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The plant-derived natural product 14-hydroxy-6,12-muuroloadien-15-oic acid (1) was identified as a
unique scaffold that could be chemically elaborated to generate novel lead- or drug-like screening
libraries. Prior to synthesis a virtual library was generated and prioritised based on drug-like
physicochemical parameters such as log P, log D5.5, hydrogen bond donors/acceptors, and molecular
weight. The natural product scaffold (1) was isolated from the endemic Australian plant Eremophila
mitchellii and then utilised in the parallel solution-phase generation of two series of analogues. The first
library consisted of six semi-synthetic amide derivatives, whilst the second contained six carbamate
analogues. These libraries have been evaluated for antimalarial activity using a chloroquine-sensitive
Plasmodium falciparum line (3D7) and several compounds displayed low to moderate activity with IC50

values ranging from 14 to 33 μM.

Introduction

Narrowing down the vast number of molecules found in chemi-
cal space to those that are biologically relevant, and then to
those that have potential to be pursued for drug development is a
significant challenge.1–5 Chemists have therefore continuously
refined compound library generation in order to build smarter
libraries.6–8 Current synthetic library strategies include the selec-
tion of novel scaffolds, particularly those that adhere to lead- and
drug-like physicochemical profiles, for library generation.2–6

Nature remains an untapped source of unique and desirable
scaffolds for library production, and subsequent drug
discovery.2–8 Indeed, numerous scaffolds that have been ident-
ified in natural products (NPs) have led to approved drugs or
drug candidates for a range of diseases.7–12 Examples include
antibacterials (β-lactams, tetracyclines, erythromycins), antivirals
(modified nucleosides), anticholesterolemics (lovastatin), and
anti-tumour agents (paclitaxel, rapamycins, epothilones).9

The success of NPs and their semi-synthetic derivatives as
therapeutic agents is intrinsically linked to the fact that NPs have
been biologically validated, since they have been selected during
evolution to bind to biosynthetic enzymes.2,5,6,13,14 It has been
hypothesised that this inherent capacity to bind in biological

space allows NPs to also recognise human therapeutic
targets.2,13,14

NPs are often cited as being structurally diverse, drug-like,
and containing privileged motifs.2,5,6,8,15 Computational studies
have shown that NP scaffolds occupy complementary areas of
chemical space compared with synthetic compounds, and can be
used to increase the chemical complexity and drug-likeness of
libraries.2,4–6 Whilst NPs and their semi-synthetic analogues
have been widely utilised by the pharmaceutical industry, they
have also been used as molecular probes to increase our under-
standing of biological pathways.3,16

A major focus of our research is the design and synthesis of
drug discovery libraries based on unique NP scaffolds17,18 that
would complement, and potentially expedite, current NP drug
discovery methods that typically involve the high-throughput
screening (HTS) of pre-fractionated or extract libraries.19 The
use of fully characterised NP analogue libraries is advantageous
to drug discovery since “hits” resulting from HTS can be quickly
evaluated in an identical manner to those from synthetic
libraries. Because the chemical structure of the hit compound is
already known (unlike extract or pre-fractionated library screen-
ing), the potential for lead evaluation can be progressed more
rapidly. Furthermore, if the design of a NP library is given due
consideration before the synthesis is undertaken, then adherence
to important physicochemical parameters known to be associated
with lead- or drug-like molecules such as log P, log D5.5, hydro-
gen bond donors (HBD), hydrogen bond acceptors (HBA),
and molecular weight (MW)20,21 can be addressed, which, ulti-
mately, has a positive impact on the progression of any potential
hit.

†Electronic supplementary information (ESI) available: 1H and
13CNMR spectra of 1–14. See DOI: 10.1039/c2ob00029f
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Clearly, if NP analogue libraries are to become more common
place in drug discovery, then the supply of suitable NP scaffolds
is crucial. While the total synthesis of the required scaffold is a
possible solution to the supply issue, the structural complexity
and need for multi-step synthesis to make some templates can be
prohibitive.12,16,22 Since we have access to the Eskitis Institute’s
Nature Bank, which includes 50 055 plant and marine biota
samples and 2738 pure NP compounds, our approach has been
to use this valuable resource to acquire relevant NP scaffolds,
thus bypassing the de novo synthetic strategy for scaffold pro-
duction. A number of studies have been reported in the literature
in which NP scaffolds have been isolated from various biota
sources and subsequently used for screening library generation.
Examples include the use of the tambjamine, teicoplanin
aglycone and yohimbine scaffolds.17,23,24

Parameters used to initially identify and prioritise potential
scaffolds from the NP collection included MW (<300), quantity
available (>100 mg), log P (<5), and the inclusion of chemical
handles for modification (e.g. –COOH, –OH, –CHO, –NH2,
Ar–Br). NPs possessing stereogenic centres were also given high
priority, as stereochemistry confers a unique 3D shape on a
molecule and has the potential to improve target binding.2,16,25,26

The availability of biota for the re-extraction and re-isolation of
each compound also had to be taken into account. Around 200
NPs were initially identified using this approach from the NP
library, one of which was the previously reported sesquiterpene
14-hydroxy-6,12-muuroloadien-15-oic acid (1).27,28

The low MW (250), favourable log P (2.42), multiple stereo-
genic centres (4) and potential chemical handles (i.e. the car-
boxylic acid29 and allylic hydroxyl group30–32) for synthetic
elaboration made 1 a particularly attractive NP scaffold.

Scaffold 1 has previously been obtained from the Australian
endemic plant genus Eremophila. It was originally isolated from
Eremophila virgata in 1989,27 and then subsequently from Ere-
mophila mitchellii.28 This species is native to inland northern
New South Wales and Queensland.33 Oil extracts from this plant
have been found to possess termiticidal, insecticidal, cytotoxic,
and antimicrobial activity.34–38

Results and discussion

A sample of the air-dried and ground leaves of E. mitchellii
(27.5 g) was exhaustively extracted with sequential washes of n-
hexane, CH2Cl2, and CH3OH. The CH2Cl2 and CH3OH extracts
were combined and fractionated by diol-bonded silica flash
column chromatography using a n-hexane–EtOAc gradient.
Further purification by diol-bonded silica HPLC (i-PrOH–
n-hexane) yielded 14-hydroxy-6,12-muuroloadien-15-oic acid
(1, 201.7 mg, 0.734% dry wt). The structure of 1 was assigned
after NMR, IR, UV, and MS data analysis and comparison with
literature values.27,28

It was envisaged that both the carboxylic acid and
allylic hydroxyl of 1 would be utilised to create library members
in order to increase the structural diversity of the analogue
series. Initially 1 was modified at the carboxylic acid by
generating a small library of amides. The amine partners used
for the coupling reactions were chosen following the construc-
tion of a virtual library of potential products using a list of com-
mercially available amines (895 in total),39 and the Reactor40

and Instant JChem software packages.41 A number of phy-
sicochemical parameters (Table 1) including Lipinski’s “Rule
of Five” for drug-like molecules (MW < 500, HBD < 5, HBA
< 10, log P < 5)20 and log D5.5 were calculated in an
effort to select the most desirable molecules for subsequent
synthesis.

The distribution coefficient at pH 5.5 (log D5.5) was included
since it has been proposed that it is a better descriptor (cf. log P)
of the lipophilic nature of drug-like molecules, particularly
NPs,19 in the small intestine, where the majority of oral
drug absorption occurs.21 Whilst log P calculations specifically
predict the partitioning of neutral (i.e. un-ionised) species
between n-octanol and water, log D is a more appropriate
measure as it considers the distribution of both ionised and un-
ionised species at a given pH. On the basis of the in silico data,
amine reagents were subsequently selected that would ensure the
drug-likeness of the products generated.

