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ABSTRACT: A new diacylguanidine, actinofide (1), has been
isolated from the marine mollusk Actinocyclus papillatus. The
structure, exhibiting a guanidine moiety acylated by two
terpenoid acid units, has been established by spectroscopic
methods and secured by synthesis. Following this, a series of
structural analogues have been synthesized using the same
procedure. All of the compounds have been evaluated in vitro
for the growth inhibitory activity against a variety of cancer cell
lines.
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uanidine compounds present a wide species distribution,

both in terrestrial and in marine environments.
Structurally, natural guanidines include pyrimidine derivatives,
peptides, polyketides, and terpenes. In guanidines isolated
from marine organisms, in particular, the guanidine moiety is
very often incorporated in peptide, polyketide, and aromatic
metabolites, whereas terpenoid guanidines are less frequently
isolated.”’

Guanidines are highly valued in various biological, bio-
chemical, and medical applications.4 Potent biological activities,
such as anti-inflammatory, antiprotozoal, anti-HIV, chemo-
therapeutic, and antidiabetic,”® have been shown by numerous
natural and synthetic guanidines. Among them, acylguanidines
are greatly appreciated because they may be considered as
considerably less basic bioisosteres of guanidines with improved
pharmacokinetics and pharmacodynamics on various biological
targets.”® The basicity of the acylguanidines (pK, values around
8) is 4—5 orders of magnitude lower than that of the
corresponding guanidines. Hence, on one hand, acylguanidines
are sufficiently basic to undergo key interactions with acidic
residues of the receptor, whereas, on the other hand, a
considerable portion remains uncharged at physiological pH,
thus facilitating diffusion across membranes.

© 2017 American Chemical Society and

-4 ACS Publications  American Society of Pharmacognosy 1339

Our continuing chemical studies on marine shell-less
mollusks aim to identify new bioactive metabolites.'” As such,
we have previously described two indole guanidines,
phidianidines A and B from the aeolidacean nudibranch
Phidiana militaris collected at the South China Sea, that
exhibited very promising biological properties."" Herein, we
report a diacylguanidine compound, actinofide (1), from the
skin of the dorid nudibranch Actinocyclus papillatus, collected at
the same location. The previous chemical investigation of this
mollusk had resulted in the identification of the main
metabolite of the skin extract, actisonitrile,'> which is not
structurally related to 1.

With the aim at both securing the structure and obtaining a
larger amount of compound for biological screening, the
synthesis of actinofide (1) was performed as described below.
In addition, the interesting growth inhibitory activity against
various cancer cell lines observed for compound 1 prompted
the preparation of a series of structural analogues 2—9 to be
assayed along with 1 (Chart 1). Finally, the related terpenoid
diacylguanidine dotofide (10), previously described from the
aeolidacean nudibranch Doto pinnatifida by Kénig et al,,"> was
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purified from a collection of D. pinnatifida caught in the bay of
Naples and submitted to the same biological screening.

B RESULTS AND DISCUSSION

Actinofide (1) was purified from the skin extract of a single
individual of A. papillatus, collected by SCUBA along the coast
of Wei Zhou Island (South China Sea) during May 2007. As
already described,'” the Et,O soluble portion (172.1 mg) of the
acetone extract of the skin had been fractionated by Sephadex
LH20 followed by silica gel chromatography to isolate the main
metabolite, actisonitrile. Selected fractions recovered from the
SiO, column that were not considered in the previous work'”
have been now analyzed and submitted to preparative TLC
purification (petroleum ether/Et,0, 1:1) to obtain pure
actinofide (1, 1.3 mg). An additional aliquot (2.7 mg) of
compound 1 was isolated as the protonated form by purifying
fractions of the extract on reversed-phase high-performance
liquid chromatography (HPLC, Supelco Discovery C18
column, MeOH/H,O gradient with 0.1% of TFA).

The molecular formula of actinofide (1), C,;H;3N;0,, was
deduced from the [M + H]* peak at 360.2645 m/z in the
HRESIMS spectrum. The IR spectrum showed bands at 3345,
1731, and 1633 cm ™" according to the presence of amino and
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carbonyl functions. In the *C NMR spectrum (CD;0D), eight
olefinic carbon signals were recognized at 5. 160.3 (C, C-3),
156.6 (C, C-3'), 136.6 (C, C-7), 1322 (C, C-11), 125.3 (CH,
C-10), 124.4 (CH, C-6), 121.9 (CH, C-2"), and 121.7 (CH, C-
2), consistent with the presence of four trisubstituted double
bonds, two of which were a,f-unsaturated. According to this,
the "H NMR spectrum displayed signals due to four vinylic
protons [8y 5.85 (2H, br s, H-2 and H-2"), 5.15 (1H, m, H-6),
5.12 (1H, m, H-10)] and to six vinyl methyl groups [y 2.21
(6H, br s, H;-15 and H;-5"), 1.94 (3H, s, H;-4"), 1.69 (3H, s,
H,-12), 1.65 (3H, s, Hy-14), 1.62 (3H, s, H;-13)]. The 'H
NMR spectrum was completed by multiplets at 5y 2.25—1.98
that were attributable to four methylenes adjacent to double
bonds. These data were consistent with two linear unsaturated
isoprenoid arrangements each containing a carbonyl residue.
Analysis of 2D NMR experiments, which were recorded in both
CDCl; and CD;OD, led us to recognize farnesoyl and 3,3-
dimethylacryloyl (senecioyl) moieties. The remaining structural
fragment CH;N; required by the molecular formula was
suggested to have the Y-shaped arrangement of a guanidine
functional group (Scy 159.2) and to be connected to both
terpenoyl moieties by an acyl linkage as depicted in structure 1.
The signal resonating at §: 1754 (CD,OD) and 172.7
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Scheme 1. Synthesis of Actinofide (1)“
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“Conditions: (i) CDL, DMF then addition to a guanidine solution in DMF/dioxane; (ii) 3,3-dimethyl acrylic acid, N-methylpyrrolidone, 2-chloro-1-
methyl pyridinium iodide, rt, 30 min, 50 °C, 1 h, then addition of guanidine derivative 2 and DIEA at rt, 12 h.

