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Design and Synthesis of N-Acylated Aza-Goniothalamin
Derivatives and Evaluation of Their in vitro and in vivo

Antitumor Activity

Rosimeire Coura Barcelos,”® Julio Cezar Pastre,”® Débora Barbosa Vendramini-Costa,

[a, b]

Vanessa Caixeta,” Giovanna Barbarini Longato,”™ 9 Paula Aratjo Monteiro,™ ¢
Joao Ernesto de Carvalho,”™ < and Ronaldo Aloise Pilli*?

Herein we describe the synthesis of a focused library of com-
pounds based on the structure of goniothalamin (1) and the
evaluation of the potential antitumor activity of the com-
pounds. N-Acylation of aza-goniothalamin (2) restored the in
vitro antiproliferative activity of this family of compounds. 1-
(E)-But-2-enoyl-6-styryl-5,6-dihydropyridin-2(1H)-one  (18) dis-
played enhanced antiproliferative activity. Both goniothalamin
(1) and derivative 18 led to reactive oxygen species generation
in PC-3 cells, which was probably a signal for caspase-depen-
dent apoptosis. Treatment with derivative 18 promoted Annex-
in V/7-aminoactinomycin D double staining, which indicated

1. Introduction

Cancer is a group of diseases characterized by uncontrolled
growth and division of cells, which are able to invade other tis-
sues and organs by spreading to other parts of the body
through blood and lymph vessels." Despite the advances in
the field of anticancer drug discovery, the statistics are note-
worthy: for example, 14.1 million new cases of cancer were di-
agnosed worldwide in 2012, with 8.2 million deaths.”

Among the limitations associated with the strategies cur-
rently available for cancer treatment, the development of mul-
tidrug resistance stands as the major cause of failure as far as
chemotherapy is concerned.” In this context, it is clear that
more effective drugs that are able to overcome the resistance
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apoptosis, and also led to G,/M cell-cycle arrest. In vivo studies
in Ehrlich ascitic and solid tumor models confirmed the antitu-
mor activity of goniothalamin (1), without signs of toxicity.
However, derivative 18 exhibited an unexpectedly lower in
vivo antitumor activity, despite the treatments being adminis-
tered at the same site of inoculation. Contrary to its in vitro
profile, aza-goniothalamin (2) inhibited Ehrlich tumor growth,
both on the ascitic and solid forms. Our findings highlight the
importance of in vivo studies in the search for new candidates
for cancer treatment.

of tumor cells, with decreased toxicity and higher tolerability
by the patients, are still needed.

Nature has been a source of medicinal products for millen-
nia, in line with the history of humanity. Due to the improve-
ment of methods for isolation, identification, and synthesis
during the last century, many drugs have been developed
from natural sources. Indeed, it is estimated that 75% of the
anticancer agents used nowadays in chemotherapy are derived
from natural products of different origins, including plants, mi-
croorganisms, and marine organisms.™

Most natural products are secondary metabolites produced
for defense or communication, which are often toxic and,
therefore, display potential antitumor activity.” In this regard,
(R)-goniothalamin (1, Figure 1), a styryl lactone originally isolat-
ed from a species of Goniothalamus (Annonaceae), displays an-
tiproliferative and cytotoxic activities against a variety of tumor
cell lines.®

In view of the promising antitumor effect of goniothalamin
(1), several studies have been performed to unveil its mode of
action in tumor cells.”*¥ Although the exact mechanism re-
sponsible for the cytotoxic and antiproliferative activities dis-
played by goniothalamin (1) is not clear yet, in vivo studies
performed in a solid tumor experimental model in mice con-
firmed the potential of goniothalamin (1) as a lead compound
for the development of new chemotherapeutic agents.*® In
this context, the synthesis of goniothalamin analogues has cul-
minated in the observation of the structural requirements for
expression of the cytotoxic activity.”*™ From these studies, the
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Figure 1. Chemical structures of goniothalamin (1), aza-goniothalamin (2),
piplartine (3), epothilone B (4), and ixabepilone (5).

o,f-unsaturated d-lactone moiety seems to be crucial, and it is
ascribed to act as a Michael acceptor for cysteine residues or
other nucleophiles in the biological system.®

Previously, a series of aza-goniothalamin derivatives was pre-
pared and evaluated against a panel of human tumor cell
lines, since the synthesis of aza analogues is a strategy used to
prepare compounds with better bioavailability.”? Several re-
ports have validated this approach, and ixabepilone (5), an aza
analogue of epothilone B (4), stands as a good representative.
In view of its increased stability due to isosteric replacement of
the macrolactone by a macrolactam ring, which rendered the
macrocycle less susceptible to hydrolysis, ixabepilone (5) was
approved by the US Food and Drug Administration (FDA) for
the treatment of patients with metastatic or locally advanced
breast cancer that was resistant to anthracyclines and tax-
anes.”

According to our previous work, the introduction of the
lactam ring completely abolished the in vitro antiproliferative
activity against all cancer cell lines that were evaluated.
Indeed, no compound in the aza series displayed significant
cytotoxic activity, even at the highest concentration used in
the assays.’? The loss of the in vitro activity was rationalized in
terms of the much lower electron deficiency of the a,f3-unsatu-
rated O-lactam unit having a deleterious effect on the biologi-
cal profile of the aza analogues of goniothalamin (1).

If this hypothesis is correct, the synthesis of N-acylated aza-
goniothalamin derivatives could,
in principle, restore the activity
of this family of compounds.
From a chemical point of view,
N-acylation could render the
o,pB-unsaturated  system more
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perlongumine), a natural alkaloid isolated from Piper longum,
displayed selective in vitro cytotoxicity against tumor cells and
also exhibited potent antitumor activity in animal models."”
The potent cytotoxic activity of piplartine (3) has been related
to an increased reactive oxygen species (ROS) generation in
cancer cells."™ In addition, the ability of piplartine (3) to
down-regulate nuclear factor-kB (NF-xB) activation was also
demonstrated."" Moreover, piplartine (3) induces rapid deple-
tion of the androgen receptor in prostate cancer cells.!"?

In view of our continuous effort to improve the antitumor
profile of goniothalamin (1) and also to complement previous
structure-activity relationship (SAR) studies, we report in this
work the synthesis of a focused library of N-acylated aza-go-
niothalamin derivatives and their in vitro evaluation against
a panel of eight human cancer cell lines: U251 (glioma), MCF-7
(breast), NCI-ADR/RES (ovarian expressing multiple-drug-resist-
ance phenotype), 786-0 (kidney), NCI-H460 (lung non-small
cells), PC-3 (prostate), OVCAR-3 (ovarian), and HT-29 (colon).
We further looked at how these analogues act on the cells,
with a focus on the androgen-resistant prostate cancer epithe-
lial cell line (PC-3 cells). The most active compound (derivative
18) was selected for in vivo studies by using the Ehrlich ascitic
and solid tumor models in mice, with comparison to studies
with goniothalamin (1) and aza-goniothalamin (2).

2. Results and Discussion
2.1. Chemistry

Racemic goniothalamin (1) was prepared in gram quantities in
accordance with a previously described methodology from our
group, except for the use of allylmagnesium bromide in substi-
tution for the enantioselective allylation step.®*' Piplartine (3),
used in the preliminary biological assays, was isolated from the
roots of Piper tuberculatum and was kindly provided by Prof.
Edilberto Rocha Silveira from the Federal University of Ceara,
Brazil."¥ We then developed an alternative synthetic route. As
outlined in Scheme 1, the synthesis started with the prepara-
tion of lactam 9 in a two-step sequence involving the forma-
tion of homoallyl crotonamide 8, followed by ring-closing
metathesis by using a Grubbs second-generation catalyst.
Next, 3,4,5-trimethoxycinnamic acid (12), obtained from 3,4,5-
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occurring N-acylated o,f3-unsatu- 10 12 piplartine (3)

rated O-lactams have been
shown to display interesting an-
titumor activities. For example,
piplartine (3; also known as pi-
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Scheme 1. Synthesis of piplartine (3). Reagents and conditions: a) Et;N, DMAP (cat.), CH,Cl,, 0°C—RT, 2 h, 79%;

b) Grubbs 2nd-gen. catalyst (2.5 mol %), CH,Cl,, reflux, 2 h, 94%; c) piperidine (cat.), pyridine, 130°C, 2 h, then 5%
aq. HCl, 87 %; d) oxalyl chloride, DMF (cat.), CH,Cl,, 0°C—RT, 2 h; e) lactam 9, Et;N, DMAP (cat.), THF, RT, 40 h, 67 %
(over two steps). DMAP: 4-dimethylaminopyridine.
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trimethoxybenzaldehyde (10)
through a Knoevenagel-Dobner
condensation by using modified
reaction conditions,™ was con-
verted into the corresponding
acid chloride by using oxalyl
chloride and the acid chloride
was combined with lactam 9 in
the presence of triethylamine
and catalytic N,N-dimethylamino-
pyridine to furnish piplartine (3)
in good overall yield and with
spectroscopic data identical to
those described in the literature."™

The synthesis of racemic N-acylated aza-goniothalamin de-
rivatives was accomplished by N-acylation of aza-goniothala-
min (2), which was prepared on a gram scale by using the con-
ditions described in our previous work.”® As depicted in
Scheme 2, acylation of the lactam nitrogen atom of 2 was per-
formed by deprotonation with LHMDS at —78°C and subse-
quent treatment with a variety of acid chlorides or methyl
chloroformate. Alternatively, the mixed anhydride was generat-
ed in situ after treatment of the carboxylic acid of interest with
pivaloyl chloride. The N-acylated analogues 13-19 were ob-
tained in good to excellent yields (53-98%). For phenolic de-
rivatives, removal of the TBS protecting group was accom-
plished by using a solution of hydrogen fluoride pyridine com-
plex (Scheme 2) and led to the formation of compounds 23—
25, which were obtained in good yields (up to 94 %).

In addition to these compounds, we also prepared racemic
polymethoxylated N-crotonyl aza-goniothalamin derivatives
32-37 (Scheme 3) by acylation of the aza-goniothalamin ana-
logues 26-31, prepared in our previous work.’® All com-
pounds prepared were purified by flash column chromatogra-
phy and characterized by FTIR spectroscopy, 'H and *C NMR
spectroscopy, and HRMS. The purity of the final compounds
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23, R = H (80%)
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24, R = H (83%)
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Scheme 2. Synthesis of N-acylated aza derivatives 13-25. Reagents and conditions: a) LHMDS (1.3 equiv), THF,
—78°C, 15 min; b) RCOCI or CICO,Me (2.0 equiv), THF, —78°C—RT, 2 h (for compounds 13-16, 18, and 19);

¢) RCO,H (1.2 equiv), tBuCOCI (1.2 equiv), Et;N (1.6 equiv), THF, 0°C, 30 min, then the solution prepared in (a),
0°C—RT, 2 h (for compounds 17 and 20-22); d) HF-py, pyridine, THF, 0°C, 2 h. LHMDS: lithium hexamethyldisilaza-

nide, py: pyridine, TBS: tert-butyldimethylsilyl.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ar

MeO : MeO : OMe MeO

\JLML

O O O
HN | _ab_ /\)J\N |

X Ar X

26-31 32-37

MeO MeO MeO Jij
MeO MeO OMe
OMe OMe OMe
34 (51%) 35 (70%) 36 (78%) 37 (53%)

Scheme 3. Synthesis of N-acylated aza-goniothalamin derivatives 32-37. Reagents and conditions: a) LHMDS
(1.3 equiv), THF, —78°C, 15 min; b) crotonyl chloride (2.0 equiv), THF, —78°C—RT, 2 h.

was verified by UPLC analysis. The NMR spectra of the com-
pounds prepared are available in the Supporting Information.

2.2. In vitro biological activities

2.2.1. Evaluation of in vitro antiproliferative activity against
human cancer cells

The antiproliferative activity of all of the goniothalamin deriva-
tives was evaluated in vitro against eight different human
cancer cell lines: U251 (glioma), MCF-7 (breast), NCI-ADR/RES
(ovarian expressing multiple-drug-resistance phenotype), 786-0
(kidney), NCI-H460 (lung non-small cells), PC-3 (prostate),
OVCAR-3 (ovarian), and HT-29 (colon). To evaluate the potential
selectivity for tumor cells, the cytotoxic activity of each com-
pound was also evaluated in vitro against spontaneously trans-
formed keratinocytes from histologically normal skin (HaCat
cells). Doxorubicin was employed as the positive control. Go-
niothalamin (1) and piplartine (3) were included as reference
compounds.

Cell proliferation was determined spectrophotometrically by
using sulforhodamine B (SRB) as a protein-binding dye, and
analyses were based on the US National Cancer Institute (NCI)
60 human tumor cell line anticancer drug screen (NCI60)." In
this assay, measurement of the
cell population density at time
zero (the time at which the
drugs are added) is possible,
which allows the calculation of
the cellular responses for total
growth inhibition. The drug con-
centration resulting in total
growth inhibition (TGI) is calcu-
lated from T=TO, in which the
amount of protein at the end of
drug incubation (T) is equal to
the amount at the beginning
(TO)_[ma]

Goniothalamin (1), aza-gonio-
thalamin (2), piplartine (3), deriv-
atives 13-19, 23-25, and 32-37,
caffeic acid (38), and ferulic acid
(39) were employed at concen-
trations of 0.25-250 ugmL™",

17 (53%) 18 (82%)

22, R = TBS (77%)
25, R = H (94%)
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whereas doxorubicin was evaluated at concentrations of
0.025-25 ugmL~". The TGI value was determined after 48 h of
cell treatment. The initial in vitro screening was planned to
select the best candidates for antitumor activity evaluation in
animal models and, eventually, in clinical trials.

The evaluation of the antiproliferative activity of goniothala-
min (1), aza-goniothalamin (2), piplartine (3), derivatives 13-19
and 23-25, and cinnamic acids 38 and 39 is summarized in
Table 1, which displays the TGI value for each compound.

In general, piplartine (3) was more potent than goniothala-
min (1) against most of the tumor cell lines evaluated, and it
was up to seven times less toxic to HaCat cells than to cancer
cell lines. These results are consistent with a recent study per-
formed by Raj et al. with a different panel of tumor cell lines,
in which piplartine (3) was shown to selectively kill cancer cells
with no toxicity to untransformed normal cells."®

In a previous work from our group,”? we aimed at synthe-
sizing goniothalamin derivatives with isosteric substitution of
the lactone ring by the corresponding lactam core. A series of
aza-goniothalamin analogues was prepared, and their evalua-
tion against a series of tumor cell lines revealed that the intro-
duction of the lactam ring completely abolished their in vitro
antiproliferative activity. As can be seen in Table 1, aza-gonio-
thalamin (2), a representative of this series, had no significant
antiproliferative activity, even at the highest concentration
tested (250 pgmL™").

