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Abstract—In addition to two expected pyrazin derivatives, two imidazole analogues of squamocin 1 have been semisynthetised
from squamocin derived a-ketoesters/a-ketoacid, via an unusual condensation-oxidative decarboxylation reaction with 1,2 dia-
mines in presence of acetic acid and oxygen as the key step. Some of these analogues exhibited potent, although significantly
reduced cytotoxicities relatively to squamocin 1. In addition, benzimidazole 8 possessed in comparison with the natural acetogenin

some interesting cell cycle effects.
© 2003 Elsevier Ltd. All rights reserved.

Introduction

Annonaceous acetogenins exhibit a wide range of bio-
logical activities (cytotoxic, antiparasitic, insecticide. . .)!
resulting from the inhibition of the mitochondrial
NADH-ubiquinone oxidoreductase (Complex I) as the
main target.” Despite their often spectacular cytotoxi-
city against various cell lines in vitro, natural aceto-
genins suffer from having an inhibiting action
independent towards the cell cycle,® resulting in the
absence of selectivity at a cellular level, and excessive
toxicity.*> Furthermore, from a mechanistic point of
view, the role of the terminal o,B-unsaturated y-methyl
butyrolactone as a quasi-ubiquitous moiety in the core
of the acetogenins remains unclear, since very different
lactonic prints can be highly effective Complex I
pharmacophores.®® Recently, the first example of chi-
meric acetogenins, in which the lactone part was
replaced by the dimethoxybenzoquinone moiety of ubi-
quinone,” showed how new insights into the structural
dynamic of the enzyme could be made with such inhib-
itors possessing mixed binding properties. We wish to
report here a short and simple procedure to introduce a
potentially broad choice of heterocyclic systems in place
of this terminal lactone, via usual or unusual condensa-
tion reactions of lactone-derived a-ketoesters/a-ketoacid
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with 1,2 diamines. Aromatic heterocycles are commonly
found as base-structures of potent Complex I
inhibitors.!%~!2 In consequence, the enzymatic inhibition
by such chimeric or pseudo-chimeric acetogenins could
be strongly influenced by the heterocyclic pharmaco-
phore, and be very different from the acetogenin-type
inhibition in term of competition behaviour and subsites
affinities. Also, in addition to a possible mechanistic
change underlying the cytotoxicity of those compounds,
the acetogenin-type profile of action on the cell cycle
may not be conserved in all cases. The chosen natural
acetogenin to be modified was squamocin 1, a highly
cytotoxic and potent respiratory inhibitor among this
class of compounds.!'3-17

1 R(R,=H)
la Rg(R; = TBDMS)

Results and Discussion

Semisynthesis

Ruthenium-catalysed periodic oxidation of the terminal
lactone of squamocin 1, commonly used analytically to
determine the C-36 absolute configuration of this type
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of acetogenins through the obtained lactate,!® 2! seemed

to be a good entry into heterocyclic transformation of
o,B-unsaturated lactones, since the expected lactic
a-ketoester/a-ketoacid derivatives are very effective
electrophiles in condensation reactions with 1,2-dia-
mines.?>~>> Squamocin 1 was first protected as its tri-
TBDMS silylether derivative 1a (TBDMSOTT, pyridine,
0°C, 2 h, 93%). This precaution appeared necessary
since oxidative conditions with catalytic ruthenium
chloride and excess sodium periodate led to significant
degradation of unprotected squamocin, presumably
through clivages of the polyoxygenated system.!3:17-26
Protected squamocin 1a was oxidized in a 50:50 THF/
water solvent system, found to make the reaction work
cleaner than the traditionnal acetonitrile/carbon tetra-
chloride/water biphasic system.?”?® This oxidative
degradation reaction, brought up to a preparative scale
(several grams of 1a), enabled us to obtain in a excellent
yield of 86% the lactic a-ketoester derivative 2a
(Scheme 1).

Our first observation of an unusual oxidative decarboxyl-
ation pathway for such a-dicarbonyl compounds came
from the finding that saponification of 2a (1N aqueous
LiOH, 1,4-dioxane, rt then 1IN aqueous HCI, 0°C)
furnished the expected a-ketoacid 3a with a disappoint-
ing yield of 58% due to its concomitant degradation to
acid Sa, isolated in a 9% yield after purification
(Scheme 1). It has to be pointed out that this degrada-
tion only occurred when the lithium a-ketocarboxylate
intermediate 4a was treated with aqueous HCI. Such an
oxidative degradation of a-ketoacids has been described
with diverse oxidizing agents,?*3! and could be due, in
our case, to residual traces of oxidants in the lactic
a-ketoester derivative 2a. However, this explanation
seems unlikely as purified a-ketoacid 3a was found to be
partially redecay into acid 5a when resubmitted to sapo-
nification conditions. Furthermore, methyl a-ketoester
6a from transesterification of 2a (cat. 2,3-diaminopyr-
idine, MeOH, 40°C, 4 h, 57%), purified by flash-chro-
matography then saponified as described, exhibited the
same behaviour than 2a (Scheme 1).