Table 1. Determination of the Antiproliferative Activities (GI, values, yM) of Compounds 1—10 Using the MTT Colorimetric

Assay™"”
glioma carcinoma melanoma

compound Hs683° U373 AS49 MCE7 SKMEL-28 B16F10
1 83 + 1.8 15.7 = 10.1 234 £ 5.5 234 £ 59 242 + 82 75 + 3.1
2 10.0 21.0 13.7 22.0 20.1 9.2

3 394 46.0 76.5 522 56.3 17.1

4 >100 >100 >100 >100 >100 92.8

S 6.8 9.2 18.5 30.3 42.7 5.7

6 32.7 38.9 46.9 424 619 23.8

7 60.3 45.6 75.6 59.7 >100 21.3

8 31.5 36.2 374 41.5 53.4 25.0

9 374 35.0 38.9 S1.2 57.3 189

10 18.1 28.8 29.4 28.1 60.5 9.6
etoposide” L5 24.9 17 40 32 nd*
carboplatin® 45.6 27.6 535 nd® 68.6 349

“Data are represented as the Gy, concentration (#M), i.e., the compound concentration that reduces by 50% the growth of a given cell line (as
compared to the control value) after having cultured the cells for 72 h with the compound of interest. PEach experiment was carried out once in six
replicates, except for compound 1, for which the presented results are the mean of two independent assays conducted each in sextuplicate. “The
origin and histological type of each cell line analyzed are as follows. Human glioma model lines included the Hs683 oligodendroglioma (ATCC code
HTB-138) and the U373 glioblastoma (ECACC code 08061901) cell lines. Melanoma models included the human SKMEL-28 (ATCC code HTB-
72) and the mouse B16F10 (ATCC code CRL-6475) cell lines. Human carcinoma models included the A549 NSCLC (DSMZ code ACC107) and
the MCF-7 breast (DSMZ code ACC115). “The selected positive control compounds are drugs routinely used in cancer treatment. The Gl
concentrations reported in the table were obtained partly in our previous experiments.'®** “Not determined.

(CDCl;) was determined to represent both C-1 and C-1”
carbonyls by analysis of diagnostic HMBC correlations with
distinguishable H-2 (8y 5.77) and H-2" (8y 5.78) protons in
the CDCl; spectrum of 1. The E configuration of the internal
A’ and A’ double bonds in the farnesoyl moiety was
determined on the basis of chemical shift value of C-14 (&
16.1) and C-15 (8¢ 204 or 19.1).

Actinofide (1) is structurally related to the previously
described dotofide (10) differing in the presence of a linear
C,s isoprenoid moiety rather than the monocyclic farnesoic
unit."””> A few terpenoid guanidine compounds including
agelasidines and bistellettadines have been reported from the
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sea.”” Although terpenoid guanidines are not so frequently
encountered in marine organisms, a number of these
compounds have been isolated from different higher plant
families, mainly from species belonging to the families
Euphorbiaceae and Leguminosae.'* All terrestrial terpenoid
guanidines show a structure with the guanidine unit connected
to isoprenyl residues by amino rather than amido linkages.
Despite their low occurrence, guanidine terpenoids have
shown a large spectrum of biological activities, standing out as
promising lead structures suitable for development of potential
drugs."® As an example, recent studies have indicated the ability
of some of these compounds (e.g., nitensidine A) to modulate
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the activity of human P-glycoprotein ABCBI, a transmembrane
efflux pump belonging to the ATP-binding cassette (ABC)
transporter superfamily, which is involved in cancer multidrug
resistance.