SAR studies have indicated that the high cytotoxic activity
presented by goniothalamin (1) and its congeners is related to
the a,p-unsaturated d-lactone scaffold, which could potentially
act as a Michael acceptor in biological systems.”%%27 Michael
acceptors can undergo heteroconjugate addition with nucleo-
philic thiols present in cysteine residues in irreversible!'® or re-
versible fashion.'” In order to improve the electrophilic ability
of the aza analogues of goniothalamin (1), a concise series of
N-acylated aza derivatives was synthesized by acylation of the

lactam nitrogen atom of aza-goniothalamin (2), which resulted
in compounds 13-19 and 23-25 (Table 1).

As we anticipated, simple acylation and/or protection as
a carbamate of the lactam nitrogen atom restored the activity
of compounds 14 and 13 to the same level as that of gonio-
thalamin (1). These compounds displayed moderate antiproli-
ferative activity against kidney (786-0) and lung non-small
tumor cells (NCI-H460), which confirmed the importance of the
Michael acceptor core for the cytotoxic activity.

The introduction of an additional electrophilic site, such as
in o-bromoacetyl derivative 15, resulted in a compound that
was threefold more potent than goniothalamin (1) against
breast cancer cells (MCF7), yet seven times less toxic to HaCat
cells than goniothalamin (1).

Additionally, N-acryloyl and N-crotonyl substitution resulted
in derivatives 17 and 18 containing a second potentially elec-
trophilic site that could influence their effect on cell viability.
Interestingly, these analogues were more potent than the
parent molecules, with low TGl values against most of the
tumor cell lines evaluated. These derivatives exhibited promis-
ing antiproliferative activity against glioma (U251), breast
(MCF-7), kidney (786-0), and prostate (PC-3) cancer cells and
were even more potent than goniothalamin (1) and piplartine
(3) in these cases. For example, derivative 18 showed TGI
values as low as 3.9 and 7.2 um for kidney (786-0) and prostate
(PC-3) cancer cells, respectively, while this compound was ap-
proximately 38 times less toxic to HaCat cells when compared
to kidney cancer cells. On the other hand, compounds 19, 23
and 25 were less potent than derivatives 17 and 18 toward
most of the cell lines evaluated. Their reduced cellular potency
could probably be related to the higher steric hindrance
caused by the aromatic ring of the cinnamoyl substitution.

In a recent work, Adams et al. synthesized and tested an
array of piplartine analogues, and they have identified the
endo double bond in the lactam ring as a key pharmacophore,

39 toward various cell lines.

Table 1. TGI values for doxorubicin (DOX), goniothalamin (1), aza-goniothalamin (2), piplartine (3), compounds 13-19, 23-25, and cinnamic acids 38 and

Compd TG [um]®

U251 MCF-7 NCI-ADR/RES 786-0 NCI-H460 PC-3 OVCAR-3 HT-29 HaCat
DOX 5.6+0.0 1.2+£0.0 66.3+59 9.0+0.1 204404 0.8+0.1 11.9+0.1 61.7+2.6 6.3+0.6
1 24.7+2.1 76.1+23 725+4.4 21.0+29 22.6+3.3 17.2+0.8 202+1.5 347+4.8 49.0+14.7
2 9425+11.4 >1254 > 1254 > 1254 > 1254 > 1254 > 1254 > 1254 > 1254
3 186+25 559405 228427 154+1.1 314427 222426 255+1.3 158+1.9 120.2+6.4
13 67.6+23 113.6+4.0 488.24+11.3 64.1+1.9 58.14+0.2 148.5+9.2 159.6 +3.6 285.4+57.6 103.0+3.2
14 48.8+3.9 95.8+6.6 2889+0.5 23.8+4.9 323+1.9 48.8+2.8 50.3+0.2 66.3+38.1 110.2+2.8
15 273+15 26.6+0.3 128.14+23.7 16.2+4.4 39.14+0.2 20.7+29 55.7+10.8 87.6+4.8 369.6+1.7
16 257+6.4 31.4+29 783+6.1 36.6+1.0 43.0+29 329+5.9 46.6+7.8 747+2.6 97.8+19.6
17 159+0.5 11.3+0.2 41.7+7.0 6.2+28 443+47 17.4+£3.0 374+84 476+44 453+26
18 109+1.3 11.0+0.9 61.8+6.5 39+05 25.1+4.9 72+23 155+£29 21.54+0.7 150.2+5.8
19 725422 44.1+£8.6 5243+18.1 41.1+6.7 130.1+74 53.4+14.2 96.8+13.1 183.2+24 1311415
23 359+2.1 413+4.7 373405 29.8+4.6 371426 358+75 58.0+0.8 49.8+0.6 40.8+49
24 246+3.3 26.6+3.0 20.6+0.6 36.5+0.6 60.7+3.8 36.9+2.2 45.7£2.0 449+20 63.3+0.1
25 88.1+3.6 37.8+4.9 869.7 £74.0 57.8+5.6 100.9+4.6 16134123 222.7+54 394442 300.8+9.7
38 > 1388 > 1388 > 1388 > 1388 > 1388 > 1388 > 1388 > 1388 > 1388
39 > 1287 > 1287 > 1287 > 1287 > 1287 > 1287 > 1287 > 1287 > 1287

[a] The concentration that elicits total growth inhibition (TGI) was determined from nonlinear regression analysis by using ORIGIN 8.0 software (OriginLab
Corporation). Results are expressed as the mean + standard error of mean (SEM) from two different experiments in triplicate.
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with the exocyclic double bond also playing a significant role
in determining toxicity.”” In a comparison of the activity of de-
rivatives 23 and 24, the exo double bond seems to be less im-
portant for the antiproliferative activity of this family of com-
pounds against the panel of cancer cell lines used in our study,
as both compounds exhibited the same level of activity in the
assays. On the other hand, the selectivity presented by deriva-
tive 25 possessing a 4-hydroxy-3-methoxycinnamoy! substitu-
ent toward breast (MCF-7) and colon (HT-29) tumor cells, with
considerably lower toxicity for HaCat cells, is noteworthy.

Literature precedents indicate that cinnamic acids present
cytotoxic activity against different human cancer cell lines,”"
depending on the number of hydroxy groups in the aromatic
ring and the degree of saturation of the carbon chain within
the molecule. This is proposed to be due to a balance between
the antioxidant and pro-oxidant properties of this family of
compounds. Among the phenols described in the literature,
caffeic acid (38) exhibited efficient antiproliferative activity
against all the cell lines evaluated, particularly for cervical
cancer cells (Hela cells).”'? Caffeic acid (38) was reported to in-
hibit angiogenesis, tumor invasion, and metastasis.?'? More re-
cently, it was found to inhibit tumor growth and angiogenesis
by inhibiting the activity of the signal transducer and activator
of transcription 3 (STAT3) and the expression of hypoxia induci-
ble factor-1a (HIF-1a) and vascular endothelial growth factor
(VEGF) in a mouse xenograft model.*?

To evaluate whether the antiproliferative profiles observed
for compounds 23 and 25 were due to the N-cinnamoyl substi-
tution, phenolic acids 38 and 39 (caffeic and ferulic acids, re-
spectively), which were used in the synthesis of these deriva-
tives, were also evaluated against the same panel of human
tumor cell lines. As shown in Table 1, these acids did not pres-
ent significant antiproliferative activity against any of the cell
lines evaluated, even at the higher concentration used in the
SRB cytotoxicity assay (TGl values greater than 250 pgmL™").

In our previous work, a series of polymethoxylated goniotha-
lamin analogues was prepared to afford compounds more
potent than goniothalamin (1) toward the panel of cancer cell
lines.”? N-Acylation of the nitrogen atom of aza-goniothalamin
(2) significantly enhanced the antiproliferative activity, so we
decided to prepare a new series of N-acylated aza-goniothala-

min derivatives possessing different degrees of methoxylation
in the styryl side chain. In view of the higher activity of deriva-
tive 18, crotonyl chloride was selected for the acylation of the
aza-goniothalamin series (compounds 26-31), to afford deriva-
tives 32-37.

The antiproliferative activity of compounds 32-37 was as-
sessed against the same panel of eight human tumor cell lines
by using the SRB cytotoxicity assay, with goniothalamin (1), pi-
plartine (3), and derivative 18 as reference compounds. The re-
sults are summarized in Table 2, which displays the TGl value
for each compound.

In general, the presence of methoxy groups at specific posi-
tions in the aromatic ring led to more potent analogues than
derivative 18, goniothalamin (1), or piplartine (3). For example,
derivative 33 displaying 2,4-dimethoxy substituents was highly
cytotoxic, with low TGl values particularly against breast (MCF-
7), kidney (786-0), ovarian (OVCAR-3), and colon (HT-29) cancer
cells. This compound also displayed higher potency than dox-
orubicin against ovarian expressing multiple-drug-resistance
phenotype (NCI-ADR/RES), kidney (786-0), ovarian (OVCAR-3),
and colon (HT-29) cancer cells. Interestingly, the same substitu-
tion pattern (2,4-dimethoxy) afforded the most active com-
pound in the polymethoxylated goniothalamin series in our
previous work.”® One could speculate that these methoxy
groups could have a privileged interaction with putative hy-
drogen-bonding donors at the binding site of the biological
target.

3,5-Dimethoxy substitution was also very effective (com-
pound 35) and resulted in improved antiproliferative activities
against breast (MCF-7), ovarian expressing multiple-drug-resist-
ance phenotype (NCI-ADR/RES), lung (NCI-H460), prostate (PC-
3), ovarian (OVCAR-3), colon (HT-29), and particularly, kidney
cancer cells (786-0). However, despite their potent antiprolifer-
ative activities against tumor cells, compounds 33 and 35 were
more toxic to HaCat cells than derivative 18 and goniothala-
min (1). 3,4,5-Trimethoxy-substituted analogue 36 exhibited
similar antiproliferative activity against ovarian expressing mul-
tiple-drug-resistance phenotype (NCI-ADR/RES), lung non-small
cells (NCI-H460, ovarian (OVCAR-3) and colon (HT-29) cancer
cells to that of derivative 18, but was less toxic to HaCat cells
than compounds 33 and 35.

Table 2. TGl values for doxorubicin (DOX), goniothalamin (1), piplartine (3),

and compounds 18 and 32-37 toward various cell lines.

Compd TGl [um]®
U251 MCF-7 NCI-ADR/RES 786-0 NCI-H460 PC-3 OVCAR-3 HT-29 HaCat

DOX 56+0.1 1.2+0.1 66.3+59 9.0+0.1 204404 0.940.1 11.9+£0.1 61.7+26 6.3+0.6
1 24.7+2.1 76.1+23 725+4.4 21.0+29 22.6+3.3 17.2+0.8 202+1.5 347+4.8 49.0+14.7
3 18.6+25 55.9+0.5 228+2.7 154+£1.1 314427 222426 255+1.3 158+1.9 120.2+6.4
18 109+1.3 11.0+£0.9 61.8+6.5 39+05 25.14+4.9 72+23 155+29 21.5+0.7 150.2+5.8
32 170.5+15.7 28.6+11.0 664.8+41.3 25.0+2.2 88.5+19.5 33.94+5.6 102.34+29.6 704+174 183.1+1.2
33 30.2+5.5 73£1.0 19.1+£1.1 6.8+1.2 41.8+6.2 134+13 79+20 7.0+0.2 23.5+6.1
34 58.0+4.8 19.8+04 3180+1.7 16.2+£3.0 499+4.2 17.2+0.5 273+0.6 174+£4.0 374403
35 483+12.0 58+19 359+1.6 53+20 19.2+8.0 6.8+3.8 123+33 123 +£4.1 27.6+5.6
36 38.7+3.9 28.5+0.8 56.6+1.4 146+£13 31.8+4.3 22.0+3.8 158+1.1 148+2.0 88.0+13.7
37 113.3+0.6 30.0+0.3 135.0+1.8 2233+36 652+1.0 71.94+3.1 37.8+0.5 30.4+3.0 88.0+13.6

[a] The concentration that elicits total growth inhibition (TGI) was determined from nonlinear regression analysis by using ORIGIN 8.0 software (OriginLab
Corporation). Results are expressed as the mean + SEM from two different experiments in triplicate.
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2.2.2. Goniothalamin (1) and derivative 18 induce A
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apoptosis in PC-3 cells

In view of the higher cytotoxicity of derivative 18
against most of the human tumor cell lines evaluated
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Prostate cancer is the most common type of
cancer in men and its incidence is increasing year
after year. In the USA, 233000 new cases of prostate
cancer are expected in 2014, with 29480 deaths.!"
Well-established risk factors for prostate cancer in-
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prostate cancer. Among the human prostate tumor
cell lines, PC-3 is very aggressive and represents hor-
mone-insensitive prostate cancer, which currently re-
mains untreatable.””

The exposure of phosphatidylserine (PS) on the
surface of apoptotic cells is one of the best-character-
ized surface changes that facilitate recognition and
engulfment of dying cells, because plasma mem-
branes of viable cells exhibit substantial phospholipid
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asymmetry, with most of the PS residing on the inner
leaflet of the plasma membrane.”” One of the meth-
ods used for the assessment of apoptosis is the
double staining for Annexin V and 7-amino-actinomy-
cin D (7-AAD) by flow cytometry analysis. Annexin V
is a protein with high affinity for PS and binds to PS
translocated to the outer face of the cell membrane
during the initial process of apoptosis (early apopto-
sis). 7-AAD binds to the DNA of the cell and acts as
an indicator of membrane structural integrity, be-
cause it is not able to enter viable cells and early
apoptotic cells; thus, it indicates late apoptosis. For
apoptosis evaluation, we performed the Annexin V/7-
AAD double-staining assay by flow cytometry.

As discussed previously, after 48 h of treatment, goniothala-
min (1) and derivative 18 elicited total growth inhibition in PC-
3 cells, with TGI values of (17.24+0.8) and (7.2 +2.3) um, respec-
tively (Table 1). In order to evaluate apoptosis induction, cells
were treated with goniothalamin (1; 20 um concentration) and
derivative 18 (5 and 10 um concentration) and assayed after 6,
15, 18, and 24 h of treatment. For the sake of comparison, aza-
goniothalamin (2) was employed at 20 um concentration.