Due to the low quantity of starting material, only ∼10 mg of 1
was used in each reaction. Three standard coupling reagents
were initially investigated to examine which would give
optimal yields. These reagents included 4-(4,6-dimethoxy-1,3,5-
triazin-2-yl)-4-methylmorpholinium chloride (DMTMM),29

4016 | Org. Biomol. Chem., 2012, 10, 4015–4023 This journal is © The Royal Society of Chemistry 2012
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N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride
(EDCI),18 and oxalyl chloride [(COCl)2].

42

Reactions using either DMTMM or EDCI afforded low yields
(<35%), believed to be due to a combination of the hygroscopic
nature of the NP scaffold and the small reaction scale employed.
The first reaction utilising (COCl)2 and phenethylamine gave a
high yield of 77%, however, subsequent reactions employing
other amines resulted in yields ranging from 5 to 48%. In all
(COCl)2 coupling reactions minor side products were observed
by (+)-LRESIMS and 1H NMR spectroscopy. These data
suggested some of the minor products included the substitution
of the primary hydroxyl (14-OH) with a chlorine atom,43,44 and
the formation of oxalic acid derivatives at 14-OH.45,46 Due to
the low yields and difficulty associated with purifying these
potentially unstable minor side-products, full spectroscopic
characterisation was not possible. While protection chemistry
was considered as an option for reducing the (COCl)2 side
products, this was not pursued due to the number of additional
reaction and purification steps required, the scarcity of the NP
scaffold, and our desire to generate other analogues based on the
muurolane scaffold 1.

Therefore, we decided to use the allylic hydroxyl group of 1
in reactions with commercially available isocyanates to generate
a library of carbamates.30 In an identical manner to the amide
library, a virtual collection of potential carbamates was initially
generated using the software Reactor40 and Instant JChem41

coupled with a list of commercially available isocyanates (315 in
total).39 Analysis of the in silico physicochemical properties
(MW, HBD, HBA, log P, log D5.5) of the virtual library ident-
ified those members that were compliant with drug-like
properties.20,21

Literature reports indicated that the carboxylic acid of 1 would
react with the isocyanate reagents to form anhydrides or
amides,47 hence this was protected by methylation using TMS-
diazomethane48 prior to carbamate library synthesis. In contrast
to the amide library production where no protection chemistry
was utilised, we decided to use protection chemistry in the carba-
mate library series since the methylation could be achieved in
high yield (>90%), with no deprotection or purification required.
Subsequent reactions of the methyl ester scaffold 8 with various
isocyanates resulted in six carbamates with yields ranging from
31 to 76%.

Typically all of the amides and carbamates produced in this
study were first purified by fractionation using a silica solid-
phase extraction (SPE) cartridge employing either a n-hexane–
EtOAc or n-hexane–i-PrOH gradient. Further purification was
achieved by semi-preparative diol-bonded silica HPLC (i-PrOH–
n-hexane) or C18-bonded silica HPLC (CH3OH–H2O) when
required. The structures of all library members (2–14) were
determined following 1D (1H, 13C) and 2D NMR (COSY,
HSQC, HMBC and ROESY) and (+)-HRESIMS data analysis.

During the large-scale isolation of 1, mitchellenes A–E
(15–19) were also obtained; the purification and structural
identification of these NPs has been reported elsewhere.28

Compounds 1–19 have recently been added to the open-
access small molecule repository at the Queensland Compound
Library (QCL)49 located at the Eskitis Institute where they are
available for drug discovery and chemical biology research.
Prior to submitting compounds 1–19 to the QCL, purity studies
were performed using analytical C18 HPLC. Analysis of the
HPLC data and integration of all UV peaks at 210 nm deter-
mined that all compounds had purities >90%.

Table 1 Physicochemical profiling and biological activity of 1–19

Physicochemical parametersa Biological activity

Compound MW log P log D5.5 HBA HBD 3D7b (IC50 ± SD μM) NFFc (% ± SD)

1 250 2.42 1.70 3 2 >50 d

2 353 3.85 3.85 2 2 14 ± 4 32 ± 16
3 249 1.61 1.61 2 2 >50 d

4 334 0.86 0.86 3 3 >50 d

5 387 4.45 4.45 2 2 19 ± 2 86 ± 5
6 383 3.69 3.69 3 2 19 ± 1 16 ± 5
7 369 3.54 3.54 3 3 >50 d

8 264 2.80 2.80 2 1 >50 d

9 427 4.77 4.77 5 1 33 ± 8 e

10 397 4.85 4.85 2 1 28 ± 7 44 ± 10
11 363 4.45 4.45 2 1 20 ± 3 15 ± 4
12 389 4.93 4.93 2 1 16 ± 1 41 ± 15
13 427 4.69 4.69 3 1 27 ± 3 45 ± 9
14 457 4.54 4.59 4 1 18 ± 3 86 ± 5
15 248 1.78 1.78 2 1 24 ± 8 49 ± 10
16 232 3.09 3.09 1 0 30 ± 7 53 ± 15
17 248 1.94 1.94 2 1 20 ± 7 e

18 266 2.98 1.14 4 2 >50 d

19 252 2.51 1.73 3 2 >50 d

Chloroquine 319 3.93 −0.76 3 1 0.03 ± 0.01 f

a In silico calculations performed using Instant JChem software,41 MW = molecular weight, log P = partition coefficient, log D5.5 = distribution
coefficient at pH 5.5, HBA = H bond acceptors, HBD = H bond donors. b 3D7 = Plasmodium falciparum (chloroquine sensitive) strain. cNFF =
neonatal foreskin fibroblast cells, percent inhibition measured at 100 μM. dNot tested. eNot active. fChloroquine IC50 = 34 ± 3 μM.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 4015–4023 | 4017
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To date, compounds 1–19 have been screened for anti-
plasmodial activity in an in vitro growth inhibition assay using a
chloroquine sensitive Plasmodium falciparum line (3D7).
Initially all compounds were screened at 50 μM, and those dis-
playing a percent inhibition of ≥50% had their IC50 values de-
termined (Table 1). All compounds were also screened for
cytotoxicity towards a normal mammalian cell line [neonatal
foreskin fibroblasts (NFF)] in order to determine the selectivity
of the compounds towards the malaria parasite.

Scaffold 1 and those library members with simple modifi-
cations at the carboxylic acid, such as the amide 3 and the
methyl ester 8, exhibited no activity against P. falciparum 3D7.
The related natural products 18–19 also demonstrated no
inhibition in this assay.

In contrast, the introduction of larger substituents at the
carboxylic acid increased the antimalarial activity, with the
aromatic analogues eliciting a low to moderate response against
the parasite (IC50 14–19 μM). Of the phenethylamine derivatives
(2, 5–7) only compound 7 was inactive, suggesting that the polar
hydroxyl group on the benzene system was responsible for the
reduced activity.

All members of the carbamate library demonstrated low to
moderate activity against the P. falciparum 3D7 parasites (IC50

16–33 μM). These compounds only showed minor variations in
their activity, with no particular carbamate substituent eliciting a
greater response against the parasite than the others.

The tetracyclic NPs 15–17 also showed low to moderate anti-
plasmodial inhibitory activity (IC50 12–30 μM). While being
structurally similar and possessing almost identical MWs to NPs
18–19, the rigid structures of 15–17 may allow them to bind
more effectively to the target than compounds 18–19, which
possess a greater number of rotatable bonds.25 However, 15–17
do not possess chemical handles that would be useful in the syn-
thesis of derivatives for the exploration of structure activity
relationships.