We were then interested to analyse the heterocyclization
behaviour of a-ketoester 2a or 6a versus a-ketoacid 3a
in presence of o-phenylenediamine (OPD).?*> Com-
pounds 2a and 6a furnished the expected quinoxalinone
derivative 7a with a 70-79% yield (OPD, MeOH, 0°C,
2 h), but compound 3a was found to yield 62% benzi-
midazole 8a and 13% acid 5a when reacted in the same
conditions (Scheme 2). In order to expand the synthetic
potential of this unusual reactivity and to unambigu-
ously characterize a condensation-oxidative decarboxyl-
ation pathway, the reaction of 2a or 6a with OPD was
carried out in two steps: (a) saponification to lithium
a-ketocarboxylate intermediate 4a (1N aqueous LiOH,
tert-BuOH, rt, 10 min); (b) condensation of 4a with
OPD (MeOH, 4.5 eq. AcOH, 0°C, 1.5 h). The course of
the reaction appeared to strictly depend on experimental
conditions of the second step (Scheme 2, Table 1): an
‘open’ reaction cleanly and solely afforded benzimid-
azole 8a while continuous bubbling of argon into the
reaction medium led to a quinoxalinone 7a/benzimid-
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Scheme 1. Reagents and conditions: (a) RuCl;, NalO4, THF/H,0,
50°C, 2 h; (b) IN LiOH, 1,4-dioxane, rt, 15 min; (c) IN HCI, H,0,
0°C; (d) cat. 2,3-diaminopyridine, MeOH, 40°C, 4 h; (¢) TBAF 1M,
THF, 50°C, 6 h.

azole 8a mixture in a 23/77 molar ratio, turning to a
ratio of 57/43 when both addition solution of OPD and
reaction mixture were to be degased with argon
(Table 1).

The same heterocyclisation behaviour of 2a or 6a was
observed when o-phenylenediamine was replaced by
diaminomaleonitrile (DAMN),3? a strongly electron
deficient 1,2 diamine. Hence, pyrazinol 9a was obtained
by directly condensing lactic or methyl a-ketoester 2a or
6a with DAMN (imidazole, toluene, 45°C, 18 h, 61%),
MeOH being here an inadequate solvent for the reac-
tion. The phenolic structure of 9a (rather than its
pyrazinone tautomer form) was established by compar-
ison of its IR spectral data (weak band at 1683 cm™!)
with the ones of quinoxalinone 7a (very strong carbonyl
band at 1666 cm~!). Furthermore, it has to be men-
tionned that pyrazinol 9a was obtained as its imidazo-
lium phenate salt when directly purified from the
reaction medium in the absence of acidic work-up.
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On the other hand, using DAMN in the two-steps con-
densation procedure via the saponification intermediate
4a led to dicyanoimidazole 10a (DAMN, imidazole,
AcOH, n-BuOH, 90°C, 2 h, 38%) and acid 5a (7%),
pyrazinol 9a being undetectable by TLC in the reaction
mixture (Scheme 3). Replacement of toluene by
n-BuOH and the high temperature used for this last
reaction gave a better heterocycle/acid ratio than con-
ditions used for the formation of pyrazinol 9a.

In a last step, all compounds were deprotected by the
use of TBAF/THF (for acid 5a) or Amberlyst®15/
MeOH system (for heterocyclic derivatives) to furnish
with good to excellent yields (57-95%) the squamocin
analogues 5 and 7-10.
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Scheme 2. Reagents and conditions: (a) OPD, MeOH, 0°C, 2 h; (b) IN
LiOH, tert-BuOH, rt, 10 min, then AcOEt, rt, 15 min; (¢) OPD, AcOH,
air, MeOH, 0°C, 1.5 h; (d). OPD, AcOH, Ar, MeOH, 0°C, 1.5 h, cf: 7a/
8a ratios, Table 1; (¢) Amberlyst-15®, MeOH, 40°C, 7 h.