Treatment with derivative 18 at 5 um concentration was not
able to induce apoptosis, even after 24 h (Figure 2). However,
at a higher concentration (10 um), it induced PS externalization
after 18 h, at which time (16.6 +-0.8) % of the cells were double
stained with Annexin V and 7-AAD, which indicated late apop-
tosis. After 24 h, the amount of late apoptotic cells increased
to (46.8 £2.5)%. Similarly, treatment with goniothalamin (1), at
a concentration of 20 pm, induced PS externalization after
18 h, at which time (5.9+0.6) % of the cells were in late apop-
tosis. After 24 h of treatment, the incidence had increased to
(22.8+2.9)%. As might be expected, treatment with aza-gonio-
thalamin (2), at a concentration of 20 um, was not able to

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Annexin V

Figure 2. Goniothalamin (1, 20 um) and derivative 18 (10 um) induce apoptosis in PC-3
cells after 18 h of treatment. Aza-goniothalamin (2) and derivative 18 at concentrations
of 20 and 5 um, respectively, were not able to induce apoptosis during the experiment.
Cells were exposed to vehicle (DMSO), goniothalamin (1), aza-goniothalamin (2), and de-
rivative 18 for 18 and 24 h at the concentrations shown above and analyzed by flow cy-
tometry by using the Annexin V/7-AAD double-staining assay. Representative dot plots
from three different experiments conducted in triplicate are shown. Values in each quad-
rant are the mean = SE, in percentage of cells; ***p < 0.001, statistical analysis by Tukey's
multiple comparison test and analysis of variance (ANOVA), statistically different from the
vehicle results.

induce apoptosis (Figure 2). The data for 6 and 15 h are not
shown because of the absence of apoptotic cells.

These results are in agreement with the antiproliferative ac-
tivity assay on the panel of tumor cell lines, in which both
compounds 1 and 18 are capable of eliciting total growth in-
hibition and cell death. In those experiments, derivative 18
was more potent than goniothalamin (1), as can be observed
in the flow cytometry analyses above. Similar to the antiproli-
ferative activity assay, compound 2 did not induce cell death.

As we observed apoptosis induction by compounds 1 and
18, we next investigated the induction of caspase activation
following exposure to these compounds. Cells were analyzed
after 18 and 24 h of treatment, because PS externalization was
evident at these times. Thus, treatment with goniothalamin (1;
20 pum) and derivative 18 (10 um) induced significant caspase
activation after 18 h of treatment in (21.54+1.3)% and (34.3+
1.7)% of the cells, respectively (Figure 3). After 24 h of treat-
ment, this effect was more pronounced and caspase activation
occurred in (43.5+2.3)% and (77.2+£5.0)% of the cells treated
with goniothalamin (1) and derivative 18, respectively
(Figure 3).
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Figure 3. Multicaspase activation in PC-3 cells after treatment with goniotha-
lamin (1, 20 um) and derivative 18 (10 um) for A) 18 and B) 24 h. According
to the Annexin V results, treatment with goniothalamin (1, 20 um) and deriv-
ative 18 (10 um) activates caspases after 18 h of treatment. Results are repre-
sented by the mean + SE, in percentage of cells; *p <0.01, #****p < 0,001;
statistical analysis by Tukey’s multiple comparison test and ANOVA. *: Statis-
tically different from vehicle results; #: statistically different from goniothala-
min (1).

Taken together, these results point to a similar activity profile
conferred by goniothalamin (1) and derivative 18 in PC-3 cells:
caspase-dependent apoptosis after 18 h of treatment. Howev-
er, derivative 18 is more potent than goniothalamin (1), be-
cause treatment with 18 (10 um) led to a higher percentage of
cells in apoptosis than treatment
with  goniothalamin (1) at
a higher concentration (20 um).

Three main types of biochemi-
cal changes can be observed in
apoptosis: 1) activation of cas-
pases, 2) DNA and protein break-
down leading to membrane
changes, and 3) recognition by
phagocytic cells (for example, by
PS externalization).” As shown
earlier, we observed that both
caspase activation and PS exter-
nalization were induced by go-
niothalamin (1) and derivative
18. In addition to these bio-
chemical changes, we also ob-
served morphological evidence
of cell death, for example,
cell detachment and loss of
typical morphology after treat-
ment with these compounds
(Figure 4). As expected, treat-
ment with aza-goniothalamin (2)

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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did not affect the cell morphology.

2.2.3. Derivative 18 induces G,/M cell-cycle arrest in PC-3 cells

In apoptosis, caspases are both initiators and effectors. Down-
stream caspases (effectors) induce cleavage of protein kinases,
cytoskeletal proteins, DNA repair proteins, and inhibitory subu-
nits of endonucleases family and, thus, affect cell cycle and sig-
naling pathways, which together contribute to the typical mor-
phological changes in apoptosis.”’ The complex network of
apoptosis and cell cycle are closely linked. Many of the cancer
cell treatments with anticancer agents usually result in cell-
cycle arrest, which subsequently leads the cells to enter apop-
tosis.?

To evaluate possible interference of goniothalamin (1) and
derivative 18 in the PC-3 cell cycle, we performed cell-cycle
analysis by flow cytometry. For this study, cells were treated
with non-apoptotic concentrations of goniothalamin (1) and
derivative 18 for 24 h, because concentrations that elicit apop-
tosis would promote a sub-G, phase arrest. The cell-cycle dis-
tribution of treated PC-3 cells is presented in Figure 5.

As can be seen, treatment with a 5 um concentration of de-
rivative 18 resulted in arrest of the G,/M phase in (48.9 £2.3)%
of the cells. On the other hand, treatment with goniothalamin
(1) at a concentration of 10 um did not interfere with cell
cycle, although there was an increase in the percentage of
cells in the sub-G; phase to (11.3+0.9) %, which could indicate
DNA fragmentation and apoptosis. As expected, colchicine
(1.25 nm) increased the percentage of cells in the G,/M phase
(up to (71.4+4.2)%), which was accompanied by a decreased
percentage of cells in the G; phase. No interference on the
cell-cycle profile was observed with aza-goniothalamin (2) at
a concentration of 20 pum.

Figure 4. Cell morphology after 24 h treatment with: A) vehicle (DMSO), B) goniothalamin (1, 20 pum), C) derivative
18 (10 um), and D) aza-goniothalamin (2, 20 pum). In A and D, the PC-3 morphology is maintained and cells are at-
tached. In B and C, there is a loss of typical morphology and cell detachment, which is a feature of cell death.
Photomicrographs were taken with an Optikam B3 digital camera on a Leica DM IL inverted microscope with

a 10x/0.25 objective (details with a 20x/0.3 objective).
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o,B-unsaturated carbonyl sys-
tems, we evaluated intracellular
ROS generation.

ROS function as signaling mol-
ecules produced by normal cells
during normal metabolic activi-
ties and are cleared by endoge-
nous antioxidant systems. The
balance between ROS genera-
tion and its depletion is an es-
sential event in living organ-
isms.®Y Oxidative stress occurs
when this balance is disturbed
due to a high level of ROS pro-
duction and a reduced level of
ROS-scavenging systems. ROS
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Figure 5. Cell-cycle effects of vehicle (DMSO), colchicine (1.25 nm), aza-goniothalamin (2, 20 um), derivative 18

(5 pum), and goniothalamin (1, 10 um) on PC-3 cells after 24 h of treatment. Flow cytometry analyses of DNA con-
tent shows that derivative 18 arrests PC-3 cells in the G,/M phase, like the positive control colchicine. Goniothala-
min (1) promotes sub-G, arrest, which indicates apoptosis (DNA fragmentation). Neither aza-goniothalamin (2)
nor the vehicle affect the PC-3 cell cycle. In the graph, the gated sections represent the phases 1: G,, 2: S, 3: G/
M, and 4: sub-G,. Representative histograms from three different experiments conducted in triplicate are shown.
The results are represented by the mean £ SE, in percentage of cells; *p <0.05, ***p < 0.001; statistical analysis by

Tukey’s multiple comparison test and ANOVA.

In contrast to derivative 18, goniothalamin (1) did not
induce changes in the PC-3 cell-cycle profile, which indicates
a different mechanism of action for the two compounds: deriv-
ative 18 might regulate PC-3 proliferation by inhibiting cell-
cycle progression through the G,/M phase. Progression
through each phase of the cell cycle is monitored by check-
points that detect aberrant or incomplete events and signal
cell-cycle arrest until the problem is solved.?” The G,/M check-
point ensures that cells do not initiate mitosis before problems
occurred during replication in the S phase are repaired. The
G,/M cell-cycle arrest induced by derivative 18 could be a re-
sponse to DNA damage or events during mitosis, such as tubu-
lin stabilization. Further studies should be conducted to con-
firm this hypothesis.

2.2.4. Goniothalamin (1) and derivative 18 induce intracellular
ROS generation

In cancer, there is an imbalance between cell division and cell
death.”™ Evasion of cell death signals is one of the hallmarks
of tumor cells that favors their maintenance, which has thus
stimulated an active search for anticancer regimens that
induce apoptosis.”® Several small molecules, such as phene-
thylisothiocyanate (PEITC),* parthenolide,**” piplartine (3),"%"
erastin,®9 lanperisone,?¥ and molecules containing disulfide,
o,f-unsaturated carbonyl, sulfonate, or other electrophilic func-
tional groups, have been shown to induce cancer cell death by
intracellular ROS generation through conjugation with gluta-
thione (GSH), causing its depletion, or targeting its synthe-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and cellular oxidative stress have
long been associated with
cancer, both in culture and in
vivo, relative to normal cells.?

To evaluate intracellular ROS
generation, a 2',7’-dichlorodihy-
drofluorescein diacetate (DCFH-
DA) probe was employed. It
readily diffuses into the cells and
is hydrolyzed to the polar deriva-
tive 2',7'-dichlorodihydrofluorescein (DCFH), with the latter
being oxidized in the presence of hydrogen peroxide generat-
ed by ROS to the highly fluorescent 2',7'-dichlorofluorescein
(DCF). After one hour of treatment, intracellular ROS levels in-
creased tenfold in cells treated with a 20 um concentration of
goniothalamin (1), in comparison with those with the control,
whereas an increase of approximately sixfold was observed in
cells treated with a 10 um concentration of derivative 18
(Figure 6). Treatment with derivative 18 at a lower concentra-
tion (5 um) or aza-goniothalamin (2; 20 um) did not induce sig-
nificant ROS generation. These results are in agreement with
the apoptotic assays, because 5 um concentrations of deriva-
tive 18 or aza-goniothalamin (2) were not able to induce apop-
tosis. Otherwise, derivative 18 (at 10 pm) and goniothalamin
(1; at 20 um) induced intracellular ROS generation, which thus
links oxidative stress to cell death.

The pro-apoptotic activity and induction of ROS generation
in PC-3 cells promoted by goniothalamin (1) and derivative 18
are in agreement with the literature data. There are several re-
ports of goniothalamin (1) having pro-apoptotic activity in dif-
ferent tumor cell lines: PS exposure and caspase activation
were observed in Jurkat and HL-60 leukemic cell lines after
treatment with 50 um goniothalamin (1) after 5 and 14 h, re-
spectively.”* Goniothalamin (1) also induced apoptosis in vas-
cular smooth muscle (VSM) cells with DNA damage, after 2 h
of treatment.® Treatment with a 30 um concentration of go-
niothalamin (1) induced apoptosis, ROS generation, and G,/M
cell-cycle arrest in MDA-MB-231 breast adenocarcinoma.? Fur-
thermore, treatment of Jurkat and oral squamous cancer (Ca9-
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Figure 6. A) Relative DCF fluorescence in PC-3 cells after treatments with vehicle (DMSO, black fill), aza-goniothalamin (2, 20 pm), derivative 18 (5 and 10 um),
and goniothalamin (1, 20 um) for 1 h. Flow cytometric analysis of DCF fluorescence shows that goniothalamin (1) and derivative 18 (10 pm) promote an in-
crease in fluorescence by 10.12- and 5.8-fold, respectively, which is directly related to ROS generation. Neither aza-goniothalamin (2), derivative 18 (5 pum), nor
the vehicle promoted ROS generation. B) Representative histograms from three different experiments conducted in triplicate are shown. The results are repre-
sented by relative fluorescence, in arbitrary units, normalized with the vehicle; *p <0.05, ***p < 0.001; statistical analysis by Tukey’s multiple comparison test

and ANOVA.

22) cells with goniothalamin (1) led to ROS generation, GSH
depletion, DNA damage, and apoptosis.™

The relationship between ROS and cancer is complex and
often paradoxical: 1) ROS generation and oxidative stress can
induce cancer; 2) transformed cells produce more ROS than
normal cells; 3) antioxidant systems are increased in malignant
cells; 4) increased oxidative stress has a pivotal role in the de-
velopment and progression of cancer by immortalization and
transformation, cell proliferation and mitogenic signaling, cell
survival and disruption of cell death signaling and metastasis;
and 5) various chemotherapeutic agents are selectively toxic to
tumor cells by inducing oxidative stress.?%34

The ROS generation promoted by goniothalamin (1) and de-
rivative 18 could be, in part, explained by their capacity to in-
teract with GSH through conjugate addition. In the same line
of reasoning, the maintenance of basal levels of ROS when the
cells were treated with aza-goniothalamin (2) could also be ex-
plained by the nonaddition of GSH to the a,B-unsaturated
system of aza-goniothalamin (2).

2.2.5. Evaluation of the chemical reactivity of goniothalamin
(1), aza-goniothalamin (2), piplartine (3), and N-acyl-aza--
goniothalamin derivatives in the presence of glutathione

GSH is a natural pseudotripeptide, consisting of glutamate,
cysteine, and glycine, found within almost all cells, and essen-
tial for several vital cellular processes, including antioxidation,
regulation of the redox environment, modulation of the
immune response, and detoxification of xenobiotics in eukary-
otic cells.”® GSH is also known to be highly reactive and is
often found conjugated to other molecules through its sulf-
hydryl moiety. GSH is the major endogenous antioxidant pro-
duced by cells and helps to protect cells from ROS generation.
It is well established that ROS and electrophilic chemicals can
damage DNA and that GSH can protect against this type of

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

damage.’” In order to experimentally probe the assumptions
above for ROS generation, the chemical reactivity of aza-gonio-
thalamin (2), piplartine (3), and N-acylated aza-goniothalamin
derivatives in the presence of GSH was assessed.