No bioactivity data have been reported for marine guanidine
terpenoids. Thus, we decided to investigate the in vitro growth
inhibitory activity of actinofide (1) against a series of human
and mouse cancer cell lines. With the aim at getting a larger
amount of product for the biological screening, the synthesis of
actinofide (1) (Scheme 1) was performed, based on the
coupling of guanidine with two terpenoid acid units in two
sequential steps, according to the synthetic procedure recently
reported for dotofide (10)."” First, farnesoic acid activated with
carbonyldiimidazole (CDI) in dimethylformamide (DMF) was
treated with guanidine to obtain monofarnesoyl derivative 2.
An aliquot of the reaction product was purified by preparative
TLC to get a pure sample of monofarnesoyl derivative 2 for
spectroscopic characterization, whereas the remaining part was
used without purification in the subsequent step. In this step,
compound 2 was allowed to react in slight excess with the
adduct formed by 3,3-dimethyl acrylic acid activated with
Mukaiyama reagent (2-chloro-1-methylpyridinium iodide), in
the presence of N-diisopropyldiethylamine (DIEA). The
resulting diacylguanidine derivative was isolated from the
reaction mixture and purified by silica gel chromatography
(petroleum ether/Et,O gradient). It showed spectroscopic data
(*H and C NMR, MS) identical with those of natural
actinofide (1).

Subsequently, using the same synthetic scheme,'” a series of
actinofide analogues, compounds 3-9, differing in the
terpenoid moiety linked to guanidine were also prepared to
be assayed along with natural 1. Senecioic (3,3-dimethyl
acrylic), farnesoic, and geranoic acids were selected to prepare
the monoacyl derivatives 3 and 4 as well as diacylguanidine
derivatives 5—9 exhibiting a different combination of Cs, Cy,,
and C;; terpenoid units. All compounds were characterized by
MS and NMR spectroscopy.

Finally, a sample of natural dotofide (10) was also tested for
the growth inhibitory activity together with guanidines 1-9.
The sample was obtained as described in the Experimental
Section from a population of the nudibranch D. pinnatifida
collected in the bay of Naples and identified by '"H NMR and
MS spectra and specific rotation."

Acylguanidine terpenoids 1—10 were assayed by means of
the MTT colorimetric assay (Table 1), which provides a Gl
index as detailed previously.'® ™" Six cancer cell lines of distinct
histological origins were used, that is, two human carcinoma
cancer cell lines [MCF-7 (breast) and A549 (nonsmall cell lung
cancer; NSCLC)] of epithelial origin,21 two human cancer cell
lines from glial origin [i.e., the Hs683 oligodendroglioma””*’
and the U373 glioblastoma (of astrocytic origin) models],””**
and two melanoma models (i.e., the mouse B16F10'®*® and the
human SKMEL-28 cell lines).'®** These cancer cell lines have
been chosen because they display various levels of sensitivity to
pro-apoptotic stimuli, knowing that the resistance to pro-
apoptotic stimuli currently represents one of the major failures
in cancer chemotherapy. Indeed, evasion of apoptosis is a
requirement for both neoplastic transformation and sustained
growth of cancer cells.”**” In addition, ~90% of cancer patients
die from their metastases,”® and metastatic cancers are resistant
to pro-apoptotic stimuli.”**” Thus, cytotoxic compounds that
kill cancer cells through non-apoptotic cell death are likely to
become innovative anticancer agents.”” Each melanoma and
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glioma pair of cancer cell lines under study accordingly displays
distinct levels of sensitivity to pro-apoptotic stimuli. Indeed, the
Hs683 oligodendroglioma cells display higher sensitivity to
temozolomide,”*** fotemustine,”* carmustine,** godophylotox—
in,"” combretastatin,"” and higginsianin A* than U373
glioblastoma cells. In the same manner, mouse B16F10
melanoma cells display higher sensitivity to taxol,'® adriamy-
cin,"® and narciclasine®® than human SKMEL-28 melanoma
cells. While breast MCF-7 cancer cells are caspase-3 deficient,
they nevertheless respond to pro-apoptotic stimuli.*' The A549
NSCLC cells display various markers of chemoresistance.”'

The available SAR data shown in Table 1 revealed that the
degree of the growth inhibitory activity appears to be almost
affected by the size of terpenoid units linked to the guanidine
unit. Even though there was not a strictly linear correlation for
all cancer cell lines, some considerations could be made. More
efficient acylguanidines were compounds 1, 2, 5, and 10, all
exhibiting one or two N-C,s residues, whereas, surprisingly,
compound 9, also containing a farnesoyl substituent along with
the C,, terpenoid acyl unit, displayed weaker activities against
all cell lines. Dotofide (10) containing a cyclic farnesoyl moiety
was less active than the corresponding acyclic actinofide (1),
suggesting that the cyclization negatively influenced the activity
degree. Senecioyl guanidine (4) with the shortest terpenoid
residue was inactive against all cell lines. The introduction of
the second senecioyl substituent in diacyl derivative 7 resulted
in a positive impact on the antiproliferative activity, in
particular, against the melanoma B16F10 model, most likely
due to the increased hydrophobicity of the molecule. On the
other side, monoacylguanidines 2 and 3 with C,5 and C,, alkyl
chains displayed, in almost cancer cell lines, GI, values
comparable with those of the corresponding diacyl derivatives §
and 6, respectively, suggesting that in this case the symmetrical
diacylation did not significantly influence the inhibitory activity.
However, these preliminary considerations should be con-
firmed by further studies aimed at the biological evaluation of a
larger number of terpenoid guanidine derivatives. Among the
small collection of analogues described here, the best biological
profile was observed for N,N’-difarnesoyl guanidine (5)
displaying growth inhibitory effects that ranged between
those displayed by etoposide and carboplatin. Some interesting
points could be highlighted. For example, while U373
glioblastoma cells are about 10 times less sensitive to etoposide
than Hs683 oligodendroglial cells, compound $ displays similar
growth inhibitory effects in these two brain cancer models
(Table 1). In contrast, compound $ displays weaker growth
inhibitory effects in the melanoma SKMEL-28 model when
compared to the B16F10 one (Table 1). It is well-known that
the molecular and biochemical mechanisms leading to the
resistance to pro-apoptotic stimuli markedly differ between
gliomas®® and melanomas.”* The data from the present study
thus suggest that some compounds, as for example 5, may exert
actual in vitro antiproliferative effects against apoptosis-resistant
cancers such as glioblastoma but not against any type of
apoptosis-resistant cancer types. The in vitro antiproliferative
effects displayed by 5 would be selective for certain targets in
specific cancer cell types. Further studies will be necessary to
clarify these aspects.