The formation of acid 5a and heterocyclic compounds
8a and 10a corresponds to the loss of a monocarbon
fragment. The study of this two-steps reaction of 2a or
6a via 4a with OPD showed that this formal dec-
arbonylation, leading to benzimidazole 8a instead of
quinoxalinone 7a, was directly linked to the presence of
oxygen at the second step (formation of benzimidazole
8a under presumably anaerobic conditions could be
attributed to the recapture of oxygen by the OPD stock
solution before its addition, since these semisynthetic
experiments were conducted on a little scale (50-100

Table 1. Influence of oxygen in the heterocyclisation of 2a or 6a via
4a with OPD

Reaction conditions Quinoxalinone Benzimidazole

Ta (%) 8a (%)
OPD sol. React. mixt. 0 58
OPD sol.  Ar-purged react. mixt. 23 77
Ar-purged Ar-purged react. mixt. 57 43
OPD sol.

Reagents and conditions: (i) 2a or 6a 1 eq., IN LiOH 12 equiv, tert-
BuOH, rt, 10 min, then AcOEt, rt, 15 min; (ii)) OPD 1,1 equiv, AcOH
4.5 equiv, +/— air, MeOH, 0°C, 1 h 30 min.
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Scheme 3. Reagents and conditions: (a) DAMN, imidazole, toluene,
45°C, 18 h; (b) IN LiOH, rt, 10 min then AcOEt, rt, 15 min; (c)

DAMN, AcOH, imidazole, air, n-BuOH, 90°C, 2 h; (d) Amberlyst-
15%, MeOH, 40°C, 7h or rt, 15 h.



3442 R. Duval et al. | Bioorg. Med. Chem. 11 (2003) 3439-3446

umol of a-ketocarboxylate 4a), making difficult the
complete elimination of oxygen from the medium).
These experiments are clearly in favour of an oxidative
decarboxylation process, albeit we can not explain it at
that stage. However, the recovery of acid 5a in media
containing unreacted 1,2-diamines (OPD or DAMN)
demonstrates that 5a is not the reacting species and that
the decarboxylation step occurs after the condensation
one.

Biological Evaluation

Cytotoxicity

The obtained heterocyclic compounds, in the form of
their tri-TBDMS triethers as well as free trihydroxy
derivatives, were tested on KB 3-1 cells (human naso-
pharyngeal epidermoid carcinoma) in vitro, and their
cytotoxicity evaluated (Table 2). None of the protected
derivatives was cytotoxic at a concentration of 107> M
(data not shown), thus showing that no additional
activity was gained by turning the natural o,p-unsatu-
rated butyrolactone into the described heterocycles,
since the ICsy of triprotected squamocin la was also
above 107> M. Some deprotected semisynthetic deriva-
tives exhibited significant though strongly reduced
cytotoxicities in comparison with squamocin 1, benzi-
midazole 8 being the most potent analogue with a nM
1Csy. Pyrazinol 9 and dicyanoimidazole 10 were found
to be much weaker cytotoxic agents, as was acid 5.
However, it is to be noted that derivatives 8 and 10,
obtained through the condensation-oxidative decarboxyl-
ation pathway, were 20-30 times more potent than the
corresponding ‘normal’” analogues 7 and 9.

Cell cycle effect

Benzimidazole 8 induced a 61% accumulation in the G;
phase of the KB 3-1 cell cycle at concentrations of 1-5
nM, with apoptosis above 10 nM. In comparison,
squamocin 1 showed a complete absence of specificity,
in accordance with previous results by Queiroz et al.3

Conclusion

Two couples of heterocyclic analogues of squamocin
1 were obtained by condensing squamocin-derived

Table 2. Cytotoxicity (KB 3-1) of compounds 5 and 7-10

Compd IC5() (M)
5 1.7x107°
7 6.1x1078
8 2.2x107°
9 6.5x107°
10 3.7x1077
Squamocin 1 10-13

Doxorubicin® 2.4x107°
Etoposide? 1.3x1077

2Compounds of reference.

a-ketoesters 2a or 6a with o-phenylenediamine (OPD)
or diaminomaleonitrile (DAMN), through a direct
reaction or via a controlled condensation-oxidative
decarboxylation pathway. This last reaction can appar-
ently be performed with structurally different 1,2-dia-
mines, allowing the access to a potentially broad family
of five-membered ring analogues of natural acetogenins.
In particular, this condensation-oxidative decarboxyla-
tion process appears to be a good alternative for the
synthesis of benzimidazole nuclei in very mild, weakly
acidic conditions. This original modulation in the aceto-
genins chemistry also seems of interest considering the
promising cell cycle effect of benzimidazole derivative 8
in comparison with all tested natural or artefactual
acetogenins.>*3 In the field of Complex I inhibition,
benzimidazole 8 can truly be considered as a chimeric
analogue of squamocin 1 and pesticidal benzimidazole
11, the last also being a very potent inhibitor of the
enzyme.3*-3¢ (Scheme 4).