Conclusions

The natural product scaffold 14-hydroxy-6,12-muuroloadien-15-
oic acid (1) was isolated from the plant E. mitchellii and was
utilised in the generation of two screening libraries. Initial
screening data suggests that scaffold 1 is a valid starting point

for the generation of antimalarial compounds, as although the
scaffold itself was inactive against P. falciparum 3D7, many of
the library members generated from this molecule demonstrated
improved activity. Furthermore, NP scaffolds such as the one uti-
lised in this study have the potential to be used as tools for inves-
tigating biological pathways and developing novel therapeutics.3

Experimental

General

Optical rotations were recorded on a JASCO P-1020 polarimeter.
UV spectra were recorded on a Bruker Tensor 27 spectropho-
tometer. NMR spectra were recorded at 30 °C on either a Varian
400 MHz, 500 MHz or 600 MHz Unity INOVA spectrometer.
The 1H and 13C chemical shifts were referenced to the solvent
peaks for DMSO-d6 at δH 2.49 and δC 39.5, respectively.
J values are given in Hz. LRESIMS were recorded on a Mariner
time-of-flight spectrometer equipped with a Gilson 215 eight
probe injector. HRESIMS were recorded on a Bruker Apex III
4.7 Tesla Fourier transform ion cyclotron resonance mass spec-
trometer. An Edwards Instrument company Bio-line orbital
shaker was used for plant extractions. Fluka silica gel TLC
aluminium cards were used for TLC. Phenomenex solid phase
extraction (SPE) polypropylene cartridges were used for reaction
purifications. For analytical HPLC purity analysis a Waters 600
pump equipped with a Waters 966 PDA detector and Gilson 715
liquid handler (5 mL syringe, 200 μL Rheodyne sample loop)
was used. AWaters 600 pump equipped with a Waters 966 PDA
detector and a Waters 717 Plus Autosampler connected to a
Gilson FC204 fraction collector were used for semi-preparative
separations. A Phenomenex C18 Onyx monolithic (4.6 ×
100 mm) column was used for analytical HPLC purity analysis.
Alltech Davisil diol-bonded silica, 30–40 μm, 60 Å, or Alltech
C18 bonded silica, 35–75 μm, 150 Å, or Merck silica gel 60
(0.040–0.063 mm) were used for pre-adsorption work. Either a
YMC diol 5 μm 120 Å (20 × 150 mm) column or a ThermoElec-
tron C18 Betasil 5 μm 143 Å (21.2 × 150 mm) column were used
for semi-preparative HPLC separations. All solvents used for
chromatography, [α]D, UV, and MS were Lab Scan HPLC grade,
and the H2O was Millipore Milli-Q PF filtered. All synthetic
reagents were obtained from Sigma-Aldrich and used without
further purification.

Plant material

The leaves of Eremophila mitchellii were collected from
Currawinya National Park, QLD, Australia, in March, 1996.
Collection and identification was undertaken by P. Forster
and G. Guymer from the Queensland Herbarium. A voucher
specimen (AQ603041) has been deposited at the Queensland
Herbarium, Brisbane, Australia.

Extraction and isolation

The air-dried and ground leaves of E. mitchellii (27.5 g)
were extracted exhaustively with n-hexane (250 mL), CH2Cl2
(2 × 250 mL), and CH3OH (2 × 250 mL). All CH2Cl2–CH3OH

4018 | Org. Biomol. Chem., 2012, 10, 4015–4023 This journal is © The Royal Society of Chemistry 2012
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extractives were combined to yield a dark-brown gum (4.94 g).
This crude extract was divided into ∼500 mg portions and
purified by diol-bonded silica flash column (35 × 130 mm) using
a 20% stepwise gradient from n-hexane to EtOAc followed by
CH3OH. The 20% n-hexane–80% EtOAc and EtOAc fractions
were combined and pre-adsorbed to diol-bonded silica, packed
into stainless steel cartridges (10 × 30 mm), and subjected to
semi-preparative HPLC using a YMC diol column. Isocratic con-
ditions of n-hexane were held for the first 10 min, followed by a
linear gradient to 20% i-PrOH–80% n-hexane over 40 min, then
isocratic conditions of 20% i-PrOH–80% n-hexane for 10 min,
all at a flow rate of 9 mL min−1. Sixty fractions (60 × 1 min)
were collected then analysed by (+)-LRESIMS and 1H NMR
spectroscopy. Scaffold 1 eluted in fractions 32–33 (201.7 mg,
0.734% dry wt).

General procedure for amide formation using DMTMM29

DMTMM was generated following a literature procedure from
its precursor 2-chloro-4,6-dimethoxy-1,3,5-triazine (CDMT) and
N-methylmorpholine.29 Scaffold 1 (8.4 mg, 0.0336 mmol) and
phenethylamine (45 μL, 0.3360 mmol) were stirred in dry THF
(4 mL) for 15 min at rt under Ar. DMTMM (93 mg,
0.3360 mmol) was added and the solution stirred at rt for 4 h.
The solution was poured into H2O (30 mL) and extracted with
CH2Cl2 (30 mL). The organic phase was further washed with
NaHCO3 (30 mL), 3.5% HCl (30 mL), and H2O (30 mL) before
being dried over MgSO4. The crude product was purified using a
SPE cartridge packed with diol-bonded silica (10 × 40 mm) and
10 mL eluent flushes of n-hexane, 5% i-PrOH–n-hexane, 10% i-
PrOH–n-hexane, 20% i-PrOH–n-hexane, then CH3OH. The 10%
i-PrOH–90% n-hexane fraction was found to contain impure
product following TLC and 1H NMR spectroscopy analysis.
This fraction was pre-adsorbed to diol-bonded silica, packed into
a stainless steel cartridge (10 × 30 mm), and subjected to semi-
preparative HPLC using a YMC diol column at a flow rate of
9 mL min−1 and isocratic conditions of n-hexane for 10 min, fol-
lowed by a linear gradient to 15% i-PrOH–85% n-hexane over
40 min, then isocratic conditions of 15% i-PrOH–85% n-hexane
for 10 min. Sixty fractions (60 × 1 min) were collected. Fraction
46 was found to contain 2 (2.3 mg, 19%). Compound 3 was
purified in a similar manner to 2, except that a linear gradient to
20% i-PrOH–80% n-hexane over 40 min was utilised in the diol-
bonded HPLC step to give 3 in fractions 46–48 (3.7 mg, 27%).
Compound 4 was first purified off a SPE cartridge packed with
diol-bonded silica (10 × 40 mm) using 10 mL washes from n-
hexane to EtOAc in 20% steps followed by CH3OH. Impure
product was found in the CH3OH fraction, and was further
purified by C18 bonded silica semi-preparative HPLC at a flow
rate of 9 mL min−1 and isocratic conditions of 10% CH3OH–
90% H2O for 10 min, followed by a linear gradient to CH3OH
over 40 min, then isocratic conditions of CH3OH for 10 min.
Sixty fractions (1 min each) were collected and fraction 37 con-
tained 4 (3.2 mg, 31%).

Compound 2. Yield 19%, white gum; [α]25D – 85 (c 0.073,
CHCl3); UV (CH3OH) λmax nm (log ε) 204 (4.13); 1H NMR
(500 MHz, DMSO-d6) δ 0.91 (3H, d, J = 6.6 Hz, H-11), 1.11
(1H, dddd, J = 13.2, 12.6, 12.6, 3.0 Hz, H-2β), 1.31 (1H, ddd,

J = 12.6, 12.6, 3.0 Hz, H-3α), 1.37 (1H, m, H-2α), 1.38 (1H, m,
H-9β), 1.59 (1H, brdd, J = 12.5, 5.4 Hz, H-9α), 1.61 (1H, m,
H-3β), 1.62 (1H, m, H-10), 1.72 (1H, m, H-1), 1.81 (1H, ddd,
J = 12.6, 11.4, 2.4 Hz, H-4), 1.95 (1H, m, H-8α), 2.22 (1H, ddd,
J = 11.4, 6.0, 4.2 Hz, H-5), 2.40 (1H, brdd, J = 18.0, 5.4 Hz,
H-8β), 2.71 (2H, t, J = 7.8 Hz, H-18), 3.27 (2H, dt, J = 5.4, 7.8
Hz, H-17), 3.82 (1H, d, J = 15.0 Hz, H-14), 3.87 (1H, d, J =
15.0 Hz, H-14), 4.79 (1H, brs, 14-OH), 4.90 (1H, s, H-13), 5.07
(1H, s, H-13), 6.45 (1H, brd, J = 4.2 Hz, H-6), 7.17 (2H, d, J =
7.8 Hz, H-20), 7.18 (1H, t, J = 7.2 Hz, H-22), 7.27 (2H, dd, J =
7.8, 7.2 Hz, H-21), 7.66 (1H, t, J = 5.4 Hz, 16-NH); 13C NMR
(125 MHz, DMSO-d6) δ 16.0 (C-9), 19.3 (C-11), 25.0 (C-8),
28.9 (C-2), 33.9 (C-3), 34.2 (C-1), 35.1 (C-18), 38.7 (C-10),
40.5 (C-17), 40.8 (C-5), 42.3 (C-4), 63.3 (C-14), 107.3 (C-13),
125.9 (C-22), 128.2 (C-21), 128.5 (C-20), 132.8 (C-7), 135.1
(C-6), 139.6 (C-19), 152.6 (C-12), 167.4 (C-15); (+)-LRESIMS
m/z (rel. int.) 354 (100) [M + H]+; (+)-HRESIMS m/z 376.2250
(C23H31NO2Na [M + Na]+ requires 376.2247).