With this in mind, a qualitative evaluation of the chemical
reactivity was performed by using NMR spectroscopy: gonio-
thalamin (1), aza-goniothalamin (2), piplartine (3), and N-cro-
tonyl aza-goniothalamin derivative 18 at a concentration of
25 mmM in dimethyl sulfoxide (DMSO) were treated with five
equivalents of GSH at room temperature and analyzed by
'HNMR spectroscopy over 24 h (Figure 7). As expected, the
conjugate addition of GSH to goniothalamin (1) was almost
complete after 24 h, as indicated by the disappearance of the
C2-C3 double bond signals in the 'HNMR spectrum (Fig-
ure 7A). The same result was observed for piplartine (3), al-
though the addition of GSH to the endo double bond occurred
much faster than for goniothalamin (1; in approximately 7 h;
Figure 7 B). Despite the fact that piplartine (3) contains two po-
tentially electrophilic sites, treatment with five equivalents of
GSH provided mainly the product of conjugate addition at the
C3 position. This result is consistent with a recent study per-
formed by Adams et al., who showed that addition of methyl
thioglycolate to piplartine (3) takes place only at the C3 posi-
tion.® On the other hand, no GSH addition was observed at
the C3 position of the lactam ring of aza-goniothalamin (2)
under the same conditions (Figure 7 C).

Surprisingly, when derivative 18 was treated with GSH, we
observed not only addition at the C3 position of the lactam
ring but also the disappearance of the C8-C9 double bond
signals in the "H NMR spectrum (Figure 7D), which thus indi-
cated a higher electrophilicity of the crotonyl side chain rela-
tive to that of piplartine (3). Taken together, our findings cor-
roborate the higher activity of the N-crotonyl aza-goniothala-
min derivative 18 in comparison with those of goniothalamin
(1) and piplartine (3), as a consequence of its double Michael
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Figure 7. '"H NMR spectra (250 MHz, [DJJDMSO) obtained during the reaction of A) goniothalamin (1), B) piplartine (3), C) aza-goniothalamin (2), and D) deriva-
tive 18 with GSH (5 equiv) after addition (blue), 1 h (red), 3 h (green), 7 h (pink), and 24 h (black).

acceptor ability in the biological system, most likely due to ste-
reoelectronic factors.

In agreement with our NMR study, compounds containing
a,B-unsaturated lactone moieties have been reported to direct-
ly conjugate with GSH.* GSH addition was found to deacti-
vate these lactones, as shown by the decrease of cytotoxicity
of sesquiterpene lactones in the presence of GSH.*°*? The ex-
pressive in vitro activity displayed by derivative 18 could, in
principle, be rationalized by the model for the chemical-medi-
ated protein glutathionylation of GSH-binding proteins pro-
posed by Adams et al.®® Accordingly, derivative 18 may react
with GSH at its more electrophilic endo a,f3-unsaturated system
and the resulting adduct could interact with a GSH-binding
protein. The formation of this noncovalent complex could fi-
nally trigger Michael addition of a nucleophilic residue of the
GSH-binding protein to the less electrophilic exo a,p-unsaturat-
ed system, which would lead to the toxic effects observed in
cells (that is, cell death). However, this model does not explain
the good in vitro antiproliferative activity displayed by deriva-
tive 24, which lacks the exo double bond, toward the panel of
cancer cell lines evaluated in this study. Although it was not
observed during our NMR experiments, we cannot exclude ad-
duction of GSH or other thiol nucleophiles to the carbonyl
group, which is expected to be much slower than the addition
to the o,f-unsaturated system in piplartine (3) and derivative
18, 140ab]

ROS generation and the altered GSH redox state are linked
with apoptotic signaling. Altered levels of ROS can down-regu-
late the anti-apoptotic FLICE inhibitory protein (FLIP-L) through
c-Jun N-terminal kinase (JNK) activation, which can activate ef-
fector caspases. Moreover, ROS may lead to DNA damage,
which activates the p53 pathway and results in cell-cycle arrest
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and apoptosis.*"! ROS generation is also associated with both
intrinsic and extrinsic apoptotic pathways through mitochon-
drial outer membrane permeabilization and cytochrome c
translocation to the cytosol. Activation of tumor necrosis factor
receptor-1 (TNFR1) can also occur, which mediates apoptosis
through clustering of receptors, signaling by lipid raft plat-
forms, and interaction with nitric oxide (NO).*? In all of those
cases, caspases can be activated and lead to caspase-depen-
dent apoptosis, as we observed for goniothalamin (1) and de-
rivative 18.

Our findings indicate that goniothalamin (1) and its most
potent derivative 18 lead to ROS generation in PC-3 cells,
which probably signals for caspase-dependent apoptosis. Both
molecules interact with GSH and, thereby, stabilize the intrinsic
mechanisms of ROS scavenging. Derivative 18 also leads to G,/
M cell-cycle arrest, which can be directly related to cell death
or represents an additional antiproliferative mechanism.

2.3. In vivo studies

In view of the good in vitro antiproliferative activity displayed
by derivative 18, its in vivo antitumor activity was also evaluat-
ed in experimental models of Ehrlich ascitic and solid tumors
in mice, in comparison with goniothalamin (1) and aza-gonio-
thalamin (2). Previously, the in vivo antitumor activity of gonio-
thalamin (1) was evaluated by our group, which revealed that
goniothalamin (1) inhibits Ehrlich solid tumor development
without signs of toxicity.® Although aza-goniothalamin (2) did
not present in vitro antiproliferative activity, being only cyto-
static in these assays, we decided to evaluate its in vivo profile,
because in vitro results may not necessarily reflect the in vivo
effect due to the intervention of biotransformations, which
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may account for the formation of cytotoxic metabolites in
preparation for bioconjugation and excretion.

The Ehrlich tumor is a murine breast adenocarcinoma, which
is an aggressive and fast growing carcinoma that is able to de-
velop in both the ascitic or solid forms, depending on whether
inoculation is administered intraperitoneally or subcutaneously,
respectively. These cells generate a local inflammatory re-
sponse characterized by increased vascular permeability, which
accounts for edema formation, cell migration, and recruitment
of the immune response.*® The advantage of performing ex-
periments with both the ascitic and solid forms is that, in the
ascitic model, treatments were conducted in the site of tumor
cell implantation (local action), whereas in the solid model,
treatments were performed i.p. and cell implantation was in
the subcutaneous (systemic action). Thus, evaluation of deriva-
tive 18 and aza-goniothalamin (2) in this model could bring in-
formation about their systemic profiles.

2.3.1. Acute toxicity

In order to establish the appropriate dose for the evaluation of
the in vivo antitumor activity in mice, the acute toxicity was as-
sessed after intraperitoneal (i.p.) administration of aza-gonio-
thalamin (2) and derivative 18. No evidence of acute toxicity
could be observed during the first 4 h after i.p. administration
of 50 and 100 mgkg™' of each compound, respectively, nor
during the following 15 days when the animals were kept
under observation. Acute administration of derivative 18 at
a dose of 150 mgkg™" promoted convulsion and decreased lo-
comotion, but no deaths were observed during the 15 days of
observation. Thus, the dose selected for all compounds was
50 mgkg™" in the Ehrlich ascitic tumor model, and doses were
30 mgkg™ of goniothalamin (1) and aza-goniothalamin (2)
and 40 mgkg™' of derivative 18 for the solid model. As a posi-
tive control, the chemotherapeutic 5-fluorouracil (5-FU) was
administered at 10 mgkg™"day™' by i.p. injection.

2.3.2. Goniothalamin (1) and aza-goniothalamin (2) inhibit in
vivo tumor growth

In the ascitic model, after seven days of daily treatment, gonio-
thalamin (1; 50 mgkg™, i.p.) inhibited Ehrlich ascitic tumor cell
proliferation by 83.8%. A comparable inhibition value was ob-
tained for the chemotherapeutic 5-FU (10 mgkg™, i.p.), which
inhibited Ehrlich ascitic tumor growth by 83.7%. Surprisingly
and contrary to the in vitro profile, treatment with aza-gonio-
thalamin (2; 50 mgkg™ i.p.) was able to inhibit tumor cell pro-
liferation by 77.7%, whereas treatment with derivative 18
(50 mgkg™', i.p.) inhibited proliferation by only 42.9% (Fig-
ure 8A).

In view of its remarkable in vivo antitumor activity, one
could suggest that aza-goniothalamin (2) might be metabo-
lized or undergo conjugation at the lactam nitrogen atom,
which would change the electronic profile of the o,f-unsatu-
rated system and favor the antitumor activity. Conversely, de-
rivative 18 exhibited an unexpected lower in vivo antitumor
activity, even though the treatments were conducted at the
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same site of inoculation (intraperitoneally), which should facili-
tate the action of the compound.

To evaluate the systemic activity of the compounds, we per-
formed the Ehrlich solid tumor model, in which cells were ino-
culated subcutaneously and treatments were conducted in the
peritoneum. In this model, the treatment period was longer
(15 days), and in view of the results obtained in the ascitic
model, the selected doses were 30 mgkg™' for compounds
1 and 2 and 40 mgkg™' for compound 18 for the solid model.
Treatments were conducted daily for 15 days, by the intraperi-
toneal route.

In agreement with the results obtained in the Ehrlich ascitic
tumor model, treatment with goniothalamin (1), aza-goniotha-
lamin (2), and 5-FU inhibited tumor growth by 58.6, 44.9, and
57.2%, respectively, with statistical difference relative to the
negative control (vehicle) but no statistical difference between
them (Figure 8B). Treatment with derivative 18 (40 mgkg™)
failed to inhibit tumor growth, with only 11.9% of inhibition,
which confirmed its loss of activity in the in vivo models (Fig-
ure 8B). This loss of activity is not unprecedented in anticancer
research, because the antiproliferative activity in in vivo
models may not necessarily reflect the in vitro activity due to
the complex relationship between a tumor and its microenvir-
onment Moreover, solid tumors are heterogeneous and
complex structures: within these tumors are differences in pH
value, oxygen tension, and nutrient flow, which contribute for
the development of tumor resistance to chemotherapy, due to
an irregular distribution of the drug through the tissue.*

During the experiments, the animals were weighed and ob-
served for possible signs of toxicity. After 15 days of treatment,
no signs of toxicity or significant weight loss were observed in
animals treated with goniothalamin (1), aza-goniothalamin (2),
or 5-FU. However, animals treated with derivative 18 lost body
weight and had an increase in relative liver weight, which
could be a sign of toxicity (Figure 8C and D). Thus, in addition
to losing its activity when administered in vivo, derivative 18
seems to show signs of toxicity. On the other hand, aza-gonio-
thalamin (2) exhibited an in vivo antitumor activity profile simi-
lar to that of goniothalamin (1), without signs of toxicity being
observed. The Ehrlich tumor produces changes in the medul-
lary hematopoietic response of the host, such as anemia,
thymic depletion, immunosuppression, and granulocyte-de-
pendent leukocytosis.*® In the experiments performed, tumor
growth was responsible for a decrease in the number of leuko-
cytes (white blood cells, WBC) in all animals, with no differen-
ces between groups bearing Ehrlich tumors (see Figure S103 in
the Supporting Information).

The surprising results observed for the in vivo experiments
may be accounted for by the phase | biotransformations that
aza-goniothalamin (2) may undergo. Oxidation by enzymes
such as cytochrome P450 (CYP), flavine monooxygenase (FMO),
or monamine oxidase (MAO) may occur to produce a hyroxylat-
ed derivative of aza-goniothalamin; this product may then be
converted into the corresponding 2-pyridone derivative, which
is an important component of many pharmacological active
substances including some antitumor compounds such as
camptothecin®”’! and fredericamycin A,“® among others.
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Figure 8. In vivo antitumor activity of goniothalamin (1), aza-goniothalamin (2), and derivative 18 on Ehrlich tumors in mice. A) Ehrlich ascitic carcinoma:
Groups were treated daily (for seven days) by intraperitoneal (i.p.) injection with vehicle (phosphate-buffered saline, PBS), 5-fluorouracil (5-FU, 10 mgkg™), 1,
18, and 2 (50 mgkg™"). Significant antiproliferative activity was observed in animals treated with 5-FU, 1, and 2 (*p < 0.05), relative to that of the vehicle
group. B) Ehrlich solid tumor: Groups were treated daily (for 15 days) by i.p. injection with vehicle (PBS), 5-FU (10 mgkg™), 1 and 2 (30 mgkg™), and 18

(40 mgkg™). Significant antiproliferative activity was observed in animals treated with 5-FU and 1 (**p <0.01) or 2 (p < 0.05) relative to that of the vehicle
group. A significant difference was also observed between treatments with 1 (*/p <0.01) and 5-FU (*p < 0.05) relative to the results with 18. No antiprolifera-
tive activity was observed in animals treated with 18. C) Body weight variation of all groups during the Ehrlich solid tumor model: Animals treated with 18
(40 mgkg™") presented weight loss, which was statistically different from animals treated with the vehicle (%0 < 0.05), 2 (**p <0.01), and 1 (**p <0.001). D) Rel-
ative liver weight: Animals treated with 18 (40 mgkg ') presented an increase in relative liver weight, which may be indicative of toxicity. Values were statisti-
cally different from those with the vehicle (*/p <0.01) and the sham group (***p < 0.001). Statistical analysis by Tukey’s multiple comparison test and ANOVA.

The toxicity displayed by most available drugs in cancer che-
motherapy and radiotherapy is also a major challenge for the
development of new drugs that target higher therapeutic indi-
ces with selectivity for tumor cell lines.*¥ Thus, the absence of
signs of toxicity at effective doses of goniothalamin (1) and
aza-goniothalamin (2) is a positive indication for the continuity
of preclinical studies with these molecules.

3. Conclusions

In this work, the synthesis and SAR of a focused library of N-
acylated aza-goniothalamin derivatives and the in vitro evalua-
tion of the compounds against a panel of eight human cancer
cell lines was described. As we anticipated, N-acylation of aza-
goniothalamin (2) restored the in vitro antiproliferative activity
of this family of compounds, which once again confirmed the
importance of the Michael acceptor core for the cytotoxic ac-
tivity of goniothalamin (1) and related compounds. Moreover,
the presence of methoxy groups at specific positions in the ar-
omatic ring of the styryl side chain significantly enhanced the
antiproliferative activity and led to more potent derivatives. In-
terestingly, derivative 18, bearing a second Michael acceptor
unit, was more potent than the parent molecule and resulted
in low TGI values for most of the tumor cell lines evaluated.
This could be a consequence of its double Michael acceptor
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ability in the biological system, as verified by NMR studies with
GSH as a representative thiol nucleophile. Owing to the higher
potency of derivative 18, this compound was selected for pre-
liminary mechanistic studies on the PC-3 prostate tumor cell
line. Goniothalamin (1) and derivative 18 led to ROS genera-
tion in PC-3 cells, which probably signals for caspase-depen-
dent apoptosis. Both molecules might interact with gluta-
thione and, thereby, stabilize the intrinsic mechanisms of ROS
scavenging. Treatment with derivative 18 also led to G,/M cell-
cycle arrest, which can be directly related to cell death or rep-
resents an additional antiproliferative mechanism. The in vivo
studies in the Ehrlich ascitic and solid tumor models in mice
confirmed the antitumor activity of goniothalamin (1), without
signs of toxicity. Surprisingly and contrary to its in vitro profile,
aza-goniothalamin (2) inhibited Ehrlich tumor cell proliferation,
both in the ascitic and solid forms, which may be due to an in
vivo metabolism that favors its activity. Derivative 18 exhibited
an unexpectedly lower in vivo antitumor activity, despite the
treatments being conducted at the same site of inoculation
(i.p. administration) in the ascitic model. In summary, the ab-
sence of signs of toxicity at effective doses of goniothalamin
(1) and its aza analogue 2 is a positive indication for the con-
tinuity of preclinical studies with these molecules. Further in
vivo studies approaching the pharmacokinetics of aza-gonio-
thalamin (2) will be conducted to unveil the mechanism of its
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unexpected in vivo activation. Our findings also highlight the
importance of in vivo studies in the search for new candidates
for cancer treatment.