Scheme 4. Structural analogy between chimeric squamocin analogue 8
and pesticidal benzimidazole 11.

Many potent inhibitors of Complex I are structurally
characterized by a long aliphatic chain attached to an
aromatic heterocyclic nucleus. The ruthenium-catalysed
oxidation of the terminal butenolide of natural aceto-
genins, described here as the key reaction of our phar-
macomodulation strategy, seems therefore to be a
simple and versatile synthetic entry towards new
exploratory tools of such a multi-enzymatic system.

The determination of the Complex I inhibitory activities
of all heterocyclic derivatives presented in this study is
currently underway.

Experimental

Infra-red (IR) spectra were recorded on a Perkin—Elmer
257 apparatus. 'H and '3C NMR spectra were recorded
with a Bruker AC-200 (200 MHz) and a Bruker AM-400
(400 MHz). Mass spectra (MS) were recorded on Kratos
MS-80 Ry Chromatography was performed with silica
gel 60 (9385 Merck) or Sephadex® LH-20 (Pharmacia).
TLC were performed on aluminium plates coated with
silica gel 60F,s4 (554 Merck) and revealed with sulfuric
vanillin reagent. Solvents used in this study were simply
redistilled before use.
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Extraction

Squamocin 1 was isolated in significant quantities from
the seeds of Annona reticulata, collected in Vietnam,
using a described procedure.'* Its chemical identity was
determined by extensive 'H and '3C NMR experiments,
and comparison with an authentic sample.

Semisynthesis

Tri-TBDMS silylether derivatives. Compound 1a. To a
ice-cooled solution of 2.94 g squamocin 1 (4.72 mmol)
and 5 mg (0.041 mmol) of 4-DMAP in 16 mL of pyri-
dine were added dropwise 5 g (18,9 mmol) of tert-
butyldimethylsilyl triflate. The ice bath was removed
and the reaction medium stirred at room temperature
for 2 h. The obtained biphasic mixture was treated with
water (11 mL) then diluted by Et,O (300 mL). The
organic phase was washed by 10% aqueous CuSOy,
solution (3x100 mL) then water (3x100 mL). The
ethereal layer was dried (Na,SQOy), filtered and evapo-
rated under reduced pressure. The crude product was
purified by flash-chromatography (SiO,, cyclohexane/
AcOEt 9:1), yielding 4,26 g (93%) of triether 1a as a
colourless viscous oil. 'H NMR (400 MHz, CDCl;) §
ppm 0.03-0.08 (m, 18H, Me-Si), 0.88 (m, 30H, #-Bu-Si
and H-34, J=6.8 Hz), 1.25 (m, H-13), 1.28 (m, H-14
and H-33), 1.39 (m, H-27 and H-29), 1.40 (d, 3H, H-37,
J=6,9 Hz), 1.55 (m, 2H, H-4), 1.67 (m, 4H, H-18 and
H-21), 1.87 (m, 4H, H-17 and H-22), 2.26 (t, 2H, H-3,
J=7.8 Hz), 3.60 (m, 2H, H-28 and H-15/H-24), 3.75 (m,
1H, H-15/H-24), 3.87 (m, 2H, H-19 and H-20), 3.91 (m,
2H, H-16 and H-23), 4.99 (dq, 1H, H-36, J=1.4 Hz,
J=6.9 Hz), 698 (d, 1H, H-35, J=1.6 Hz). IR (film,
Vmax cm~1): 1761. ESIMS m/z 965 [M+H]*, 987
[M+Na]™". [a]p= +15 (c=1, CH,Cl,).