In conclusion, a new terpenoid diacylguanidine, actinofide
(1), was isolated from a marine mollusk collected in the South
China Sea and chemically characterized by spectroscopic
methods. The structure was secured by synthesis. Actinofide
(1) was evaluated for the growth inhibitory activity against a
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number of cancer cell lines, along with known natural dotofide
(10) and a series of analogues 2—9 that were opportunely
prepared by using the same synthesis strategy. Among all tested
compounds, the synthetic derivative N,N'-difarnesoyl guanidine
(5) showed the most interesting biological activity profile,
suggesting a possible selective interaction with specific cancer
cell lines.

B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were
measured on a Jasco DIP 370 digital polarimeter. UV spectra were
recorded on a Beckman Coulter DU 730 spectrophotometer. Fourier
transform infrared spectra were obtained using a Spectrum 100
instrument from PerkinElmer fitted with a germanium/KBr beam
splitter and a deuterated triglycine sulfate wide-band detector on KBr
pellets. NMR experiments were recorded at the ICB-NMR Service
Centre on a DRX 600 MHz Bruker spectrometer equipped with a TXI
cryoprobe and on a Bruker Avance-400 spectrometer using an inverse
probe fitted with a gradient along the Z-axis. The NMR spectra were
acquired in CDCl; and CD;0D, and the chemical shifts were reported
in parts per million referring to CHCl; (Sy 7.26 for proton and 8 77.0
for carbon) and MeOH (6 3.34 for proton and ¢ 49.0 for carbon),
respectively. ESIMS spectra were measured on a Micromass Q-TOF
Micro spectrometer coupled with an HPLC Waters Alliance 2695.
HRESIMS spectra were recorded on a Thermo Q-Exactive
spectrometer coupled with a UHPLC Agilent Infinity 1290 and on a
Shimadzu IT-TOF spectrometer equipped with an ESI interface.
Analytical and preparative TLC were performed on precoated silica gel
plates (Merck Kieselgel 60 F254, 0.2 mm and 0.5 mm), with detection
provided by UV light (254 nm) and by spraying with ceric sulfate
(CeSO,) reagent followed by heating. Silica gel column chromatog-
raphy was performed using Merck Kieselgel 60 powder (0.063—0.200
mm), whereas size-exclusion chromatography was achieved on a
Sephadex LH20 column. HPLC purifications were carried out on a
Shimadzu LC-10AD liquid chromatograph equipped with a UV SPD-
10A wavelength detector. All the reagents were purchased from Sigma-
Aldrich and used such as received.

Biological Material. One individual of Actinocyclus papillatus (size
14 cm) was sampled by SCUBA in the South China Sea along the
coast of Wei Zhou Island, China (21°00'N, 109°04'E), during May
2007."> The animal was frozen at —20 °C and transferred to ICB
(Italy). Collection of Doto pinnatifida was undertaken in the salt lake of
Lucrino in Pozzuoli, Naples, Italy (40°49'N, 14°04'E), during October
2014. The mollusks (60 individuals, average size 0.5 cm) were
collected by SCUBA and taken back to the ICB laboratory where they
were stored at —20 °C until extraction.