Experimental Section
Chemistry

General procedures: Reagents and solvents were commercial
grade and were used as supplied, except when specified in the ex-
perimental procedure. Et;N and CH,Cl, were distilled from calcium
hydride, and THF was distilled from Na/benzophenone. Reactions
were monitored by TLC analysis with Merck silica gel 60 F-254 thin
layer plates. Flash column chromatography was performed on
Acros silica gel 60 (0.040-0.063 mm). 'HNMR and “CNMR data
were recorded on Bruker Avance (250 MHz for 'H and 62.9 MHz for
3C NMR spectroscopy) spectrometers by using as an internal stan-
dard the residual nondeuterated solvent (CHCl;) or tetramethylsi-
lane ("H NMR spectroscopy). Data are reported as follows: chemical
shift (d) in ppm, multiplicity (s: singlet, d: doublet, t: triplet, q:
quartet, quint: quintet, sext: sextet, m: multiplet, br: broad signal,
app: apparent signal), coupling constant (J) in Hz, integration.
High-resolution mass spectra for novel compounds were measured
on a Waters XEVO Q-TOF spectrometer (ESI) or in a Waters GCT
Premier (El) spectrometer. Infrared spectra (IR) were obtained on
ABB Bomem MB Series B102, Thermo-Nicolet IR-200 or iS5 spec-
trometers, and absorptions are reported in reciprocal centimeters.
Melting points were recorded on an Electrothermal 9100 melting
point apparatus and were uncorrected. The purity of all final com-
pounds was higher than 95% and was determined by HPLC.

(E)-N-(But-3-enyl)but-2-enamide (8): Et;N (2.0 equiv; 7.5 mmol;
1.05 mL), catalytic DMAP, and crotonyl chloride (7; 1.2 equiv;
3.6 mmol; 376 mg) were added successively to a stirred solution of
3-butenylamine hydrochloride (6; 3.0 mmol; 323 mg) in anhydrous
dichloromethane (5.0 mL) at 0°C under a nitrogen atmosphere.
The reaction mixture was maintained at room temperature for 2 h
with stirring. After this period, CH,Cl, (50 mL) and a saturated
aqueous solution of sodium hydrogen carbonate (20 mL) were
added. The organic layer was separated and washed successively
with 3% HCl aqueous solution (20 mL) and 5% sodium hydrogen
carbonate aqueous solution (20 mL). The organic layer was dried
over anhydrous sodium sulfate, filtered, and concentrated under
reduced pressure. The crude residue was purified by flash column
chromatography (hexanes/ethyl acetate, 1:1 v/v) to give the corre-
sponding amide 8 in 79% yield, as a colorless viscous oil. IR (thin
film): 7=3285, 3079, 2917, 1672, 1630, 1550, 1445, 1340, 1289,
1231, 968, 913 cm™'; "TH NMR (250 MHz, CDCl,): 6=6.80 (sext, J=
6.8 Hz, 1H), 6.63 (brs, 1H), 5.90 (dd, J=15.2, 1.4 Hz, 1H), 5.83-5.69
(m, TH), 5.09 (d, J=11.4Hz, 1H), 5.03 (d, J/=3.6Hz, 1H), 3.36 (q,
J=6.8 Hz, 2H), 2.28 (q, /=6.8 Hz, 2H), 1.83 ppm (dd, /=6.8, 1.2 Hz,
3H); *CNMR (62.9 MHz, CDCl,): 6=166.1 (C,), 138.9 (CH), 135.1
(CH), 125.2 (CH), 116.6 (CH,), 38.4 (CH,), 33.5 (CH,), 17.4 ppm (CH.);
HRMS (ESI+): m/z caled for CH,,NO [M+H"]: 140.1075; found:
140.1118.

5,6-Dihydropyridin-2(1 H)-one (9): Grubbs second-generation cata-
lyst (2.5 mol%; 0.03 mmol; 25 mg) was added to a solution of
amide 8 (1.19 mmol; 165 mg) in dry CH,Cl, (120 mL) with heating
at reflux and magnetic stirring. After 2 h under these conditions,
the reaction was allowed to cool to room temperature, and the
solvent was removed under reduced pressure. The residue ob-
tained was subjected to flash column chromatography (ethyl ace-
tate with 1% Et;N v/v) to afford the corresponding lactam 9 in
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94% yield, as a light brown viscous oil, which solidified after stand-
ing. IR (thin film): 7=3216, 3053, 2934, 1664, 1606, 1489, 1425,
1339, 1313, 1138, 810cm™'; 'TH NMR (250 MHz, CDCl;): 6 =7.46
(brs, 1H), 6.68-6.64 (m, 1H), 5.88 (d, J=9.9 Hz, 1H), 3.45-3.39 (m,
2H), 2.35-2.33 ppm (m, 2H); *C NMR (62.9 MHz, CDCl,): 6 =166.5
(Co), 141.2 (CH), 1244 (CH), 39.0 (CH,), 23.4 ppm (CH,); HRMS
(ESI+): m/z calcd for CsHgNO [M+H™1: 98.0606; found: 98.0641.

(E)-3-(3,4,5-Trimethoxyphenyl)acrylic acid (12): A solution of
3,4,5-trimethoxybenzaldehyde (10; 51.0 mmol; 10.0 g), malonic
acid (11; 2.18 equiv; 111.2 mmol; 11.6g) in anhydrous pyridine
(5.7 equiv; 291.0 mmol; 24 mL), and anhydrous piperidine
(0.2 equiv; 10.2 mmol; 1.0 mL) was heated at reflux for 2 h. After
cooling to room temperature, the reaction mixture was added to
an aqueous solution of hydrogen chloride 5% (500 mL), chilled,
and filtered under reduced pressure. The precipitate was dissolved
in ethyl acetate (350 mL) and washed with water (2x100 mL). The
organic layer was dried over anhydrous sodium sulfate, filtered,
and concentrated under reduced pressure. The crude residue was
purified by flash column chromatography (hexanes/ethyl acetate,
1:1 v/v) to afford the trans-3,4,5-trimethoxycinnamic acid (12) in
87 % yield, as a white solid; mp: 127.0-129.0°C; IR (thin film): 7=
3350-2500, 3106, 3005, 2948, 2839, 1689, 1626, 1584, 1504, 1455,
1397, 1341, 1285, 1247, 1203, 1120, 998, 828 cm'; 'H NMR
(250 MHz, CDCl;): 6=11.5 (brs, 1H), 7.70 (d, J=15.8 Hz, 1H), 6.77
(s, 2H), 635 (d, J=15.8Hz, 1H), 3.88ppm (s, 9H); “CNMR
(62.9 MHz, CDCly): 6=172.5 (Cy), 153.4 (2xGC,), 147.0 (CH), 140.5
(Cp), 1294 (Cy), 116.4 (CH), 105.5 (2xCH), 60.9 (OCH,), 56.1 ppm
(2xOCHs); HRMS (ESI+): m/z caled for C,,H;s05 [M+H*1: 239.0919;
found: 239.0984.

(E)-1-(3-(3,4,5-Trimethoxyphenyl)acryloyl)-5,6-dihydropyridin-
2(1H)-one (piplartine; 3): Oxalyl chloride (1.2 equiv; 2.73 mmol;
0.24 mL) and catalytic DMF were added dropwise to a stirred solu-
tion of (E)-3-(3,4,5-trimethoxyphenyl)acrylic acid (12; 1.1 equiv;
2.27 mmol; 541 mg) in anhydrous dichloromethane (5.0 mL), at
0°C. The reaction was stirred while being slowly warmed to room
temperature for 2 h. After this period, the volatiles were removed
under reduced pressure, and the crude residue was dissolved in
anhydrous THF (10 mL). Anhydrous Et;N (2.0 equiv; 4.12 mmol;
0.58 mL) and catalytic DMAP were added to the solution, and the
mixture was stirred for 15 min at 0°C. Next, a solution of lactam 9
(1.0 equiv; 2.06 mmol; 200 mg) in anhydrous THF (10 mL) was care-
fully added, and the resulting solution was stirred at room temper-
ature for 40 h. After this period, the reaction mixture was diluted
with CH,Cl, (50 mL), washed successively with saturated ammoni-
um chloride aqueous solution (25 mL) and brine (25 mL), dried
over anhydrous sodium sulfate, filtered, and concentrated under
reduced pressure. The residue obtained was purified by flash
column chromatography (petroleum ether/ethyl acetate, 2:1, 1.5:1,
1:1 v/v) to afford piplartine (3) in 67% yield (white solid); mp:
125.0-127.0°C (lit.: 120.0-121.0°C, 122.2-122.6°C, 124.0°C, 123.0-
124.0°C, 128.0-130.0°C); IR (thin film): 7=2963, 2945, 2927, 2832,
1682, 1619, 1586, 1508, 1425, 1326, 1179, 1130, 1118, 1003, 963,
819 cm™'; 'TH NMR (250 MHz, CDCly): 6=7.62 (d, J=15.6 Hz, 1H),
7.38 (d, J=15.6 Hz, 1H), 6.93-6.86 (m, 1H), 6.76 (s, 2H), 5.99 (d, J=
9.7 Hz, 1H), 3.99 (t, J=6.5 Hz, 2H), 3.84 (s, 6H), 3.83 (s, 3H), 2.46-
2.40 ppm (m, 1H); C NMR (62.9 MHz, CDCl,): 5 =168.7 (C,), 165.7
(Co), 153.2 (2xCp), 145.4 (CH), 143.5 (CH), 139.8 (Cy), 130.5 (Cp),
125.6 (CH), 121.0 (CH), 105.3 (2xCH), 60.8 (OCH,), 56.0 (2xOCH,),
41.5 (CH,), 24.6 ppm (CH,); HRMS (ESI+): m/z calcd for C;;H,,NO;
[M+H"]: 318.1341: found: 318.1358.

General procedure for the N-acylation by using acyl chloride or
methyl chloroformate and LHMDS: A solution of LHMDS (1M in
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THF; 1.3 equiv; 0.65 mmol) was carefully added to a solution of the
lactams 2 or 26--31 (0.5 mmol; 100 mg) in anhydrous THF (3.8 mL),
at —78°C with magnetic stirring and under a nitrogen atmosphere.
After 15 min under these conditions, a solution of the appropriate
acyl chloride (2.0 equiv; 1.0 mmol) in anhydrous THF (1.2 mL) was
added dropwise. The reaction mixture was maintained at —78°C
for 1 h and then left standing at room temperature for 1 h. Next,
the mixture was diluted with ethyl acetate (30 mL) and washed
with a saturated sodium hydrogen carbonate aqueous solution
(20 mL). The layers were separated, and the aqueous layer was ex-
tracted twice with ethyl acetate (30 mL). The combined organic
layer was dried over anhydrous sodium sulfate, filtered, and con-
centrated under reduced pressure. The residue obtained was puri-
fied by flash column chromatography (by using the solvent indicat-
ed) to afford the N-acyl-aza-goniothalamin derivatives 13-16, 18,
19, and 32-37.

(E)-Methyl 2-oxo-6-styryl-5,6-dihydropyridine-1(2 H)-carboxylate
(13): Prepared according to the general procedure for the N-acyla-
tion by using methyl chloroformate and LHMDS in 98% yield
(white solid). Eluent: hexanes/ethyl acetate, 1:1, 1:2 v/v; mp: 94.0-
95.0°C; IR (thin film): 7=2953, 2922, 2850, 1711, 1697, 1437, 1393,
1287, 1233, 1132, 1085, 967, 952, 813, 757, 698 cm™'; 'H NMR
(250 MHz, CDCly): 6=7.35-7.21 (m, 5H), 6.69 (t, J=7.7 Hz, 1H),
6.54 (d, J=15.9 Hz, 1H), 6.23 (dd, J=15.9, 6.1 Hz, 1H), 6.03 (dd, J=
9.8, 2.6 Hz, 1H), 531 (t, J=4.2 Hz, 1H), 3.90 (s, 3H), 2.97-2.87 (m,
1H), 2.50 ppm (dd, J=18.4, 6.3 Hz, 1H); *C NMR (62.9 MHz, CDCl,):
0=162.8 (Cy), 154.6 (Cp), 141.1 (CH), 135.8 (Cy), 132.0 (CH), 128.5
(2xCH), 127.9 (CH), 126.5 (CH), 1264 (2xCH), 125.8 (CH), 55.2
(OCH;), 53.9 (CH), 29.7 ppm (CH,); HRMS (ESI+): m/z calcd for
Cy5H16NO; [M+H™]: 258.1130; found: 258.1186.

(E)-1-Acetyl-6-styryl-5,6-dihydropyridin-2(1 H)-one (14): Prepared
according to the general procedure for the N-acylation by using
acetyl chloride and LHMDS in 85% yield (white solid). Eluent: hex-
anes/ethyl acetate, 2:1 v/v; mp: 90.0-92.0°C; IR (thin film): 7=
2918, 1694, 1682, 1632, 1393, 1369, 1352, 1232, 1140, 1021, 966,
819, 703cm™"; 'THNMR (250 MHz, CDCly): 6=7.35-7.19 (m, 5H),
6.79 (t, J=79Hz, 1H), 6.49 (d, /=159 Hz, 1H), 6.19 (dd, J=15.9,
6.2 Hz, TH), 6.05 (dd, /=9.8, 2.8 Hz, TH), 5.63 (t, J=6.2 Hz, TH),
2.91-2.78 (m, 1H), 2.61 (s, 3H), 2.54 ppm (dd, /=19.2, 6.8 Hz, 1H);
BCNMR (62.9 MHz, CDCly): 6=172.7 (Co), 164.9 (Co), 142.4 (CH),
136.0 (Cy), 132.0 (CH), 128.5 (2xCH), 127.8 (CH), 126.6 (CH), 126.4
(2xCH), 125.7 (CH), 51.9 (CH), 29.6 (CH,), 27.5 ppm (CH,); HRMS
(ESI+): m/z caled for C;sH,sNNaO, [M-+Na'l: 264.0995; found:
264.0968.