Compound 3. Yield 27%, white gum; [α]25D – 113 (c 0.107,
CHCl3); UV (CH3OH) λmax nm (log ε) 202 (3.84), 219 (3.71);
1H NMR (500 MHz, DMSO-d6) δ 0.91 (3H, d, J = 7.2 Hz,
H-11), 1.11 (1H, dddd, J = 12.6, 12.6, 12.6, 3.0 Hz, H-2β), 1.31
(1H, ddd, J = 13.2, 12.6, 2.4 Hz, H-3α), 1.35 (1H, m, H-9β),
1.37 (1H, m, H-2α), 1.55 (1H, brdd, J = 12.6, 5.4 Hz, H-9α),
1.61 (1H, m, H-3β), 1.62 (1H, m, H-10), 1.73 (1H, m, H-1),
1.80 (1H, ddd, J = 12.0, 11.4, 3.0 Hz, H-4), 1.96 (1H, m, H-8α),
2.21 (1H, ddd, J = 11.4, 6.0, 4.2 Hz, H-5), 2.38 (1H, brdd, J =
18.0, 5.4 Hz, H-8β), 3.81 (1H, d, J = 15.0 Hz, H-14), 3.86 (1H,
d, J = 15.0 Hz, H-14), 4.75 (1H, brs, 14-OH), 4.90 (1H, s,
H-13), 5.05 (1H, s, H-13), 6.49 (1H, brd, J = 4.2 Hz, H-6), 7.07
(2H, s, 16-NH2);

13C NMR (125 MHz, DMSO-d6) δ 16.1 (C-9),
19.3 (C-11), 25.1 (C-8), 29.0 (C-2), 33.8 (C-3), 34.2 (C-1), 38.7
(C-10), 41.0 (C-5), 42.3 (C-4), 63.3 (C-14), 107.4 (C-13), 132.5
(C-7), 135.9 (C-6), 152.6 (C-12), 169.3 (C-15); (+)-LRESIMS
m/z (rel. int.) 250 (100) [M + H]+; (+)-HRESIMS m/z 272.1620
(C15H23NO2Na [M + Na]+ requires 272.1621).

Compound 4. Yield 31%, orange gum; [α]26D – 53 (c 0.04,
CHCl3); UV (CH3OH) λmax nm (log ε) 202 (4.00), 221 (3.82);
1H NMR (500 MHz, DMSO-d6) δ 0.91 (3H, d, J = 7.2 Hz,
H-11), 1.11 (1H, dddd, J = 13.2, 12.6, 12.6, 3.6 Hz, H-2β), 1.29
(1H, ddd, J = 12.6, 12.6, 3.0 Hz, H-3α), 1.34 (1H, m, H-9β),
1.36 (1H, m, H-2α), 1.56 (1H, m, H-9α), 1.61 (1H, m, H-3β),
1.62 (1H, m, H-10), 1.72 (1H, m, H-1), 1.78 (3H, s, H-21), 1.80
(1H, dd, J = 12.6, 4.2 Hz, H-4), 1.98 (1H, m, H-8α), 2.21 (1H,
ddd, J = 11.4, 6.0, 5.4 Hz, H-5), 2.38 (1H, brdd, J = 18.6, 4.2
Hz, H-8β), 3.08 (2H, m, H-17), 3.13 (2H, m, H-18), 3.81 (1H, d,
J = 15.0 Hz, H-14), 3.86 (1H, d, J = 15.0 Hz, H-14), 4.83 (1H,
brs, 14-OH), 4.90 (1H, s, H-13), 5.06 (1H, s, H-13), 6.47 (1H,
brd, J = 4.8 Hz, H-6), 7.64 (1H, brs, 16-NH), 7.92 (1H, brs, 19-
NH); 13C NMR (125 MHz, DMSO-d6) δ 16.0 (C-9), 19.3
(C-11), 22.5 (C-21), 25.0 (C-8), 28.9 (C-2), 33.8 (C-3), 34.2
(C-1), 38.3 (C-17), 38.7 (C-10), 39.0 (C-18), 40.9 (C-5), 42.2
(C-4), 63.3 (C-14), 107.3 (C-13), 132.5 (C-7), 135.6 (C-6),
152.6 (C-12), 167.5 (C-15), 169.5 (C-20); (+)-LRESIMS m/z
(rel. int.) 357 (100) [M + Na]+, 335 (100) [M + H]+;
(+)-HRESIMS m/z 335.2318 (C19H31N2O3 [M + H]+ requires
335.2329).

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 4015–4023 | 4019
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General procedure for amide formation using EDCI18

Scaffold 1 (9.8 mg, 0.0392 mmol), EDCI (11.3 mg,
0.0588 mmol), and DMAP (0.5 mg, 0.00392 mmol) were stirred
in CH3CN (3 mL) for 1 h at rt under Ar. Phenethylamine
(50 μL, 0.3920 mmol) was added and the mixture stirred for
16 h. A further 50 μL of the amine was added and the reaction
stirred for a further 2 h. The solution was poured into CH2Cl2
(20 mL), before being extracted with H2O (20 mL) then 2 N
HCl (20 mL). The crude product was purified as above for the
DMTMM coupling reaction to give 2 (1.6 mg, 12%). Compound
4 was prepared in a similar manner (3.2 mg, 22%).

General procedure for amide formation using (COCl)2
42

Scaffold 1 (10.7 mg, 0.0428 mmol) was dissolved in dry
CH2Cl2 (2 mL) under Ar. (COCl)2 (11 μL, 0.1270 mmol) was
initially added, then anhydrous DMF (10 μL, 0.1293 mmol) was
added dropwise. Gas evolution was observed on addition of
DMF. In a second vial, phenethylamine (28 μL, 0.2233 mmol)
and anhydrous pyridine (100 μL) were stirred in dry CH2Cl2
(2 mL) under Ar. This vial was cooled to 0 °C and the acid
chloride generated added dropwise. The solution was stirred for
20 min before being poured into CH2Cl2 (10 mL) and extracted
with 2 N HCl (30 mL). The crude product was purified as above
for the DMTMM coupling reaction to give 2 (11.6 mg, 77%).
Compound 4 was prepared in a similar manner (0.9 mg, 5%).
Compound 5 was purified off a silica SPE cartridge
(10 × 40 mm) by using a 10% stepwise gradient from n-hexane
to EtOAc followed by CH3OH (10 mL elutions). Pure product
was found in fractions 5–6 (8.6 mg, 48%). Compound 6 was
first purified by silica SPE cartridge (10 × 40 mm) using a 10%
stepwise gradient from n-hexane to EtOAc followed by CH3OH
(10 mL elutions). Fractions 5–7 were then subjected to semi-
preparative HPLC using a YMC diol column at a flow rate of
9 mL min−1 and isocratic conditions of n-hexane for 10 min, fol-
lowed by a linear gradient to 20% i-PrOH–80% n-hexane over
40 min, then isocratic conditions of 20% i-PrOH–80% n-hexane
for 10 min. Sixty fractions (60 × 1 min) were collected. Fraction
41 was found to contain 6 (2.5 mg, 5%). Compound 7 was
purified in the same manner as 6, and eluted in fractions 53–54
(1.7 mg, 8%) after diol-bonded silica HPLC.