Extraction and Purification of Actinofide (1). As previously
described,'” the mantle of A. papillatus, obtained by dissection, was
extracted by acetone (3 X 50 mL) at room temperature (rt). The
filtered acetone solution was concentrated, and the residual H,O was
extracted with Et,O (3 X S0 mL), obtaining, after evaporation of the
organic solvent, 172.1 mg of crude material. The composition of this
extract was compared with that of the corresponding extract of the
mollusk inner organs'> by TLC chromatography (petroleum ether/
Et,O in several ratios) detecting the spots with CeSO, reagent. The
Et, O soluble portion of the mantle acetone extract was fractionated on
a Sephadex LH20 column (CHCl;/MeOH, 1:1), affording a fraction
(18.5 mg) containing actinofide (1) along with the actisonitrile.'* This
fraction was further purified by silica gel chromatozgraphy (petroleum
ether/Et,0 gradient) to give pure actisonitrile'* and a series of
fractions in which actinofide (1) was present in a mixture with fatty
acids. Part of these fractions were combined and purified by
preparative SiO, TLC (petroleum ether/Et,O, 1:1) to obtain pure
actinofide (1, 1.3 mg). The remaining fractions were combined and
purified on reversed-phase HPLC [Supelco Discovery C18 (25 cm X
10 mm, S ym) column, 35 min gradient from 50 to 100% MeOH in
H,O with 0.1% of TFA, flow 2 mL/min, UV detector at 4 = 210 and
254 nm] to get 2.7 mg of pure actinofide (1) recovered as the
protonated form (the TFA salt).
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Actinofide (1): colotless oil; UV (MeOH) 4,,,, (log €) 239 (4.22),
272 (4.35); IR (liquid film) v, 3345, 1731, 1633, 1125 cm™}; 'H
NMR of the neutral form (CDCly, 400 MHz) &y 5.78 (1H, s, H-2"),
5.77 (1H, s, H-2), 5.08 (2H, m, H-6 and H-10), 2.20 (6H, br s, H;-15
and H;-5"), 2.17 (4H, m, H,-4 and H,-S), 2.19 (2H, m, H,-5), 2.05
(2H, m, H,-9), 1.98 (2H, m, H,-8), 1.91 (3H, s, Hy-4"), 1.68 (3H, s,
H;-12), 1.60 (6H, br s, H;-13 and H;-14); '"H NMR of the neutral
form (CD;0D, 400 MHz) 5y 5.85 (2H, br s, H-2 and H-2"), 5.15
(1H, m, H-6), 5.12 (1H, m, H-10), 2.23 (4H, m, H,-4 and H,-5), 2.21
(6H, br s, H;-1S and H;-5”), 2.10 (2H, m, H,-9), 2.01 (2H, m, H,-8),
1.94 (3H, s, Hy;4"), 1.69 (3H, s, H;-12), 1.65 (3H, s, Hy-14), 1.62
(3H, s, Hy-13); "H NMR of the protonated form (CDCl,, 400 MHz)
5y 5.85 (1H, s, H-2"), 5.81(1H, s, H-2), 5.08 (2H, m, H-6 and H-10),
222 (6H, br s, H;-15 and H;-5"), 2.20 (2H, m, H,-4), 2.19 (2H, m,
H,-5), 2.03 (2H, m, H,-9), 1.98 (2H, m, H,-8), 1.95 (3H, s, Hy-4"),
1.67 (3H, s, H;-12), 1.60 (6H, br s, H;-13 and H;-14); *C NMR of
the neutral form (CDCl,, 400 MHz) 6 172.7 (C, C-1 and C-17),
160.7 (C, C-3), 157.5 (C, C-3"and C-1"), 136.5 (C, C-7), 131.4 (C, C-
11), 1242 (CH, C-6 or C-10), 122.5 (CH, C-10 or C-6), 118.9 (CH,
C-2"), 1184 (CH, C-2), 41.5 (CH,, C-4), 39.6 (CH,, C-8), 27.9
(CH,, C-4"), 26.6 (CH,, C-9), 26.1 (CH,, C-5), 25.7 (CH,, C-12),
20.8 (CH,, C-5"), 19.4 (CH,, C-15), 17.7 (CH,, C-13 or C-14), 16.0
(CH;, C-14 or C-13); *C NMR of the neutral form (CD,0D, 400
MHz) ¢ 1754 (C, C-1 and C-1"), 1603 (C, C-3), 1592 (C, C-1')
156.6 (C, C-3”), 136.6 (C, C-7), 132.2 (C, C-11), 125.3 (CH, C-10),
124.4 (CH, C-6), 121.9 (CH, C-2 or C-2"), 121.7 (CH, C-2" or C-2),
42.1 (CH,, C-4), 40.8 (CH,, C-8), 27.75 (CH,, C-4"), 27.66 (CH,, C-
9), 27.1 (CH,, C-5), 27.0 (CH,, C-12), 204 (CH;, C-15 or C-5"),
19.1 (CH;, C-5" or C-15), 17.7 (CH,, C-13), 16.1 (CH,, C-14); *C
NMR of the protonated form (CDCl,, 400 MHz) § 171.1 (2C, C-1
and C-1"), 164.0 (C, C-3), 160.7 (C, C-3"), 136.3 (C, C-7), 1312 (C,
C-11), 124.3 (CH, C-6 and C-10), 118.5 (CH, C-2 and C-2"), 41.6
(CH,, C-4), 39.6 (CH,, C-8), 27.9 (CH,, C-4"), 26.0 (CH,, C-9),
25.7 (CH,, C-5), 25.8 (CH,, C-12), 19.3 (CHj;, C-1S and C-5"), 16.6
(CH;, C-13 and C-14); LRESIMS m/z 360 [M + HJ', 382 [M +
Na]*; HRESIMS m/z 360.264S (calcd for C,H;,N;0,, 360.2651).