Compound 2a. To an emulsion of 2,18 g (2.26 mmol)
1a in 109 mL of THF/water (1:1) mixture was added
7.27 g (33,9 mmol) NalO,4 then 60 mg (0,292 mmol)
RuCl;. The mixture was warmed to 50 °C and vigour-
ously stirred at that temperature for 2 h. The reaction
mixture was filtered over Celite-545 and the precipitate
washed by CH,Cl, (350 mL). The organic phase was
partitioned with water (350 mL), and the aqueous layer
reextracted by CH,Cl, (5x100 mL). The organic phases
were gathered, dried (Na,SQO,), filtered and evaporated
under reduced pressure to yield a yellowish liquid resi-
due. The last was repeatly chromatographied over a
column of Sephadex® LH-20 impregnated with 100%
CH,Cl,, to furnish 1.97 g (86%) of 2a as a colourless
viscous oil. Rem: this quite unstable product was con-
served at —20°C or readily turned into its more stable
o-keto methylester analogue 6a. 'H NMR (400 MHz,
CDCl3) 6 ppm 0.03-0.064 (m, 18H, Me-Si), 0.88 (m,
30H, t-Bu-Si and H-34, /=7 Hz), 1.24 (m, H-26), 1.37
(m, H-27 and H-29), 1.63 (m, 2H, H-4), 1.64 (d, 3H, H-
37, J=17.1 Hz), 1.66 (m, 4H, H-18 and H-21), 1.84 (m,
4H, H-17 and H-22), 2.84 (t, 2H, H-3, J=7.3 Hz), 3.61
(m, 2H, H-28 and H-15/H-24), 3.77 (m, 1H, H-15/H-
24), 3.88 (m, 2H, H-19 and H-20), 3.92 (m, 2H, H-16
and H-23), 5.23 (q, 1H, H-36, J=7.1 Hz). 3*C NMR
(50 MHz, CDCl;) 6 ppm —4.5 (Me-Si), 13.7 (C-34), 16.8

(C-37), 22.5 (C-4), 26.2 (+-Bu-Si), 38.8 (C-3), 69.4 (C-
36), 71.6 (C-15/C-28), 73.5 (C-24), 75.0 (C-15/C-28),
81.2-82.1 (C16, C-19, C-20, C-23), 172.8 (C-35), 193.7
(C-2). IR (film, Vmax cm~'): 1733. ESIMS m/z 1013
[M+H]", 1036 [M + Na]*. [o]p=0 (c= 1, CHCl,).

Compound 6a. To a solution of 460 mg (0.454 mmol)
lactic a-ketoester 2a in 8 mL MeOH were added 5 mg
(45.4 pmol) 2,3-DAP. The mixture was warmed to 40 °C
and stirred at that temperature for 4 h. The reaction
mixture was evaporated under reduced pressure and the
crude product purified by chromatography (SiO,,
cyclohexane/AcOEt 94:6). 247 mg (57%) of the metha-
nolytic product 6a were obtained as a colourless resin.
'H NMR (400 MHz, CDCl3) & ppm 0.03-0.064 (m,
18H, Me-Si), 0.88 (m, 30H, -Bu-Si and H-34), 1.36 (m,
H-27 and H-29), 1.68 (m, 4H, H-18 and H-21), 1.86 (m,
4H, H-17 and H-22), 2.85 (t, 2H, H-3, J=7.3 Hz), 3.62
(m, 2H, H-28 and H-15/H-24), 3.78 (m, 1H, H-15/H-
24), 3.88 (s, 3H, H-35), 3.88 (m, 2H, H-19 and H-20),
3.92 (m, 2H, H-16 and H-23). '3C NMR (50 MHz,
CDCl3) & ppm —4.2 (Me-Si), 13.9 (C-34), 21.0 (C-26),
25.7 (+-Bu-Si), 29.1-37.3 (C-14, C-17, C-18, C-21, C-22,
C-25, C-27, C-29), 39.1 (C-3), 52.6 (C-35), 72.1 (C-28),
73.5 (C-15/C-24), 74.7 (C-15/C-24), 81.2-82.1 (C-16, C-
19, C-20, C-23), 161.5 (C-1), 194.1 (C-2). IR (film, V.«
cm™'): 1734. ESIMS m/z 955 [M+H]*, 977 [M+Na] ™",
993 [IM+K]*. [a]lp= +9 (c=1, CH,Cl,).