(E)-1-(2-Bromoacetyl)-6-styryl-5,6-dihydropyridin-2(1 H)-one (15):
Prepared according to the general procedure for the N-acylation
by using 2-bromoacetyl chloride and LHMDS in 58% yield (orange
solid). Eluent: hexanes/ethyl acetate, 3:1 v/v; mp: 126.0-128.0°C;
IR (thin film): 7=3057, 2950, 2923, 1703, 1674, 1609, 1448, 1414,
1329, 1318, 1176, 1128, 1027, 964, 819, 810, 756, 696 cm™'; 'H NMR
(250 MHz, CDCly): 6=7.40-7.20 (m, 5H), 6.85 (t, J=7.5Hz, 1H),
6.54 (d, J=15.9 Hz, 1H), 6.18 (dd, J/=15.9, 6.3 Hz, TH), 6.07 (dd, J=
9.7, 2.7 Hz, 1H), 5.78 (t, J=6.3 Hz, 1H), 4.64 (d, J=1.5Hz, 2H),
2.97-2.82 (m, 1H), 2.56 ppm (dd, J=18.8, 6.2 Hz, 1H); *C NMR
(62.9 MHz, CDCL,): 6=168.5 (Cp), 164.5 (C,), 143.4 (CH), 135.7 (Cy),
132.8 (CH), 128.5 (2xCH), 128.1 (CH), 126.5 (2xCH), 125.5 (CH),
125.0 (CH), 53.3 (CH), 33.5 (CH,), 29.6 ppm (CH,); HRMS (El): m/z
caled for Ci5H,,NO, [M* —Br7: 240.1019; found: 240.0993.

(E)-1-(2-Chloroacetyl)-6-styryl-5,6-dihydropyridin-2(1 H)-one (16):
Prepared according to the general procedure for the N-acylation
by using 2-chloroacetyl chloride and LHMDS in 68% yield (white
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solid). Eluent: hexanes/ethyl acetate, 3:1 v/v; mp: 107.7-109.5°C;
IR (thin film): 7=3027, 2972, 1692, 1683, 1393, 1354, 1333, 1320,
1205, 1142, 1035, 967, 822 cm™'; '"HNMR (250 MHz, CDCly): 6 =
7.38-7.20 (m, 5H), 6.91-6.77 (m, 1H), 6.54 (dd, J=15.0, 2.5 Hz, 1H),
6.18 (dd, J=15.0, 7.5 Hz, 1H), 6.06 (dd, J=10.0, 2.5 Hz, 1H), 5.59
(td, J/=7.5, 2.5 Hz, 1H), 4.81 (q, J=17.5 Hz, 2H), 2.87 (ddt, J=18.8,
6.5, 2.5Hz, 1H), 256 ppm (dd, J=188, 62 Hz, TH); '*CNMR
(62.9 MHz, CDCly): 6=168.9 (Cp), 164.5 (Cy), 143.5 (CH), 135.7 (Cy),
132.9 (CH), 128.5 (2xCH), 128.0 (CH), 126.5 (2xCH), 125.4 (CH),
124.9 (CH), 53.2 (CH), 47.4 (CH,), 29.5 ppm (CH,); HRMS (El): m/z
calcd for C;sH,,NO, [M*—CI'1: 240.1019; found: 240.0997.

1-(E)-But-2-enoyl-6-styryl-5,6-dihydropyridin-2(1 H)-one (18): Pre-
pared according to the general procedure for the N-acylation by
using crotonyl chloride and LHMDS in 82% yield (light yellow
solid). Eluent: hexanes/ethyl acetate, 3:1 v/v; mp: 89.0-91.0°C; IR
(thin film): 7=3034, 2983, 2917, 2850, 1684, 1670, 1630, 1388,
1358, 1325, 1197, 1141, 969, 812, 755, 696 cm™"; 'H NMR (250 MHz,
CDCly): 6=7.34-7.14 (m, 5H), 7.11-6.93 (m, 1H), 6.86 (dd, J=17.5,
2.5Hz, 1H), 6.75-6.64 (m, 1H), 6.45 (d, J/=15.0 Hz, 1H), 6.15 (dd,
J=15.0, 5.0Hz, 1H), 598 (dd, /=10.0, 25Hz, 1H), 546 (t, J=
50Hz 1H), 2.85-2.67 (m, TH), 246 (dd, J=17.5, 5.0Hz, 1H),
139 ppm (dd, J=7.5, 2.5 Hz, 3H); *C NMR (62.9 MHz, CDCl,): 6 =
167.9 (Cp), 164.9 (Cy), 143.2 (CH), 142.4 (CH), 135.8 (Cp), 131.5 (CH),
128.2 (2xCH), 127.5 (CH), 126.7 (CH), 126.2 (2xCH), 125.9 (CH),
125.4 (CH), 52.4 (CH), 29.5 (CH,), 18.0 ppm (CH;); HRMS (ESI+): m/z
calcd for C;;H,sNO, [M+H*1: 268.1338; found: 268.1388.

1-Cinnamoyl-6-styryl-5,6-dihydropyridin-2(1 H)-one  (19):  Pre-
pared according to the general procedure for the N-acylation by
using cinnamoyl chloride and LHMDS in 67% yield (light yellow
solid). The cinnamoyl chloride was prepared from dropwise addi-
tion of oxalyl chloride (3.89 equiv) to a solution of cinnamic acid
(1.0 equiv) in anhydrous dichloromethane (0.3m) and DMF
(1 drop). After concentration to dryness, the crude product was
used directly in the next reaction. Eluent: hexanes/ethyl acetate,
4:1, 3:1 v/v; mp: 105.7-106.5°C; IR (thin film): ¥=3058, 2921, 2851,
1688, 1671, 1624, 1576, 1394, 1333, 1202, 1142, 965, 819, 761,
753 cm™"; "TH NMR (250 MHz, CDCly): 6=7.78 (d, J=15.6 Hz, 1H),
7.57-7.51 (m, 3H), 7.37-7.18 (m, 8H), 6.78 (t, J/=7.4 Hz, 1H), 6.53
(d, J=15.9 Hz, 1H), 6.22 (dd, J=15.9, 5.9 Hz, TH), 6.06 (dd, J=9.8,
2.6 Hz, 1H), 5.59 (t, J=59Hz, TH), 2.92-2.82 (m, 1H), 2.55 ppm
(dd, J=18.7, 6.3 Hz, TH); *C NMR (62.9 MHz, CDCl,): 6 =168.4 (C,),
165.3 (C,p), 143.7 (CH), 142.6 (CH), 136.0 (Cy), 135.0 (Cp), 132.0 (CH
130.0 (CH), 128.7 (2xCH), 128.4 (2xCH), 128.2 (2xCH), 127.8 (CH
126.7 (CH), 126.5 (2xCH), 1258 (CH), 121.7 (CH), 52.8 (CH
29.8 ppm (CH,); HRMS (ESI+): m/z caled for C,,H,,NO, [M+H™
330.1494; found: 330.1482.

)
)
)
)
]

1-(E)-But-2-enoyl-6-(4-methoxystyryl)-5,6-dihydropyridin-2(1 H)-
one (32): Prepared according to the general procedure for the N-
acylation by using crotonyl chloride and LHMDS in 55 % yield (light
yellow solid). Eluent: hexanes/ethyl acetate, 2:1 v/v; mp: 105.0-
107.0°C; IR (thin film): ©#=2955, 2931, 2856, 2837, 1685, 1636,
1607, 1512, 1389, 1326, 1293, 1248, 1201, 1176, 1137, 1033, 964,
839, 816 cm™'; 'TH NMR (250 MHz, CDCly): 7.24 (d, /=8.7 Hz, 2H),
7.13-6.96 (m, 1H), 6.92-6.71 (m, 4H), 6.44 (d, J=159Hz, 1H),
6.12-5.97 (m, 2H), 549 (t, J=5.9 Hz, 1H), 3.77 (s, 3H), 2.92-2.76 (m,
1H), 251 (dd, J=18.6, 6.1 Hz, 1H), 1.97 ppm (dd, J=6.7, 1.0 Hz,
3H); ®C NMR (62.9 MHz, CDCl,): 6 =168.3 (C), 165.3 (C), 159.3 (Co),
143.6 (CH), 142.5 (CH), 131.4 (CH), 128.9 (Cy), 127.7 (2xCH), 126.1
(CH), 125.8 (CH), 124.5 (CH), 113.9 (2xCH), 55.2 (OCH,), 52.8 (CH),
30.0 (CH,), 18.3 ppm (CH;); HRMS (ESI+): m/z calcd for C;gH,,NO,
[M+H"]: 298.1443; found: 298.1412.
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1-(E)-But-2-enoyl-6-(2,4-dimethoxystyryl)-5,6-dihydropyridin-
2(1H)-one (33): Prepared according to the general procedure for
the N-acylation by using crotonyl chloride and LHMDS in 63%
yield (yellow solid). Eluent: hexanes/ethyl acetate, 2:1 v/v; mp:
87.5-89.0°C; IR (thin film): 7 =3045, 3005, 2969, 2926, 2848, 1680,
1638, 1604, 1507, 1395, 1330,1296, 1280, 1205, 1143, 1106, 1027,
966, 937, 834, 812 cm™'; '"HNMR (250 MHz, CDCl,): =7.24 (d, J=
7.5 Hz, 1H), 7.12-6.95 (m, 1H), 6.86 (dd, J/=15.0, 2.5 Hz, 1H), 6.81-
6.67 (m, 2H), 6.44-6.35 (m, 2H), 6.13 (dd, J=15.0, 7.5 Hz, 1H), 6.02
(dd, J/=10.0, 2.5 Hz, 1H), 548 (t, J=7.5Hz 1H), 3.77 (s, 6H), 2.89-
2.73 (m, 1H), 2.55 (dd, J=17.5, 7.5 Hz, 1H), 1.92 ppm (dd, J=7.5,
2.5 Hz, 3H); *CNMR (62.9 MHz, CDCl,): 6=168.3 (C,), 165.3 (C,),
160.5 (Cp), 157.9 (Cp), 143.3 (CH), 142.7 (CH), 127.8 (CH), 126.7 (CH),
126.2 (CH), 125.7 (CH), 125.0 (CH), 118.2 (C,), 104.6 (CH), 98.3 (CH),
55.4 (OCH;), 55.3 (OCH;), 53.3 (CH), 30.0 (CH,), 18.2 ppm (CH,);
HRMS (ESI+): m/z calcd for C;oH,,NO, [M+H*]: 328.1549; found:
328.1561.

1-(E)-But-2-enoyl-6-(3,4-dimethoxystyryl)-5,6-dihydropyridin-
2(1H)-one (34): Prepared according to the general procedure for
the N-acylation by using crotonyl chloride and LHMDS in 51%
yield (yellow oil). Eluent: hexanes/ethyl acetate, 2:1 v/v. IR (thin
film): #=2955, 2932, 2925, 2851, 1685, 1636, 1515, 1419, 1389,
1327, 1264, 1200, 1139, 1026, 963, 814, 766.cm'; 'HNMR
(250 MHz, CDCl,): 6=7.13-6.98 (m, 1H), 6.91-6.73 (m, 5H), 6.42 (d,
J=15.8 Hz, 1H), 6.12-5.99 (m, 2H), 5.50 (t, J=5.6 Hz, 1H), 3.86 (s,
3H), 3.85 (s, 3H), 2.93-2.77 (m, 1H), 2.54 (dd, J=18.8, 5.8 Hz, 1H),
1.93 ppm (dd, J=7.5, 2.5 Hz, 3H); *C NMR (62.9 MHz, CDCl,): 6 =
168.3 (Cp), 165.4 (Cp), 149.0 (Cp), 143.7 (CH), 142.6 (CH), 131.7 (CH),
129.2 (Cp), 126.1 (CH), 125.9 (CH), 124.8 (CH), 119.7 (CH), 111.0 (CH),
109.0 (CH), 55.9 (OCH;), 55.8 (OCH;), 52.8 (CH), 29.9 (CH,), 18.3 ppm
(CH,); HRMS (ESI+): m/z caled for C;gH,NO, [M+H™]: 328.1549;
found: 328.1561.

1-(E)-But-2-enoyl-6-(3,5-dimethoxystyryl)-5,6-dihydropyridin-
2(1H)-one (35): Prepared according to the general procedure for
the N-acylation by using crotonyl chloride and LHMDS in 70%
yield (white solid). Eluent: hexanes/ethyl acetate, 2:1 v/v; mp:
340°C (decomp.); IR (thin film): ¥=2960, 2922, 2851, 1684, 1592,
1389, 1327, 1294, 1203, 1152, 1136, 1091, 1066, 962, 809 cm';
'H NMR (250 MHz, CDCl;): 0=7.14-6.96 (m, 1H), 6.86 (dd, J=15.2,
1.2 Hz, 1H), 6.81-6.71 (m, 1H), 6.48-6.31 (m, 4H), 6.15 (dd, J=15.8,
5.7 Hz, 1H), 6.03 (dd, J=9.8, 2.7 Hz, 1H), 550 (t, J=5.6 Hz, TH),
3.76 (s, 6H), 2.92-2.75 (m, 1H), 253 (dd, J=18.6, 6.1 Hz, TH),
1.93 ppm (dd, J=6.6, 1.1 Hz, 3H); ®C NMR (62.9 MHz, CDCl,): 6 =
168.3 (Cp), 165.3 (C,), 160.8 (2xC,), 143.8 (CH), 142.5 (CH), 138.1
(Co), 131.9 (CH), 127.4 (CH), 126.1 (CH), 125.9 (CH), 104.5 (2xCH),
100.4 (CH), 55.3 (2xOCH,), 52.6 (CH), 29.8 (CH,), 18.3 ppm (CH,);
HRMS (ESI+): m/z calcd for C,oH,,NO, [M+H"]: 328.1549; found:
328.1561.