Extraction and Purification of Dotofide (10). D. pinnatifida (60
individuals) were diced and sonicated in acetone (4 X 10 mL) to give
an aqueous acetone extract, which was concentrated by removal of the
organic solvent. The aqueous residue was then extracted with Et,0 (3
X 15 mL), affording 3.5 mg of Et,0 extract. This extract was
fractionated on SiO, pipet Pasteur column eluted with a gradient of
MeOH in CHCly (0—30%). Pure dotofide (10, 1.2 mg) was recovered
in the fraction eluted with 0.3% of MeOH.

Dotofide (10): [a]p —4.3 (c 0.12, MeOH); lit. value"® [a]p —3.6 (¢
0.14, MeOH); 'H and *C NMR data in agreement with the
literature; > LRESIMS m/z 360 [M + H]*, 382 [M + Na]*; HRESIMS
m/z 360.2598 (calcd for C,H,;,N;0,, 360.2651).

Syntheses of Monoacylguanidines 2—4. Compounds 2, 3, and
4 were obtained by reaction of guanidine with farnesoic, geranoic, and
senecioic acids, respectively. (E,E)-Farnesoic and (E,E)-geranoic acids
were prepared starting from the corresponding commercial alcohols
according to the literature methods, whereas senecioic acid (3,3-
dimethylacrylic acid) was directly purchased from Sigma-Aldrich. The
reaction was performed according to Serra et al,'” and typical reaction
conditions were as follows: guanidine hydrochloride (62 mg, 0.65
mmol) was dissolved in dry DMF/dioxane (1:1, 2 mL) and treated
with potassium fert-butoxide (73 mg, 0.65 mmol) under a static
atmosphere of nitrogen. This mixture was stirred at S0 °C for 1 h and
then cooled to rt. Separately, the terpenoidic acid (0.45 mmol),
dissolved in dry DMF (1 mL), was activated by addition of CDI (73
mg, 0.45 mmol) portionwise at rt. After being stirred for 1 h, the
activated acid was added dropwise to the guanidine solution and the
reaction was stirred for 8 h at rt. The reaction was quenched by
addition of cool water (0 °C, 4 mL) and then extracted with EtOAc (3
X 10 mL). The organic phases were combined and dried to give, after
a rapid filtration on silica gel, the corresponding crude products (2,
140 mg; 3, 105 mg; 4, 83 mg). An aliquot (15 mg) of each product
was purified on preparative TLC (SiO,, light petroleum ether/Et,0,
2:8) to give the corresponding pure monoacylguanidine derivatives (2,
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3.0 mg; 3, 4.5 mg; 4, 5.0 mg). The remaining crude product from each
reaction was used as such in the next step.

Farnesoyl Guanidine (2): '"H NMR (CDCl;, 400 MHz) &y 5.85
(1H, s, H-2), 5.10 (1H, s, H-6), 5.09 (1H, s, H-10), 2.18 (3H, s, H;-
15), 2.17 (2H, m, H,-9), 2.15 (2H, m, H,-4), 2.03 (2H, m, H,-5), 1.98
(2H, m, H,-8), 1.67 (3H, m, H;-12), 1.61 (3H, m, H;-14), 1.60 (3H,
m, H;-13); 3C NMR (CDCl,;, 400 MHz, indirect detection from 2D
heteronuclear experiments) §; 175.4 (C, C-1), 159.0 (C, C-3), 136.3
(C,C-7), 1314 (C, C-11), 124.0 (CH, C-10), 123.2 (CH, C-6), 121.§
(CH, C-2), 41.0 (CH,, C-4), 40.0 (CH,, C-8), 26.3 (CH,, C-6 and C-
9), 25.8 (CH,, C-12), 19.0 (CH,, C-15), 18.1 (CH;, C-13 or C-14),
16.6 (CH,, C-14 or C-13); LRESIMS m/z 278 [M + H]*, 300 [M +
Na]*; HRESIMS m/z 278.2224 (calcd for CsH,gN;0, 278.2227).

Geranoyl Guanidine (3): '"H NMR (CDCl,;, 400 MHz) &y 5.78
(1H, s, H-2), 5.06 (1H, s, H-6), 2.24—2.18 (overlapped signals, m, 7H,
H,-4, H,-5, H;-10), 1.68 (3H, m, H;-8), 1.60 (3H, m, H;-9); *C
NMR (CDCl;, 400 MHz, indirect detection from 2D heteronuclear
experiments) 5 174.6 (C, C-1), 158.4 (C, C-3), 133.6 (C, C-7), 122.0
(CH, C-6), 115.6 (CH, C-2), 41.6 (CH,, C-4), 26.2 (CH,, C-5), 25.4
(CH,, C-8), 19.6 (CH,, C-10), 17.5 (CH;, C-9); LRESIMS m/z 210
[M + HJ%, 232 [M + Na]*; HRESIMS m/z 210.1600 (calcd for
C,,HyoN50, 210.1601).

