)-C(5) 111.10(16)
C(2)-C(14) 1.535(3) C(3)-C(4)-C(5) 116.06(16)
C(2)-C(15) 1.538(3) C(6)-C(5)-C(4) 114.51(15)
C(3)-C(4) 1.533(3) C(5)-C(6)-C(14) 106.65(15)
C(4)-C(5) 1.556(3) C(5)-C(6)-C(16) 109.95(16)
C(5)-C(6) 1.530(3) C(7)-C(6)-C(5) 113.70(15)
C(6)-C(7) 1.514(3) C(7)-C(6)-C(14) 105.12(15)
C(6)-C(14) 1.543(3) C(7)-C(6)-C(16) 106.71(15)
C(6)-C(16) 1.547(3) C(14)-C(6)-C(16) 114.79(16)
C(7)-C(8) 1.340(3) C(8)-C(7)-C(6) 124.95(17)
C(7)-C(11) 1.470(3) C(8)-C(7)-C(11) 119.03(17)
C(8)-C(9) 1.470(3) C(11)-C(7)-C(6) 115.98(16)
C(10)-C(11) 1.508(3) C(7)-C(8)-C(9) 122.15(18)
C(10)-C(17) 1.526(3) 0(4)-C(9)-0(5) 118.58(18)
C(11)-C(12) 1.340(3) 0(4)-C(9)-C(8) 123.52(19)
C(12)-C(13) 1.493(3) 0(5)-C(9)-C(8) 117.86(17)
C(13)-C(14) 1.525(3) 0(5)-C(10)-C(11) 111.26(16)
C(17)-C(18) 1.524(3) 0(5)-C(10)-C(17) 105.43(16)
C(17)-C(20) 1.532(3) C(11)-C(10)-C(17) 118.14(17)
C(1)-0(1)-C(13) 109.06(15) C(7)-C(11)-C(10) 114.00(17)
C(9)-0(5)-C(10) 119.25(16) C(12)-C(11)-C(7) 121.07(18)
C(18)-0(7)-C(19) 116.82(19) C(12)-C(11)-C(10) 124.75(18)
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C(11)-C(12)-C(13) 121.38(18) C(10)-C(17)-C(20) 110.88(17)
0(1)-C(13)-C(12) 111.74(16) C(18)-C(17)-C(10) 114.66(17)
0(1)-C(13)-C(14) 104.67(14) C(18)-C(17)-C(20) 110.61(18)
C(12)-C(13)-C(14) 114.88(16) 0(6)-C(18)-0(7) 122.8(2)
C(2)-C(14)-C(6) 113.97(16) 0(6)-C(18)-C(17) 123.7(2)
C(13)-C(14)-C(2) 102.54(15) 0(7)-C(18)-C(17) 113.46(18)
C(13)-C(14)-C(6) 113.04(15)

Table 17. Hydrogen bonds for nagilactone 1 (109) [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
0(3)-H(3)...0(2)#1 0.88(5) 1.93(5) 2.804(2) 173(4)

Symmetry transformations used to generate equivalent atoms:
#1 x-1y,z
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