1-(E)-But-2-enoyl-6-(3,4,5-trimethoxystyryl)-5,6-dihydropyridin-

2(1H)-one (36): Prepared according to the general procedure for
the N-acylation by using crotonyl chloride and LHMDS in 78%
yield (white solid). Eluent: hexanes/ethyl acetate, 2:1 v/v; mp:
80.0-82.0°C; IR (thin film): 7=3002, 2928, 2860, 2827, 1690, 1676,
1583, 1508, 1421, 1390, 1325, 1242, 1195, 1125, 1007, 968 cm™';
'H NMR (250 MHz, CDCl3): 6 =7.13-6.96 (m, 1H), 6.92-6.73 (m, 2H),
6.42 (s, 2H), 6.44-6.33 (m, TH), 6.14-5.98 (m, 2H), 549 (t, J=7.5 Hz,
1H), 3.83 (s, 6H), 3.80 (s, 3H), 2.93-2.77 (m, TH), 2.54 (dd, J=17.5,
75Hz, 1H), 1.93ppm (d, J=7.5Hz, 3H); *CNMR (62.9 MHz,
CDCly): 6=168.2 (Cy), 165.3 (Cp), 153.2 (2xCy), 143.7 (CH), 1425
(CH), 138.0 (Cp), 131.8 (CH), 131.7 (CH), 126.2 (CH), 126.0 (CH), 125.8
(Co), 103.6 (2%xCH), 60.8 (OCH;), 56.0 (2xOCH;), 52.6 (CH), 29.8
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(CH,), 18.3 ppm (CH;); HRMS (ESI+): m/z calcd for C,oH,,NOs [M+
H*1: 358.1654; found: 358.1580.

1-(E)-But-2-enoyl-6-(2,4,5-trimethoxystyryl)-5,6-dihydropyridin-
2(1H)-one (37): Prepared according to the general procedure for
the N-acylation by using crotonoyl chloride and LHMDS in 53 %
yield (white solid). Eluent: hexanes/ethyl acetate, 2:1 v/v; mp:
121.0-122.4°C; IR (thin film): 7#=2955, 2926, 2846, 1684, 1637,
1508, 1464, 1440, 1390, 1324, 1291, 1206, 1136, 1097, 1032, 965,
868, 814cm™'; 'THNMR (250 MHz, CDCly): §=7.10-6.93 (m, 1H),
6.89-6.68 (m, 4H), 6.43 (s, 1H), 6.08 (dd, J=16.0, 6.2 Hz, 1H), 6.00
(dd, J=9.9, 2.5 Hz, 1H), 5.47 (t, J=5.9 Hz, TH), 3.83 (s, 3H), 3.80 (s,
3H), 3.75 (s, 3H), 2.89-2.73 (m, 1H), 2.54 (dd, J=18.5, 6.0 Hz, TH),
1.89 ppm (d, J=6.6 Hz, 3H); *CNMR (62.9 MHz, CDCl,): 6 =168.2
(Co), 165.3 (Cp), 151.5 (Cp), 149.6 (Cp), 143.3 (CH), 143.1 (Cp), 142.7
(CH), 126.4 (CH), 126.1 (CH), 125.7 (CH), 124.9 (CH), 116.8 (C,), 110.0
(CH), 97.6 (CH), 56.5 (OCH;), 56.4 (OCH,), 55.9 (OCH,), 53.2 (CH),
29.9 (CH,), 18.2 ppm (CH5); HRMS (ESI+): m/z calcd for C,oH,4NO;
[M+H™"]: 358.1654; found: 358.1580.

General procedure for the N-acylation by using mixed anhy-
dride and LHMDS: Et;N (1.6 equiv; 3.2 mmol; 0.45 mL) and pivalo-
yl chloride (1.2 equiv; 2.4 mmol; 296 ulL) were added to a stirred
solution of the carboxylic acid of interest (for preparation, see the
Supporting Information; 1.2 equiv; 2.4 mmol) in anhydrous THF
(20.0 mL), at 0°C under a nitrogen atmosphere. After 30 min under
these conditions, a solution of the lithium salt (the lithium salt was
prepared from the addition of LHMDS (1m in THF; 1.3 equiv;
2.6 mmol; 2.6 mL) to a stirred solution of the aza-goniothalamin (2;
1.0 equiv; 2.0 mmol) in anhydrous THF (15 mL) at 0°C. The reaction
mixture was maintained under these conditions for 15 min.) was
added through a cannula. After 1 h at 0°C, the cooling bath was
removed, and the reaction mixture was stirred at room tempera-
ture for 1h. Next, the mixture was diluted with ethyl acetate
(50 mL) and washed with a saturated aqueous solution of sodium
hydrogen carbonate (40 mL). The layers were separated, and the
aqueous layer was extracted twice with ethyl acetate (50 mL). The
combined organic layer was dried over anhydrous sodium sulfate,
filtered, and concentrated under reduced pressure. The residue ob-
tained was purified by flash column chromatography (by using the
solvent indicated) to afford the N-acyl-aza-goniothalamin ana-
logues 17 and 20-22.

(E)-1-Acryloyl-6-styryl-5,6-dihydropyridin-2(1 H)-one  (17): Pre-
pared according to the general procedure for the N-acylation by
using mixed anhydride and LHMDS in 53% yield (white solid).
Eluent: hexanes/ethyl acetate, 3:1, 2:1 v/v; mp: 98.0-99.7°C; IR
(thin film): 7=2955, 2922, 2852, 1686, 1672, 1628, 1615, 1391,
1351, 1210, 1140, 966, 821, 793, 757, 697 cm™'; "H NMR (250 MHz,
CDCly): 6=7.34-7.19 (m, 5H), 7.08 (dd, J=17.0, 10.4 Hz, 1H), 6.81
(t, J=8.0Hz, 1H), 6.52 (d, J=16.0 Hz, TH), 6.41 (d, J=17.0 Hz, 1H),
6.20 (dd, J=16.0, 6.0 Hz, 1H), 6.05 (dd, J/=9.6, 2.6 Hz, 1H), 5.77 (d,
J=104Hz, 1H), 553 (t, J=58Hz, TH), 2.94-284 (m, 1H),
2.56 ppm (dd, J=18.6, 6.2 Hz, TH); *C NMR (62.9 MHz, CDCl,): 6 =
168.3 (Cy), 165.0 (Cy), 142.9 (CH), 136.0 (Cp), 132.1 (CH), 131.5 (CH),
1286 (CH,), 1285 (2xCH), 1279 (CH), 126.5 (2xCH), 126.4
(CH),125.5 (CH), 52.8 (CH), 29.8 ppm (CH,); HRMS (ESI+): m/z calcd
for CygH,gNO, [M+H*]: 254.1181; found: 254.1239.

1-((E)-3-(3,4-Bis(tert-butyldimethylsilyloxy)phenyl)acryloyl)-6-

styryl-5,6-dihydropyridin-2(1 H)-one (20): Prepared according to
the general procedure for the N-acylation by using mixed anhy-
dride and LHMDS in 74 % yield (white solid). Eluent: hexanes/ethyl
acetate, 3:1 v/v; mp: 144.0-146.0°C; IR (thin film): ¥=2956, 2930,
2893, 2858, 1676, 1622, 1598, 1508, 1392, 1336, 1292, 1253, 1198,
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1169, 1136, 984, 917, 839, 824, 786, 688, 668 cm '; 'H NMR
(250 MHz, CDCly): 6=7.71 (d, J=15.6 Hz, 1H), 7.43 (d, J=15.6 Hz,
1H), 7.37-7.20 (m, 5H), 7.16-7.07 (m, 2H), 6.83 (d, J=8.2 Hz, 1H),
6.81-6.72 (m, 1H), 6.54 (d, J=159Hz, 1H), 6.23 (dd, J=15.9,
5.8 Hz, 1H), 6.07 (dd, /=9.8, 2.5 Hz, 1H), 5.62 (t, J=5.6 Hz, 1H),
2.95-2.78 (m, 1H), 2.55 (dd, J/=18.6, 6.1 Hz, 1H), 1.02 (s, 9H), 1.01
(s, 9H), 0.24 ppm (brs, 12H); *C NMR (62.9 MHz, CDCl;): 6 =168.5
(Co), 165.2 (Cp), 149.1 (Cyp), 147.0 (Cp), 144.0 (CH), 142.3 (CH), 136.1
(Co), 131.9 (CH), 128.7 (Cy), 128.4 (2xCH), 127.7 (CH), 126.8 (CH),
126.4 (2xCH), 125.9 (CH), 122.0 (CH), 121.1 (CH), 121.1 (CH), 119.5
(CH), 52.7 (CH), 29.8 (CH,), 25.9 (3xCH,), 25.8 (3xCH;), 18.4 (Cy),
184 (Cp), —42ppm (4xCH;); HRMS (ESI+): m/z calcd for
Cy4H4gNO,SI, [IM+H™1: 590.3122; found: 590.3173.

(E)-1-(3-(3,4-Bis(tert-butyldimethylsilyloxy)phenyl)propanoyl)-6-
styryl-5,6-dihydropyridin-2(1 H)-one (21): Prepared according to
the general procedure for the N-acylation by using mixed anhy-
dride and LHMDS in 76% yield (white solid). Eluent: hexanes/ethyl
acetate, 3:1 v/v; mp: 91.5-93.0°C; IR (thin film): 7=2956, 2929,
2893, 2885, 2856, 1693, 1511, 1390, 1286, 1252, 1187, 1137, 976,
907, 839, 824, 781, 751, 695 cm™'; '"H NMR (250 MHz, CDCl,): 6=
7.37-7.20 (m, 5H), 6.80-6.67 (m, 4H), 6.50 (d, J/=15.8 Hz, TH), 6.19
(dd, J=15.8, 6.2 Hz, 1H), 6.03 (dd, J=9.8, 2.5 Hz, 1H), 5.60 (t, J=
5.8Hz, 1H), 3.45-3.29 (m, 1H), 3.27-3.10 (m, 1H), 3.04-2.70 (m,
3H), 2.50 (dd, /=18.6, 6.1 Hz, 1H), 1.01 (s, 18H), 0.22 (s, 6H),
0.21 ppm (s, 6H); *CNMR (62.9 MHz, CDCl,): §=175.1 (C,), 164.7
(Co), 146.4 (C,), 144.8 (Cp), 142.1 (CH), 136.0 (Cp), 134.1 (Cp), 132.0
(CH), 128.4 (2xCH), 127.8 (CH), 126.6 (CH), 126.4 (2xCH), 125.8
(CH), 121.3 (CH), 121.2 (CH), 120.7 (CH), 52.1 (CH), 41.0 (CH,), 30.3
(CH,), 296 (CH,), 259 (6xCH,), 183 (2xCy), —4.2 (2xCH,),
—4.2 ppm (2xCH,); HRMS (ESI+): m/z calcd for C3,HsoNO,Si, [M+
H*]: 592.3278; found: 592.3361.

1-((E)-3-(4-(tert-Butyldimethylsilyloxy)-3-methoxyphenyl)acrylo-
yl)-6-styryl-5,6-dihydropyridin-2(1 H)-one (22): Prepared accord-
ing to the general procedure for the N-acylation by using mixed
anhydride and LHMDS in 77 % yield (yellow solid). Eluent: hexanes/
ethyl acetate, 3:1 v/v; mp: 145.0-147.0°C; IR (thin film): 7=2953,
2934, 2893, 2860, 1686, 1508, 1396, 1339, 1285, 1256, 1198, 1162,
1036, 964, 918, 904, 840, 825, 781, 754, 696 cm™'; 'H NMR
(250 MHz, CDCly): 6=7.74 (d, J=15.5Hz, 1H), 7.44 (d, J=15.5 Hz,
1H), 7.37-7.18 (m, 5H), 7.14-7.04 (m, 2H), 6.84 (d, J=8.6 Hz, TH),
6.81-6.74 (m, 1H), 6.54 (d, J=16.0Hz, 1H), 6.23 (dd, J=16.0,
5.8Hz, 1H), 6.08 (dd, /=9.8, 2.7 Hz, TH), 5.61 (t, J=5.7 Hz, TH),
3.84 (s, 3H), 2.98-2.81 (m, 1H), 2.55 (dd, J=19.1, 6.5 Hz, TH), 1.00
(s, 9H), 0.17 ppm (s, 6H); *C NMR (62.9 MHz, CDCl,): 5 =168.5 (C,),
165.4 (Cp), 151.1 (Cp), 147.4 (Cp), 1444 (CH), 1424 (CH), 136.1 (Cy),
132.0 (CH), 129.0 (Cy), 128.5 (2xCH), 127.8 (CH), 126.9 (CH), 126.5
(2xCH), 126.0 (CH), 122.6 (CH), 121.0 (CH), 119.5 (CH), 111.1 (CH),
554 (OCH,), 52.8 (CH), 29.9 (CH,), 25.6 (3xCH,), 184 (C,),
—4.6 ppm (2XCH;); HRMS (ESI+): m/z calcd for C,0H;(NO,Si M+
H*1: 490.2414; found: 490.2460.

General procedure for the deprotection by using HF-pyridine:
For the deprotection of the intermediates 20-22 containing a TBS
group, a freshly prepared solution of HF-pyridine in anhydrous pyr-
idine/anhydrous THF (27.0 mL of THF, 6.8 mL of pyridine, and
3.2 mL of HF-pyridine, 70:30) was added to a solution of the TBS-
protected lactams (0.5 mmol) in anhydrous THF (3.0 mL), at 0°C
and under a nitrogen atmosphere. The resulting solution was
maintained with magnetic stirring for 2 h, and after this period,
a saturated aqueous solution of sodium hydrogen carbonate was
added until pH~6 was reached (150 mL). The reaction mixture
was extracted with ethyl acetate (3x70 mL), and the organic layer
was washed with water (40 mL) and brine (40 mL), dried over an-
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hydrous magnesium sulfate, filtered, and concentrated to dryness.
The crude residue was purified by flash column chromatography
(by using the indicated solvent) to give phenolic aza-goniothala-
min analogues 23-25.

1-((E)-3-(3,4-Dihydroxyphenyl)acryloyl)-6-styryl-5,6-dihydropyri-
din-2(1 H)-one (23): Prepared according to the general procedure
for the deprotection reaction by using hydrogen fluoride pyridine
complex in 83% yield (yellow solid). Eluent: hexanes/ethyl acetate,
1:2 v/v; mp: 178.0-180.0°C; IR (thin film): #=3330, 1675, 1660,
1590, 1529, 1391, 1367, 1304, 1278, 1201, 1184, 1144, 1109, 1045,
966, 820, 742, 690 cm™"; 'H NMR (250 MHz, [Dg]acetone): 6 =8.28
(brs, 1H), 7.60 (d, J=15.6 Hz, 1H), 7.46-7.35 (m, 3H), 7.34-7.19 (m,
3H), 7.17 (d, J=1.8 Hz, 1H), 7.03 (dd, J=8.2, 1.8 Hz, 1H), 6.98-6.85
(m, 2H), 6.50 (d, J=16.0Hz, 1H), 6.37 (dd, J=16.0, 5.0 Hz, 1H),
5.99 (dd, J=9.7, 2.7 Hz, 1H), 5.55 (t, J/=5.0 Hz, 1H), 3.09-2.87 (m,
2H), 2.69ppm (dd, /=187, 6.1Hz, TH); CNMR (62.9 MHz,
[D¢lacetone): 6=168.9 (Cy), 166.2 (Cy), 148.6 (Cy), 146.3 (Cp), 144.4
(CH), 144.1 (CH), 137.5 (Cy), 131.9 (CH), 129.5 (2xCH), 129.2 (CH),
128.6 (CH), 127.3 (2xCH), 126.2 (CH), 122.7 (CH), 120.2 (CH), 116.5
(CH), 115.1 (CH), 53.7 (CH), 30.4 ppm (CH,); HRMS (ESI +): m/z calcd
for C,,H,,NO, [IM+H™1: 362.1392; found: 362.1457.