Senecioyl Guanidine (4): '"H NMR (CDCl,, 400 MHz) 8y 5.69
(1H, s, H-2), 2.14 (3H, s, H;-4), 1.89 (3H, s, H;-5); *C NMR
(CDCl;, 400 MHz, indirect detection from 2D heteronuclear
experiments) 5c 170.9 (C, C-1), 1569 (C, C-3), 116.1 (CH, C-2),
272 (CH,, C-4), 20.3 (CH,, C-S); LRESIMS m/z 142 [M + HJ*, 164
[M + Nal]*; HRESIMS m/z 142.0977 (caled for C4H;,N;O,
142.0975).

Syntheses of Diacylguanidines 1 and 5-9. Actinofide (1) and
diacylguanidine analogues (compounds 5—9) were prepared following
the synthetic scheme described in ref 17 by combining mono-
acylguanidines 2—4 with either farnesoic or geranoic or senecioic acid.
According to Serra et al,'” the general procedure was as follows: 2-
chloro-1-methylpyridinium iodide (64.0 mg, 0.25 mmol) was added to
a stirred solution of the terpenoic acid (0.20 mmol) in N-
methylpyrrolidone (1.5 mL). The solution was stirred for 30 min at
rt and then for 1 h at 50 °C. After the reaction was cooled to rt, the
monoacylguanidine derivative (0.20 mmol) dissolved in N-methyl-
pyrrolidone (0.5 mL) and DIEA (0.5 mL) was added in one portion to
the solution. The obtained mixture was stirred for 12 h. The reaction
was quenched by addition of H,O (4 mL) and extracted with EtOAc
(3 x 6 mL). The organic phases were combined and concentrated
under reduced pressure to give crude diacyl derivatives (1, S0 mg; 5,
70 mg; 6, SO mg; 7, 13 mg; 8, 40 mg; 9, 60 mg). An aliquot (10—15
mg) of the crude diacylguanidine obtained from each reaction was
filtered on SiO, and purified on reversed-phase HPLC [Supelco
Discovery C18 (25 cm X 10 mm, $ ym) column, 35 min gradient from
50 to 100% MeOH in H,O with 0.1% of TFA, flow 2 mL/min, UV
detector at 4 = 210 and 254 nm] to give the corresponding pure
diacylguanidine derivatives (1, 3.1 mg; S, 2.5 mg; 6, 2.0 mg; 7, 1.8 mg;
8, 3.5 mg; 9, 1.5 mg), as TFA salts.

Actinofide (1): 'H and C NMR data of synthetic 1 were identical
to those of the natural compound; LRESIMS m/z 360 [M + H]*, 382
[M + Na]*; HRESIMS m/z 360.2643 (caled for C,;HyN;0,,
360.2651).

N,N’-Difarnesoyl Guanidine (5): '"H NMR (CDCl,, 400 MHz) 5y
5.85 (2H, s, H-2 and H-2"), 5.09 (4H, m, H-6, H-10, H-6", and H-
10”), 220 (6H, s, Hy-15 and Hy-15"), 2.18 (8H, m, H,-4, H,-5, H,-4",
and H,-5"), 2.06 (4H, m, H,-9 and H,-9"), 1.99 (4H, m, H,-8 and H,-
8"), 1.68 (6H, m, H,-12 and H,-12"), 1.605 (6H, m, H;-14 and H;,-
14"), 1.599 (6H, m, H;-13 and H;-13"); *C NMR (CDCl,, 400 MHz,
indirect detection from 2D heteronuclear experiments) 5o 174.4 (C,
C-1),159.8 (C, C-3 and C-3”), 135.7 (C, C-7 and C-7"), 131.1 (C, C-
11 and C-11"), 123.6 (CH, C-6, C-10, C-6”, and C-10"), 120.5 (CH,
C-2 and C-2"), 41.7 (CH,, C-4 and C-4"), 39.5 (CH,, C-8 and C-8"),
26.7 (CH,, C-9 and C-9”), 25.9 (CH,, C-5 and C-5"), 25.3 (CH;, C-
12 and C-12"), 19.0 (CH;, C-15 and C-15"), 17.4 (CH;, C-13 and C-
13”), 16.3 (CH,, C-14 and C-14"); LRESIMS m/z 496 [M + H]*, 518
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[M + Na]*; HRESIMS m/z 496.3901 (caled for C;HN;O,,
496.3902).