Compound 5. Yield 48%, white gum; [α]25D – 55 (c 0.07,
CHCl3); UV (CH3OH) λmax nm (log ε) 202 (4.23), 221 (4.21);
1H NMR (500 MHz, DMSO-d6) δ 0.91 (3H, d, J = 7.2 Hz,
H-11), 1.11 (1H, dddd, J = 13.2, 13.2, 12.6, 2.4 Hz, H-2β), 1.31
(1H, m, H-3α), 1.34 (1H, m, H-9β), 1.36 (1H, m, H-2α), 1.56
(1H, brdd, J = 12.6, 6.0 Hz, H-9α), 1.61 (1H, m, H-3β), 1.62
(1H, m, H-10), 1.72 (1H, m, H-1), 1.80 (1H, ddd, J = 12.6, 11.4,
3.0 Hz, H-4), 1.93 (1H, m, H-8α), 2.21 (1H, ddd, J = 11.4, 6.0,
4.2 Hz, H-5), 2.40 (1H, brdd, J = 17.4, 4.8 Hz, H-8β), 2.70 (2H,
t, J = 7.2 Hz, H-18), 3.24 (2H, m, H-17), 3.81 (1H, d, J = 15.0
Hz, H-14), 3.87 (1H, d, J = 15.0 Hz, H-14), 4.80 (1H, brs, 14-
OH), 4.89 (1H, s, H-13), 5.07 (1H, s, H-13), 6.45 (1H, brd, J =
4.2 Hz, H-6), 7.18 (2H, d, J = 7.8 Hz, H-20), 7.32 (2H, d, J =
7.8 Hz, H-21), 7.66 (1H, t, J = 5.4 Hz, 16-NH); 13C NMR
(125 MHz, DMSO-d6) δ 16.0 (C-9), 19.3 (C-11), 25.0 (C-8),
29.0 (C-2), 33.9 (C-3), 34.2 (C-1), 34.3 (C-18), 38.7 (C-10),

40.2 (C-17), 40.9 (C-5), 42.3 (C-4), 63.3 (C-14), 107.3 (C-13),
128.1 (C-21), 130.5 (C-20), 130.6 (C-22), 132.8 (C-7), 135.1
(C-6), 138.6 (C-19), 152.6 (C-12), 167.5 (C-15); (+)-LRESIMS
m/z (rel. int.) 388 (100) [M + H]+; (+)-HRESIMS m/z 410.1865
(C23H30NClO2Na [M + Na]+ requires 410.1857).

Compound 6. Yield 5%, white gum; [α]25D – 78 (c 0.153,
CHCl3); UV (CH3OH) λmax nm (log ε) 203 (4.62), 225 (4.60),
278 (3.54), 284 (3.48); 1H NMR (500 MHz, DMSO-d6) δ 0.91
(3H, d, J = 7.2 Hz, H-11), 1.11 (1H, dddd, J = 13.2, 12.6, 12.6,
3.0 Hz, H-2β), 1.31 (1H, ddd, J = 13.2, 12.0, 2.4 Hz, H-3α),
1.35 (1H, m, H-9β), 1.37 (1H, m, H-2α), 1.56 (1H, brdd, J =
12.6, 6.0 Hz, H-9α), 1.61 (1H, m, H-3β), 1.62 (1H, m, H-10),
1.72 (1H, m, H-1), 1.81 (1H, ddd, J = 12.0, 11.4, 2.4 Hz, H-4),
1.95 (1H, m, H-8α), 2.22 (1H, ddd, J = 11.4, 5.4, 4.8 Hz, H-5),
2.40 (1H, brdd, J = 17.4, 4.8 Hz, H-8β), 2.71 (2H, t, J = 7.8 Hz,
H-18), 3.22 (2H, m, H-17), 3.70 (3H, s, H-23), 3.82 (1H, d, J =
14.4 Hz, H-14), 3.87 (1H, d, J = 14.4 Hz, H-14), 4.79 (1H, brt,
J = 4.2 Hz, 14-OH), 4.90 (1H, s, H-13), 5.07 (1H, s, H-13), 6.45
(1H, brd, J = 4.8 Hz, H-6), 6.84 (2H, d, J = 7.8 Hz, H-21), 7.07
(2H, d, J = 7.8 Hz, H-20), 7.62 (1H, t, J = 5.4 Hz, 16-NH); 13C
NMR (125 MHz, DMSO-d6) δ 16.1 (C-9), 19.3 (C-11), 25.0
(C-8), 28.9 (C-2), 33.9 (C-3), 34.0 (C-1), 34.2 (C-18), 38.7
(C-10), 40.7 (C-17), 40.8 (C-5), 42.3 (C-4), 54.9 (C-23), 63.3
(C-14), 107.3 (C-13), 113.7 (C-21), 129.5 (C-20), 131.4 (C-19),
132.8 (C-7), 135.1 (C-6), 152.6 (C-12), 157.6 (C-22), 167.4
(C-15); (+)-LRESIMS m/z (rel. int.) 384 (100) [M + H]+;
(+)-HRESIMS m/z 406.2339 (C24H33NO3Na [M + Na]+ requires
406.2353).

Compound 7. Yield 8%, white gum; [α]25D – 48 (c 0.087,
CHCl3); UV (CH3OH) λmax nm (log ε) 203 (4.06), 224 (4.00),
278 (3.02), 287 (2.88); 1H NMR (500 MHz, DMSO-d6) δ 0.91
(3H, d, J = 6.6 Hz, H-11), 1.11 (1H, dddd, J = 13.2, 13.2, 12.6,
2.4 Hz, H-2β), 1.30 (1H, m, H-3α), 1.35 (1H, m, H-9β), 1.37
(1H, m, H-2α), 1.56 (1H, m, H-9α), 1.61 (1H, m, H-3β), 1.62
(1H, m, H-10), 1.72 (1H, m, H-1), 1.81 (1H, ddd, J = 12.6, 11.4,
1.8 Hz, H-4), 1.95 (1H, m, H-8α), 2.21 (1H, ddd, J = 11.4, 6.0,
4.8 Hz, H-5), 2.40 (1H, brdd, J = 17.4, 4.8 Hz, H-8β), 2.58 (2H,
t, J = 7.8 Hz, H-18), 3.20 (2H, m, H-17), 3.82 (1H, d, J = 15.0
Hz, H-14), 3.87 (1H, d, J = 15.0 Hz, H-14), 4.90 (1H, s, H-13),
5.07 (1H, s, H-13), 6.43 (1H, brd, J = 4.8 Hz, H-6), 6.65 (2H, d,
J = 7.8 Hz, H-21), 6.94 (2H, d, J = 7.8 Hz, H-20), 7.60 (1H, t,
J = 5.4 Hz, 16-NH); 13C NMR (125 MHz, DMSO-d6) δ 16.1
(C-9), 19.3 (C-11), 25.0 (C-8), 28.9 (C-2), 33.9 (C-3), 34.2
(C-1), 34.3 (C-18), 38.7 (C-10), 40.1 (C-17), 40.8 (C-5), 42.3
(C-4), 63.3 (C-14), 107.3 (C-13), 115.0 (C-21), 129.3 (C-20),
129.5 (C-19), 132.8 (C-7), 135.1 (C-6), 152.6 (C-12), 155.6
(C-22), 167.4 (C-15); (+)-LRESIMS m/z (rel. int.) 370 (100)
[M + H]+; (+)-HRESIMS m/z 392.2199 (C23H31NO3Na
[M + Na]+ requires 392.2196).