(E)-1-(3-(3,4-Dihydroxyphenyl)propanoyl)-6-styryl-5,6-dihydro-
pyridin-2(1 H)-one (24): Prepared according to the general proce-
dure for the deprotection reaction by using hydrogen fluoride pyri-
dine complex in 80% yield (white solid). Eluent: hexanes/ethyl ace-
tate, 1:2 v/v; mp: 156.0-158.0°C; IR (thin film): ¥=3500, 3190,
1704, 1669, 1623, 1523, 1401, 1252, 1184, 1150, 1115, 827, 813, 739,
688 cm™'; "H NMR (250 MHz, [D4lacetone): 6=7.66 (s, 1H), 7.42-
7.15 (m, 5H), 6.94-6.81 (m, 1H), 6.79-6.66 (m, 2H), 6.58 (dd, /=7.5,
2.5 Hz, 1H), 6.45 (d, J=16.0 Hz, 1H), 6.32 (dd, J=16.0, 5.0 Hz, 1H),
5.94 (dd, J=10.0, 2.5 Hz, 1H), 5.55 (t, J=5.0 Hz, 1H), 3.36-3.03 (m,
2H), 2.97-2.76 (m, 3H), 2.63 ppm (dd, J=20.0, 5.0 Hz, 1H); *C NMR
(62.9 MHz, [D¢lacetone): 6 =175.6 (Cy), 165.7 (C,), 145.8 (Cp), 144.2
(CH), 137.5 (Cy), 134.0 (Cp), 131.9 (CH), 129.5 (2xCH), 129.0 (CH),
128.6 (CH), 127.3 (2xCH), 126.2 (CH), 120.6 (CH), 116.4 (CH), 116.1
(CH), 53.1 (CH), 42.0 (CH,), 314 (CH,), 293 ppm (CH,); HRMS
(ESI+): m/z caled for Cy,H,,NO, [M-+H']: 364.1549; found:
364.1566.

1-((E)-3-(4-Hydroxy-3-methoxyphenyl)acryloyl)-6-styryl-5,6-dihy-
dropyridin-2(1 H)-one (25): Prepared according to the general pro-
cedure for the deprotection reaction by using hydrogen fluoride
pyridine complex in 94% yield (yellow solid). Eluent: hexanes/ethyl
acetate, 1:2 v/v; mp: 144.0-146.0°C; IR (thin film): 7=3303, 1668,
1615, 1592, 1514, 1429, 1407, 1292, 1270, 1205, 1145, 1125, 1030,
999, 962, 826, 818, 741 cm™"; '"H NMR (250 MHz, CDCl,): 7.74 (d, J=
15.0 Hz, 1H), 7.44 (d, J=15.0 Hz, 1H), 7.37-7.19 (m, 5H), 7.16-7.06
(m, 2H), 691 (d, J=7.5Hz, 1H), 6.86-6.74 (m,1H), 6.54 (d, J=
16.0 Hz, 1H), 6.24 (dd, /=16.0, 7.5 Hz, 1H), 6.14-5.99 (m, 2H), 5.61
(t, J=7.5Hz, 1H), 3.91 (s, 3H), 2.97-2.82 (m, 1H), 2.57 ppm (dd, J=
17.5, 7.5 Hz, 1H); *CNMR (62.9 MHz, CDCl;): 5=168.5 (C,), 165.5
(Co), 147.9 (C,), 146.7 (C), 144.4 (CH), 142.5 (CH), 136.1 (C,), 132.0
(CH), 128.5 (2xCH), 127.8 (CH), 127.7 (Cy), 126.9 (CH), 126.5 (2%
CH), 125.9 (CH), 123.5 (CH), 119.1 (CH), 114.6 (CH), 109.6 (CH), 55.9
(OCH;), 52.8 (CH), 29.9 ppm (CH,); HRMS (ESI+): m/z calcd for
Cy3Hx,NO, [M +H™1: 376.1549; found: 376.1606.

Biological assays
In vitro assays

Cell lines: Human tumor U251 (glioma), MCF-7 (breast), NCI-H460
(lung, non-small cells), HT-29 (colon), PC-3 (prostate), 786-0
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(kidney), NCI-ADR/RES (ovarian expressing multiple drugs resist-
ance phenotype), and OVCAR-3 (ovary) cell lines were obtained
from the National Cancer Institute at Frederick, MA, USA. The non-
tumor HaCat (human keratinocytes) cell line was donated by Prof.
Dr. Ricardo Della Coletta, FOP/UNICAMP.

Cell culture: Stock cultures were grown in Rosewell Park Memorial
Institute (RPMI) 1640 medium (GIBCO BRL) supplemented with 5%
fetal bovine serum (FBS; GIBCO), 100UmL™"' penicillin, and
100 pg mL ™' streptomycin at 37 °C with 5% CO,.

Antiproliferative assay: Cells in 96-well plates (100 puL cells/well)
were exposed to goniothalamin (1), aza-goniothalamin (2), piplar-
tine (3), or derivatives 13-19, 23-25, or 32-37 in concentrations of
0.25, 2.5, 25, and 250 ugmL~" in DMSO/RPMI at 37°C with 5% of
CO, in air for 48 h. Doxorubicin was used as a positive control
(0.025, 0.25, 2.5, and 25 pgmL™"). The final DMSO concentration
did not affect cell viability (0.1%). Afterwards, cells were fixed with
50% trichloroacetic acid, and cell proliferation was determined by
spectrophotometric quantification (540 nm) of the cellular protein
content by using the sulforhodamine B assay. The concentration
that produces total growth inhibition or cytostatic effect (TGI
value) was determined through nonlinear regression analysis by
using the concentration-response curve for each cell line in
ORIGIN 8.0 software (OriginLab Corporation). The results were ex-
pressed in uMm as the mean = the standard deviation.!"s*>*

Measurement of intracellular ROS production: Intracellular ROS
levels were measured by flow cytometry in cells loaded with the
redox-sensitive dye DCFH-DA (Sigma). Briefly, PC-3 cells were
washed with Hank’s buffered salt solution (HBSS) medium and in-
cubated in the dark for 30 min at 37°C with 10 um DCFH-DA. The
cells were then treated with 1 (20 um), 2 (20 um), and 18 (5 and
10 pum). After 1 h of treatment, cells were harvested and resuspend-
ed in the HBSS medium. Fluorescence was recorded on the FL-
1 channel of a Guava Easycyte Mini flow cytometer (Guava Tech-
nologies, Hayward, CA). The data were analyzed with the Cyto-
Soft 4.1 software in the Guava Express Pro program.

Measurement of phosphatidylserine externalization: Phosphatidylser-
ine externalization was analyzed by using a Guava Nexin assay kit
(Guava Technologies, Hayward, CA) in accordance with the manu-
facturer’s instructions. PC-3 cells were treated with 1 (20 um), 2
(20 um), and 18 (5 and 10 um) for 6, 15, 18, and 24 h. The cells
were then harvested and resuspended at a density of 1x10° cells
in 100 uL of supplemented medium. Binding buffer (100 mL) con-
taining Annexin V and 7-AAD was added to the cells and the reac-
tion was incubated in the dark for 20 min at room temperature.
The cells were then analyzed with a Guava Easycyte Mini flow cy-
tometer (Guava Technologies, Hayward, CA).

Measurement of multicaspase activation: Multicaspase activation
was analyzed by using a Guava Multicaspase assay kit (Guava Tech-
nologies, Hayward, CA) in accordance with the manufacturer’s in-
structions. PC-3 cells were treated with 1 (20 um), 2 (20 um), and
18 (5 and 10 um) for 18 and/or 24 h. Cells were harvested and re-
suspended at a density of 1x10° cells, and binding buffer contain-
ing sulforhodamine-valyl-alanyl-aspartyl-fluoromethylketone (SR-
VAD-FMK) was added to the cells (100 pL). The suspension was in-
cubated in the dark for 60 min at room temperature. After washing
and centrifugation cycles, the cells were incubated in 7-AAD buffer
for 10 min and analyzed with a Guava Easycyte Mini flow cytome-
ter (Guava Technologies, Hayward, CA).

Cell-cycle analyses: Cells cycle analyses were performed with the
Guava Cell Cycle reagent (Guava Technologies, Hayward, CA) in ac-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cordance with the manufacturer’s instructions. PC-3 cells were de-
prived for 24 h and then treated with 1 (10 pm), 2 (20 um), and 18
(5 um) for 24 h. The cells were then harvested and resuspended at
a density of 1x10° cells in phosphate-buffered saline (PBS; 100 uL).
The binding buffer containing propidium iodide (Pl) was added to
the cells (100 pL), and the suspension was incubated in the dark
for 20 min at room temperature. The cells were then analyzed with
a Guava Easycyte Mini flow cytometer (Guava Technologies, Hay-
ward, CA).

In vivo assays

Animals: Experiments were conducted with Balb/C female mice
(20-30 g, 90 days old) from the Multidisciplinary Center for Biologi-
cal Investigation on Laboratory Animals Sciences (CEMIB-UNICAMP.
Animals were maintained at the Animal Facilities of the Pharmacol-
ogy and Toxicology Division, CPQBA, UNICAMP (Campinas, Brazil),
in a room with a controlled temperature of (25+2)°C for a 12 h
light/dark cycle, with free access to food and water. Animal care
and research protocols were in accordance with the principles and
guidelines adopted by the Brazilian College of Animal Experimen-
tation (COBEA). Protocols were approved by the Ethical Committee
for Animal Research (3432-1), Institute of Biology, UNICAMP.

Acute toxicity: Balb/C mice were treated intraperitoneally (i.p.) with
2 and 18 (50, 100, and 150 mgkg™' for compound 18 and 50, 100,
300, 600, and 1000 mgkg ™' for compound 2). Groups were ob-
served for 4 h and then daily for 15 days. The following parameters
were evaluated: general toxicity signals like body weight loss, loco-
motion, behavior (agitation, lethargy), respiration, salivation, tear-
ing eyes, cyanosis, and mortality.*® Goniothalamin (1) acute toxici-
ty was already evaluated in a previous study.®

Ehrlich ascitic and solid tumors in mice

Cell maintenance and preparation: Ehrlich tumor cells were main-
tained in the ascitic form by peritoneal passages in mice by weekly
transplantation of 5x10° tumor cells/animal in PBS.®" For the
tests, cells were prepared at the proper density in PBS (1.0x10*
cells/100 pL/animal for ascitic tumors and 10x10° cells/60 pL/
animal for solid tumors).®? Cells were centrifuged and resuspended
in PBS for counting in a Neubauer chamber with trypan blue, to
exclude nonviable cells and debris.

Ehrlich ascitic tumor: Balb/C mice (n=28 per group) were inoculated
in the peritoneum with Ehrlich cells (1.0x10* cells/100 pL/animal).
After 48 h, the animals were divided into groups and treated every
day, i.p. for five days, as negative control (vehicle, PBS + Tween 80),
positive control (5-FU; 10 mgkg™"), and experimental groups (1, 2,
or 18; 50 mgkg™'). On eighth day of the experiment, the animals
were euthanized by using an overdose of anesthetic, and ascites
were collected after injection of 3 mL of PBS into the peritoneum.
The obtained suspension was centrifuged for 5 min at 2500 rpm
and 4°C, the supernatant was again discarded, and the cell pellet
was resuspended in PBS at a ratio of 1:20. The number of cells/mL
was determined by flow cytometry (Guava EasyCite MiniSystem
Millipore), excluding cell debris and small sized cells.”

Ehrlich solid tumor: Balb/C mice (n=8/group) were inoculated in
the subcutaneum with Ehrlich cells (10x10° cells/60 pL/animal).>"
When tumors were palpable (5 days later), the animals were divid-
ed into groups and treated every day, i.p. for 15 days, as negative
control  (vehicle, PBS+Tween 80), positive control (5-FU;
10 mgkg™), and experimental groups (1, 2, or 18; 30, 30, and
40 mgkg ', respectively). On twentieth day of the experiment, the
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animals were euthanized by using an overdose of anesthetic. The
tumors were removed and weighed, and the growth inhibition
ratio was calculated according to the formula: [(A—B)/A1x 100, in
which A is the mean of the control-group tumor weight and B is
the mean of the treated-group tumor weight. The relative tumor
weight was also calculated, as tumor weight divided by corporal
weight.®

At the end of the experiment, the hemogram was analyzed from
the whole blood of the animals (Sysmex model Poch-100iV), and
the total leukocytes (WBC), erythrocytes (RBC), hemoglobin (Hbg),
and platelets (Pt) were evaluated. The lungs, heart, liver, spleen,
and kidneys were also removed and weighed. Only modified pa-
rameters have been presented.

Statistical analyses

GraphPad Prism 5.0 software was used for statistical analyses. The
results are shown as the mean =+ standard error of mean (SEM). The
statistical significance of difference between the groups was as-
sessed by one-way ANOVA, followed by Tukey's post hoc test.
Values of p >0.05 were considered significant.

Supporting Information

The Supporting Information contains the 'H and '*C NMR spectra
for compounds 3, 8, 9, 12-25, and 32-37, the method of prepara-
tion and the 'H and "*C NMR spectra for some of the carboxylic
acids used in the N-acylation reaction, the 'H NMR spectra for the
study of GSH addition to compounds 1, 2, 3, and 18, and the con-
centration-response curves for doxorubicin and compounds 1-3,
13-19, 23-25, and 32-39 and Figure S103.
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In vivo I'importance! We conducted an-
tiproliferation assays of a library of aza
derivatives of goniothalamin (1) against
a panel of tumor cell lines. The most
potent compound, 18, led to reactive
oxygen species generation, apoptosis,
and G,/M cell-cycle arrest in prostate
PC-3 cells, but it failed to inhibit tumor
growth. Surprisingly, aza-goniothalamin
(2), which was shown to be much less
toxic in vitro, inhibited Ehrlich tumor
development in mice.
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