N,N’-Digeranoyl Guanidine (6): "H NMR (CDCl,, 400 MHz) 5y
5.78 (2H, s, H-2 and H-2"), 5.08 (2H, m, H-6 and H-6"), 2.19 (6H, s,
H;-10 and H;-10”), 2.17 (8H, m, H,-4, H,-S, H,-4", and H,-5"), 1.69
(6H, m, H;-8 and H;-8"), 1.61 (6H, m, H;-9 and H;-9"); *C NMR
(CDCl;, 400 MHz, indirect detection from 2D heteronuclear
experiments) ¢ 1754 (C, C-1), 160.0 (C, C-3 and C-3”), 133.0
(C, C-7and C-7"),123.0 (CH, C-6 and C-6"), 119.8 (CH, C-2 and C-
2"),41.4 (CH,, C-4 and C-4"), 26.3 (CH,, C-5 and C-5"), 25.3 (CH,,
C-8 and C-8”), 18.8 (CH;, C-10 and C-10"), 17.8 (CH;, C-9 and C-
9”); LRESIMS m/z 360 [M + HJ*, 382 [M + NaJ*; HRESIMS m/z
360.2647 (caled for C,H,,N;0,, 360.2651).

N,N’-Disenecioyl Guanidine (7): '"H NMR (CDCl,, 400 MHz) 5y
5.77 (2H, s, H-2 and H-2"), 2.22 (6H, s, H;-4 and H;-4"), 1.96 (6H, s,
H;-5 and H;-5"); *C NMR (CDCl,;, 400 MHz, indirect detection
from 2D heteronuclear experiments) 5c 166.9 (C, C-1 and C-1”),
158.8 (C, C-3 and C-3"), 117.2 (CH, C-2 and C-2"), 27.9 (CH,, C-4
and C-4"), 20.9 (CH,, C-S and C-5"); LRESIMS m/z 224 [M + H]",
246 [M + Na]*; HRESIMS m/z 224.1394 (caled for C;;H;{N;0,,
224.1399).

N-Geranoyl-N'-senecioyl Guanidine (8): '"H NMR (CDCl,, 400
MHz) &y 5.78 (1H, s, H-2"), 5.75 (1H, s, H-2), 5.07 (1H, m, H-6),
220 (6H, s, H;-10 and H;-5"), 2.17 (4H, m, H,-4, H,-5), 1.92 (3H, m,
H,4"), 1.69 (3H, m, Hy-8), 1.61 (3H, m, H,-9); 3C NMR (CDCL,
400 MHz, indirect detection from 2D heteronuclear experiments) ¢
1724 (C, C-1 and C-1”), 161.3 (C, C-3), 157.1(C, C-3”), 132.6 (C,
C-7), 1224 (CH, C-6), 120.0 (CH, C-2"), 119.4 (CH, C-2), 41.3
(CH,, C-4), 27.8 (CH;, C-4"), 26.0 (CH,, C-S), 25.9 (CH;, C-8),
20.3 (CH,, C-5"), 18.6 (CH;, C-10), 17.6 (CH;, C-9); LRESIMS m/z
292 [M + H]* 314 [M + Na]*; HRESIMS m/z 292.2019 (calcd for
C16H,N,0,, 292.2025).

N-Farnesoyl-N'-geranoyl Guanidine (9): '"H NMR (CDCl,, 400
MHz) &y 5.71 (2H, s, H-2 and H-2"), 5.09 (4H, m, H-6, H-10, H-6",
and H-10"), 2.21-2.17 (overlapped signals, 14H, H,-4, H,-5, H;-15,
H,-4", H,-5", and H;-10"), 2.06 (2H, m, H,-9), 1.99 (2H, m, H,-8),
1.68 (6H, m, Hy-12 and H,-8"), 1.605 (3H, m, Hy-14), 1.602 (6H, m,
H;-13 and H;-9”); *C NMR (CDCl,, 400 MHz, indirect detection
from 2D heteronuclear experiments) §¢ 170.9 (C, C-1), 162.2 (C, C-3
and C-3"), 136.3 (C, C-7), 1312 (C, C-11 and C-7"), 123.6 (CH, C-
6, C-10, C-6"), 114.7 (CH, C-2 and C-2"), 41.1 (CH,, C-4 and C-4"),
39.2 (CH,, C-8), 264 (CH,, C-9), 25.9 (CH,, C-5 and C-5"), 25.5
(CH;, C-12 and C-8"), 19.0 (CHj, C-15 and C-10"), 17.5 (CH,, C-13
and C-9”), 16.4 (CH,;, C-14); LRESIMS m/z 428 [M + H]*, 450 [M
+ Na]*; HRESIMS m/z 428.3272 (caled for C,gH,,N;0, 428.3277).

In Vitro Growth Inhibitory Measurements. The six cancer cell
lines studied were obtained either from the American Type Culture
Collection (ATCC), the European Collection of Cell Culture
(ECACC), or the Deutsche Sammlung von Mikroorganismen and
Zellkulturen (DSMZ). The origin and histological type of each cell line
analyzed are detailed in the legend to Table 1.

The various cancer cell lines were cultured in RPMI culture medium
(Lonza code BE12-11SF) supplemented with 10% heat-inactivated
fetal bovine serum (Life Technologies code 10270106), 4 mM
glutamine (Lonza code BE17-60SE), 100 yg/mL gentamicin (Lonza
code BE17-518Z), and penicillin—streptomycin (200 units/mL and
200 mg/mL) (Lonza code BE17-602E). The in vitro growth inhibitory
activity of the various compounds was determined by means of the
MTT colorimetric assay as detailed previously.'®™>°
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