Methylation of 1 using TMS-diazomethane48

Scaffold 1 (12.8 mg, 0.0512 mmol) was dissolved in CH3OH :
CH2Cl2 (1 : 1, 1 mL) before TMS-diazomethane (2.0 M in
diethyl ether, 77 μL, 0.1536 mmol) was added dropwise. The
reaction was stirred for 20 min at rt then quenched with AcOH

4020 | Org. Biomol. Chem., 2012, 10, 4015–4023 This journal is © The Royal Society of Chemistry 2012
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(50 μL). The solvent was removed under reduced pressure to
give 8 (13.7 mg, 99%).

Compound 8. White gum; [α]25D – 134 (c 0.087, CHCl3); UV
(CH3OH) λmax nm (log ε) 202 (3.87), 222 (3.93); 1H NMR
(500 MHz, DMSO-d6) δ 0.89 (3H, d, J = 6.5 Hz, H-11), 1.11
(1H, dddd, J = 12.5, 12.5, 12.0, 2.0 Hz, H-2β), 1.32 (1H, ddd,
J = 13.0, 11.5, 2.5 Hz, H-3α), 1.35 (1H, m, H-2α), 1.37 (1H, m,
H-9β), 1.56 (1H, m, H-9α), 1.62 (1H, m, H-3β), 1.63 (1H, m,
H-10), 1.71 (1H, m, H-1), 1.83 (1H, ddd, J = 11.5, 11.5, 2.5 Hz,
H-4), 2.03 (1H, m, H-8α), 2.32 (1H, m, H-5), 2.37 (1H, dd, J =
18.5, 6.0 Hz, H-8β), 3.60 (3H, s, H-16), 3.79 (1H, d, J = 15.0
Hz, H-14), 3.86 (1H, d, J = 15.0 Hz, H-14), 4.90 (1H, s, H-13),
5.04 (1H, s, H-13), 6.83 (1H, brd, J = 5.5 Hz, H-6); 13C NMR
(125 MHz, DMSO-d6) δ 15.9 (C-9), 19.2 (C-11), 25.0 (C-8),
28.9 (C-2), 33.7 (C-3), 34.0 (C-1), 38.4 (C-10), 40.9 (C-5), 42.2
(C-4), 51.3 (C-16), 63.0 (C-14), 107.6 (C-13), 128.9 (C-7),
142.8 (C-6), 152.2 (C-12), 167.1 (C-15); (+)-LRESIMS m/z (rel.
int.) 287 (100) [M + Na]+; (+)-HRESIMS m/z 287.1606
(C16H24O3Na [M + Na]+ requires 287.1618).

General procedure for carbamate formation30

Scaffold 8 (8 mg, 0.0299 mmol) was dissolved in dry CH2Cl2,
and 3,4-(methylenedioxy)-phenyl isocyanate (97.5 mg,
0.5980 mmol) was added followed by Et3N (cat. 10 μL). The
solution was stirred at rt under Ar for 16 h then was quenched
with CH3OH. The solution was dried under N2 and the crude
loaded onto a SPE silica column (10 × 40 mm) that was washed
with n-hexane, 10% EtOAc–90% n-hexane, 20% EtOAc–80%
n-hexane, 50% EtOAc–50% n-hexane, 80% EtOAc–20%
n-hexane, EtOAc, then CH3OH in 10 mL elutions. Fractions
containing impure product by 1H NMR spectroscopy were
further purified by semi-preparative diol HPLC. These fractions
were injected onto a YMC diol column at a flow rate of 9 mL
min−1 and isocratic conditions of n-hexane for 10 min, followed
by a linear gradient to 20% i-PrOH–80% n-hexane over 40 min,
then isocratic conditions of 20% i-PrOH–80% n-hexane for
10 min. Sixty fractions (60 × 1 min) were collected. Fractions
28–29 were found to contain 9 (6.9 mg, 49%). Compound 10
eluted in the 20% EtOAc–80% n-hexane fraction when purified
off a SPE silica column in the same manner as compound 9
(8.2 mg, 64%). Compound 11 was purified in an identical way to
compound 9, and eluted in fractions 19–20 off the diol-bonded
silica HPLC column (9.7 mg, 76%). Compound 12 was first
purified using a silica packed SPE column (10 × 40 mm) and
elutions of n-hexane, 10% EtOAc–90% n-hexane, 20% EtOAc–
80% n-hexane, then CH3OH. Impure fractions were further
purified by C18 bonded silica semi-preparative HPLC at a flow
rate of 9 mL min−1 (120 × 0.5 min fractions) and isocratic con-
ditions of 10% CH3OH–90% H2O for 10 min, followed by a
linear gradient to CH3OH over 40 min, then isocratic conditions
of CH3OH for 10 min. Fractions 95–97 contained 12 (4.5 mg,
32%). Impure compound 13 was pre-adsorbed to silica and
loaded onto a silica flash column (15 × 40 mm) that was washed
with 20% EtOAc–80% n-hexane and collected in 1 mL fractions.
Compound 13 eluted in fractions 20–26 (2.9 mg, 31%). Com-
pound 14 was purified in the same manner as 13, except that

25% EtOAc–75% n-hexane was utilised. Compound 14 eluted
into fractions 20–26 (8 mg, 69%).

Compound 9. Yield 49%, light yellow gum; [α]27D – 152
(c 0.067, CHCl3); UV (CH3OH) λmax (log ε) 207 (3.60), 248
(3.03), 297 (2.58) nm; 1H NMR (500 MHz, DMSO-d6) δ 0.91
(3H, d, J = 6.5 Hz, H-11), 1.15 (1H, dddd, J = 12.5, 12.0, 12.0,
2.5 Hz, H-2β), 1.35 (1H, m, H-3α), 1.38 (1H, m, H-9β), 1.40
(1H, m, H-2α), 1.58 (1H, brdd, J = 12.0, 6.0 Hz, H-9α), 1.67
(1H, m, H-10), 1.68 (1H, m, H-3β), 1.74 (1H, m, H-1), 1.99
(1H, ddd, J = 12.0, 11.0, 3.0 Hz, H-4), 2.04 (1H, m, H-8α), 2.35
(1H, m, H-5), 2.38 (1H, brdd, J = 18.5, 5.0 Hz, H-8β), 3.59 (3H,
s, H-16), 4.49 (1H, d, J = 14.5 Hz, H-14), 4.58 (1H, d, J = 14.5
Hz, H-14), 5.06 (1H, s, H-13), 5.11 (1H, s, H-13), 5.95 (2H, s,
H-22′), 6.82 (1H, s, H-20′), 6.83 (1H, m, H-24′), 6.84 (1H, brd,
J = 5.0 Hz, H-6), 7.10 (1H, brs, H-25′); 13C NMR (125 MHz,
DMSO-d6) δ 15.9 (C-9), 19.2 (C-11), 25.0 (C-8), 28.7 (C-2),
33.2 (C-3), 33.9 (C-1), 38.3 (C-10), 40.5 (C-5), 42.9 (C-4), 51.3
(C-16), 65.0 (C-14), 100.7 (C-25′), 100.8 (C-22′), 108.0 (C-24′),
111.0 (C-13), 111.1 (C-20′), 129.2 (C-7), 133.4 (C-19′), 142.3
(C-6), 142.4 (C-23′), 147.0 (C-12), 147.1 (C-21′), 153.1 (C-17′),
167.0 (C-15); (+)-LRESIMS m/z (rel. int.) 450 (100) [M + Na]+,
438 (100) [M + H]+; (+)-HRESIMSm/z 450.1880 (C24H29NO6Na
[M + Na]+ requires 450.1887).

Compound 10. Yield 64%, opaque gum; [α]24D – 94 (c 0.08,
CHCl3); UV (CH3OH) λmax (log ε) 203 (4.31), 210 (4.30), 217
(4.22), 229 (4.04) nm; 1H NMR (500 MHz, DMSO-d6) δ 0.90
(3H, d, J = 6.6 Hz, H-11), 1.11 (1H, dddd, J = 12.6, 12.6, 12.6,
2.4 Hz, H-2β), 1.34 (1H, m, H-3α), 1.37 (1H, m, H-2α), 1.38
(1H, m, H-9β), 1.58 (1H, brdd, J = 12.6, 5.4 Hz, H-9α), 1.64
(1H, m, H-3β), 1.65 (1H, m, H-10), 1.71 (1H, m, H-1), 1.95
(1H, ddd, J = 12.0, 11.4, 3.0 Hz, H-4), 2.04 (1H, m, H-8α), 2.35
(1H, dd, J = 11.4, 5.4 Hz, H-5), 2.38 (1H, brdd, J = 18.0, 5.4
Hz, H-8β), 3.60 (3H, s, H-16), 4.17 (2H, d, J = 6.0, H-19′), 4.42
(1H, d, J = 13.8 Hz, H-14), 4.50 (1H, d, J = 13.8 Hz, H-14),
5.00 (1H, s, H-13), 5.05 (1H, s, H-13), 6.84 (1H, brd, J = 5.4
Hz, H-6), 7.22 (1H, t, J = 7.2 Hz, H-23′), 7.23 (2H, d, J = 7.8
Hz, H-21′), 7.30 (2H, dd, J = 7.2, 7.8 Hz, H-22′), 7.78 (1H, t,
J = 6.0 Hz, 18′-NH); 13C NMR (125 MHz, DMSO-d6) δ 15.8
(C-9), 19.2 (C-11), 25.0 (C-8), 28.7 (C-2), 33.2 (C-3), 34.0
(C-1), 38.3 (C-10), 40.4 (C-5), 42.9 (C-4), 43.7 (C-19′), 51.3
(C-16), 64.9 (C-14), 110.9 (C-13), 126.7 (C-23′), 126.9 (C-21′),
128.2 (C-22′), 129.1 (C-7), 139.7 (C-20′), 142.5 (C-6), 147.3
(C-12), 156.1 (C-17′), 167.1 (C-15); (+)-LRESIMS m/z (rel. int.)
420 (100) [M + Na]+, 398 (100) [M + H]+; (+)-HRESIMS m/z
398.2308 (C24H32NO4 [M + H]+ requires 398.2326).

Compound 11. Yield 76%, light yellow gum; [α]29D – 52
(c 0.073, CHCl3); UV (CH3OH) λmax (log ε) 202 (4.41), 221
(4.43) nm; 1H NMR (500 MHz, DMSO-d6) δ 0.85 (3H, t, J =
7.5 Hz, H-22′), 0.91 (3H, d, J = 7.0 Hz, H-11), 1.12 (1H, dddd,
J = 12.5, 12.5, 12.5, 2.5 Hz, H-2β), 1.25 (2H, m, H-21′), 1.34
(1H, m, H-3α), 1.36 (2H, m, H-20′), 1.37 (1H, m, H-9β), 1.38
(1H, m, H-2α), 1.59 (1H, m, H-9α), 1.64 (1H, m, H-3β), 1.65
(1H, m, H-10), 1.73 (1H, m, H-1), 1.94 (1H, brdd, J = 11.5, 11.5
Hz, H-4), 2.04 (1H, m, H-8α), 2.34 (1H, m, H-5), 2.38 (1H,
brdd, J = 18.5, 5.0 Hz, H-8β), 2.96 (2H, m, H-19′), 3.61 (3H, s,
H-16), 4.37 (1H, d, J = 14.5 Hz, H-14), 4.45 (1H, d, J = 14.5
Hz, H-14), 4.99 (1H, s, H-13), 5.03 (1H, s, H-13), 6.83 (1H,
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brd, J = 3.5 Hz, H-6), 7.12 (1H, t, J = 5.5 Hz, 18′-NH); 13C
NMR (125 MHz, DMSO-d6) δ 13.6 (C-22′), 15.9 (C-9), 19.2
(C-11), 19.3 (C-21′), 25.0 (C-8), 28.7 (C-2), 31.4 (C-20′), 33.2
(C-3), 34.0 (C-1), 38.3 (C-10), 39.0 (C-19′), 40.4 (C-5), 42.9
(C-4), 51.3 (C-16), 64.5 (C-14), 110.6 (C-13), 129.1 (C-7),
142.5 (C-6), 147.4 (C-12), 155.8 (C-17′), 167.0 (C-15);
(+)-LRESIMS m/z (rel. int.) 386 (100) [M + Na]+, 364 (100)
[M + H]+; (+)-HRESIMS m/z 364.2498 (C21H34NO4 [M + H]+

requires 364.2482).

Compound 12. Yield 32%, yellow gum; [α]27D – 101 (c 0.120,
CHCl3); UV (CH3OH) λmax (log ε) 197 (3.13), 220 (3.41) nm;
1H NMR (500 MHz, DMSO-d6) δ 0.91 (3H, d, J = 7.0 Hz,
H-11), 1.04 (2H, m, H-22′), 1.10 (1H, m, H-2β), 1.11 (2H, m,
H-20′), 1.18 (2H, m, H-21′), 1.33 (1H, m, H-3α), 1.36 (1H, m,
H-2α), 1.38 (1H, m, H-9β), 1.52 (2H, brd, J = 12.0 Hz, H-22′),
1.58 (1H, brdd, J = 12.5, 5.5 Hz, H-9α), 1.63 (1H, m, H-3β),
1.64 (2H, m, H-21′), 1.66 (1H, m, H-10), 1.71 (2H, m, H-20′),
1.72 (1H, m, H-1), 1.94 (1H, brdd, J = 11.5, 10.5 Hz, H-4), 2.04
(1H, m, H-8α), 2.34 (1H, m, H-5), 2.38 (1H, brdd, J = 18.0, 5.0
Hz, H-8β), 3.22 (1H, m, H-19′), 3.59 (3H, s, H-16), 4.36 (1H, d,
J = 14.0 Hz, H-14), 4.44 (1H, d, J = 14.0 Hz, H-14), 4.98 (1H,
s, H-13), 5.02 (1H, s, H-13), 6.83 (1H, brs, H-6), 7.05 (1H, d,
J = 8.0 Hz, 18′-NH); 13C NMR (125 MHz, DMSO-d6) δ 15.9
(C-9), 19.2 (C-11), 24.5 (C-21′), 25.0 (C-8), 25.1 (C-22′), 28.7
(C-2), 32.6 (C-20′), 33.2 (C-3), 34.0 (C-1), 38.3 (C-10), 40.4
(C-5), 42.9 (C-4), 49.4 (C-19′), 51.3 (C-16), 64.4 (C-14), 110.5
(C-13), 129.1 (C-7), 142.5 (C-6), 147.4 (C-12), 155.0 (C-17′),
167.0 (C-15); (+)-LRESIMS m/z (rel. int.) 413 (100) [M + Na]+,
390 (100) [M + H]+; (+)-HRESIMS m/z 390.2634 (C23H36NO4

[M + H]+ requires 390.2639).

Compound 13. Yield 31%, opaque gum; [α]27D – 67 (c 0.093,
CHCl3); UV (CH3OH) λmax (log ε) 202 (4.07), 225 (4.00), 276
(2.88), 282 (2.82) nm; 1H NMR (500 MHz, DMSO-d6) δ 0.91
(3H, d, J = 7.0 Hz, H-11), 1.11 (1H, brddd, J = 15.0, 14.0, 13.0
Hz, H-2β), 1.33 (1H, m, H-3α), 1.36 (1H, m, H-2α), 1.38 (1H,
m, H-9β), 1.58 (1H, m, H-9α), 1.63 (1H, m, H-3β), 1.65 (1H, m,
H-10), 1.71 (1H, m, H-1), 1.95 (1H, brdd, J = 12.0, 10.5 Hz,
H-4), 2.04 (1H, m, H-8α), 2.34 (1H, m, H-5), 2.38 (1H, brdd,
J = 18.5, 5.0 Hz, H-8β), 3.61 (3H, s, H-16), 3.71 (3H, s, H-24′),
4.10 (2H, d, J = 6.0, H-19′), 4.41 (1H, d, J = 14.0 Hz, H-14),
4.49 (1H, d, J = 14.0 Hz, H-14), 4.99 (1H, s, H-13), 5.04 (1H, s,
H-13), 6.83 (1H, brs, H-6), 7.16 (2H, d, J = 8.5 Hz, H-21′), 6.85
(2H, d, J = 8.5 Hz, H-22′), 7.66 (1H, t, J = 6.0 Hz, 18′-NH); 13C
NMR (125 MHz, DMSO-d6) δ 15.8 (C-9), 19.2 (C-11), 25.0
(C-8), 28.7 (C-2), 33.2 (C-3), 33.9 (C-1), 38.3 (C-10), 40.4
(C-5), 42.9 (C-4), 43.2 (C-19′), 51.3 (C-16), 55.0 (C-24′), 64.8
(C-14), 110.8 (C-13), 113.6 (C-22′), 128.3 (C-21′), 129.1 (C-7),
131.7 (C-20′), 142.4 (C-6), 147.2 (C-12), 156.0 (C-17′), 158.1
(C-23′), 167.0 (C-15); (+)-LRESIMS m/z (rel. int.) 450 (100)
[M + Na]+, 428 (100) [M + H]+; (+)-HRESIMS m/z 428.2448
(C25H34NO5 [M + H]+ requires 428.2432).

Compound 14. Yield 69%, opaque gum; [α]26D – 79 (c 0.08,
CHCl3); UV (CH3OH) λmax (log ε) 202 (4.16), 226 (3.65), 278
(2.88) nm; 1H NMR (500 MHz, DMSO-d6) δ 0.90 (3H, d, J =
7.0 Hz, H-11), 1.10 (1H, brddd, J = 15.0, 13.5, 13.0 Hz, H-2β),
1.32 (1H, m, H-3α), 1.36 (1H, m, H-2α), 1.37 (1H, m, H-9β),
1.58 (1H, brdd, J = 13.0, 5.0 Hz, H-9α), 1.64 (1H, m, H-3β),

1.65 (1H, m, H-10), 1.70 (1H, m, H-1), 1.95 (1H, brddd, J =
12.0, 11.5, 2.5 Hz, H-4), 2.04 (1H, m, H-8α), 2.33 (1H, m, H-5),
2.38 (1H, brdd, J = 17.5, 4.5 Hz, H-8β), 3.60 (3H, s, H-16),
3.71 (6H, s, H-26′, H-27′), 4.10 (2H, d, J = 6.0, H-19′), 4.41
(1H, d, J = 14.5 Hz, H-14), 4.49 (1H, d, J = 14.5 Hz, H-14),
4.99 (1H, s, H-13), 5.04 (1H, s, H-13), 6.83 (1H, brd, J = 4.5
Hz, H-6), 6.75 (1H, brd, J = 8.0 Hz, H-21′), 6.85 (1H, s, H-25′),
6.86 (1H, brd, J = 8.0 Hz, H-22′), 7.67 (1H, t, J = 6.0 Hz,
18′-NH); 13C NMR (125 MHz, DMSO-d6) δ 15.8 (C-9), 19.2
(C-11), 25.0 (C-8), 28.7 (C-2), 33.2 (C-3), 33.9 (C-1), 38.3
(C-10), 40.4 (C-5), 42.9 (C-4), 43.5 (C-19′), 51.3 (C-16), 55.3
(C-27′), 55.5 (C-26′), 64.8 (C-14), 110.7 (C-13), 111.1 (C-25′),
111.7 (C-22′), 119.0 (C-21′), 129.1 (C-7), 132.2 (C-20′), 142.5
(C-6), 147.3 (C-23′), 147.7 (C-24′), 148.6 (C-12), 156.0 (C-17′),
167.0 (C-15); (+)-LRESIMS m/z (rel. int.) 480 (100) [M + Na]+,
458 (100) [M + H]+; (+)-HRESIMS m/z 458.2551 (C26H36NO6

[M + H]+ requires 458.2537).

Compound purity analysis

Compounds 1–19 were prepared at concentrations of 0.1 mg/
100 μL in DMSO and injected (100 μL) onto a Phenomenex C18

Onyx monolithic column. HPLC fractionation conditions con-
sisted of a linear gradient (curve #6) from 90% H2O (0.1%
TFA)/10% CH3OH (0.1% TFA) to 50% H2O (0.1% TFA)/50%
CH3OH (0.1% TFA) in 3 min at a flow rate of 4 mL min−1, a
convex gradient (curve #5) to CH3OH (0.1% TFA) in 3.50 min
at a flow rate of 3 mL min−1, held at CH3OH (0.1% TFA) for
0.50 min at a flow rate of 3 mL min−1, held at CH3OH (0.1%
TFA) for a further 1.0 min at a flow rate of 4 mL min−1, then a
linear gradient (curve #6) back to 90% H2O (0.1% TFA)/10%
CH3OH (0.1% TFA) in 1 min at a flow rate of 4 mL min−1, then
held at 90% H2O (0.1% TFA)/10% CH3OH (0.1% TFA) for
2 min at a flow rate of 4 mL min−1. Total run time for each
analytical injection was 11 min. Compound purity was deter-
mined by extracting each chromatogram at 210 nm and integrat-
ing all UV peaks. The percent purity and retention time for 1–19
were as follows: 1 (90%, 6.22 min), 2 (95%, 6.52 min), 3 (90%,
5.89 min), 4 (100%, 5.88 min), 5 (93%, 6.72 min), 6 (96%,
6.51 min), 7 (97%, 6.17 min), 8 (90%, 6.53 min), 9 (100%,
6.92 min), 10 (95%, 6.90 min), 11 (96%, 6.89 min), 12 (97%,
7.03 min), 13 (99%, 6.85 min), 14 (98%, 6.73 min), 15 (90%,
4.46 min), 16 (92%, 6.29 min), 17 (93%, 5.96 min), 18 (97%,
6.19 min) and 19 (90%, 6.16 min).

Biological experiments

P. falciparum growth inhibition assay. As previously
described, P. falciparum growth inhibition assays were carried
out using an isotopic microtest.50 Briefly, ring-stage infected
erythrocytes (0.5% parasitemia and 2.5% hematocrit) were
seeded into triplicate wells of 96 well tissue culture plates con-
taining serial dilutions of control (chloroquine) or test com-
pounds and incubated under standard P. falciparum culture
conditions. After 48 h, 0.5 μCi [3H]-hypoxanthine was added to
each well after which the plates were cultured for a further 24 h.
Cells were harvested onto 1450 MicroBeta filter mats (Wallac)
and [3H] incorporation determined using a 1450 MicroBeta
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liquid scintillation counter. Percentage inhibition of growth com-
pared to matched DMSO controls (0.5%) was determined and
IC50 values were calculated using linear interpolation of inhi-
bition curves.51 Chloroquine (Sigma Aldrich, C6628) was used
as a positive control. The mean IC50 (±SD) was calculated over
three independent experiments, each carried out in triplicate.

Cytotoxicity assays.52 Neonatal foreskin fibroblast (NFF) cells
were cultured at 37 °C and 5% CO2 in RPMI 1640 media (Life
Technologies, Inc., Rockville, MD) supplemented with 10%
FCS (CSL Biosciences, Parkville, Victoria, Australia) and 1%
streptomycin (Life Technologies, Inc., Rockville, MD; complete
medium). Cells were maintained in log phase growth before
being seeded (3000 per well) into 96 well tissue culture plates
(Corning, USA). Treatment was undertaken after 24 h of growth.
Compounds were dissolved in DMSO and diluted in complete
medium; the DMSO concentration in the medium did not exceed
1%. An equivalent dose of DMSO was used to treat the control
cells. The cells were washed with PBS and fixed in methylated
spirits after three days of treatment. Total protein was determined
using sulforhodamine B as described previously.52 Compounds
were tested in triplicate in three independent experiments.
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