Compounds 3a and 5a. To a solution of 1.35 g (1,38
mmol) lactic a-ketoester 2a in 47 mL 1,4-dioxane at
room temperature were added 12 mL (12 mmol) IN
aqueous LiOH. The mixture was stirred for 15 min and
diluted by 350 mL water. The obtained mixture was
cooled to 0°C and 8.5 mL of IN aqueous HCI were
added dropwise until pH 3-4. The reaction mixture was
extracted by 4x200 mL CH,Cl,, the organic phases
were gathered, dried (Na,SO,4) and evaporated under
reduced pressure. The residue was chromatographied
over a column of Sephadex®™ LH-20 impregnated with
CH,Cl,, yielding by order of elution 293 mg of con-
taminated acid 5a then 725 mg (58%) of pure a-keto-
acid 3a as a colourless resin. Acid Sa was further
purified by chromatography (SiO,, cyclohexane/AcOEt
1:1), furnishing 103 mg (9%) of pure product as a vis-
cous colourless oil. 3a: 'H NMR (400 MHz, CDCls) §
ppm 0.03-0.065 (m, 18H, Me-Si), 0.88 (m, 30H, ~-Bu-Si
and H-34, J=7.1 Hz), 1.27 (m, H-14), 1.37 (m, H-27
and H-29), 1.65 (m, 4H, H-18 and H-21), 1.67 (m, 2H,
H-4), 1.84 (m, 4H, H-17 and H-22), 2.92 (t, 2H, H-3,
J=7.2Hz), 3.61 (m, 2H, H-28 and H-15/H-24), 3.77 (m,
1H, H-15/H-24), 3.87 (m, 2H, H-19 and H-20), 3.92 (m,
2H, H-16 and H-23). IR (film, v;nax cm™1): 1728. ESIMS
m/z 963 [M+Na]™, 979 [M+K]". [o]p=+8 (¢=1,
CH,Cl,). 5a :'"H NMR (400 MHz, CDCl3) & ppm 0.03—
0.065 (m, 18H, Me-Si), 0.88 (m, 30H, #-Bu-Si and H-
33), 1.28 (m, H-13), 1.40 (m, H-26 and H-28), 1.64 (m,
4H, H-17 and H-20), 1.86 (m, 4H, H-16 and H-21), 2.34
(t, 2H, H-2, J=7.4 Hz), 3.61 (m, 2H, H-27 and H-14/H-
23), 3.76 (m, 1H, H-14/H-23), 3.87 (m, 2H, H-18 and H-
19), 3.90 (m, 2H, H-15 and H-22). '*C NMR (50 MHz,
CDCl3) 6 ppm —4.6 (Me-Si), 13.9 (C-33), 25.2 (-Bu-Si),
32.4-37.4 (C-13, C-16, C-17, C-20, C-21, C-24, C-26,
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C-28), 33.9 (C-2), 72.2 (C-27), 73.6 (C-14/C-23), 74.7
(C-14/C-23), 81.3-82.1 (C-15, C-18, C-19, C-22), 179.2
(C-1). IR (film, vpa cm~!): 1711. ESIMS m/z 913
[M+H]", 935 [M+Na]*, 951 [M+K]". [o]p=+5
(C: 1, CHzClz)

Compound 7a. To a solution of 310 mg (0.306 mmol)
lactic a-ketoester 2a in 6.5 mL ice-cold MeOH was
added dropwise a solution of 39 mg (0.361 mmol)
o-phenylenediamine in 3 mL MeOH. The mixture was
stirred for 2 h at 0° C then evaporated under reduced
pressure. The residue was filtered over a small column
of SiO, with a cyclohexane/AcOEt 4:1 mixture, yielding
247 mg (79%) 7a as a pale yellow resin. 'H NMR
(400 MHz, CDCl3) & ppm 0.03-0.08 (m, 18H, Me-Si),
0.88 (m, 30H, r-Bu-Si and H-34), 1.29 (m, H-14), 1.40
(m, H-27 and H-29), 1.65 (m, 4H, H-18 and H-21), 1.80
(m, 2H, H-4, J=7.7 Hz), 1.84 (m, 4H, H-17 and H-22),
2.93 (t, 2H, H-3, J=7.7 Hz), 3.55 (m, 1H, H-15/H-24),
3.64 (m, 1H, H-28), 3.72 (m, 1H, H-15/H-24), 3.88 (m,
4H, H-16, H-19, H-20, H-23), 7.27 (dd, 1H, H-39,
J=28.1Hz), 7.31 (¢td, 1H, H-37, J="1.7 Hz), 7.47 (td, 1H,
H-38, J=7.6 Hz), 7.78 (dd, 1H, H-36, J=8 Hz), 11.27
(s, IH, NH). '3C NMR (50 MHz, CDCl;) 6 ppm —5.0
(Me-Si), 13.7 (C-34), 25.6 ( t-Bu-Si), 33.2 (C-3), 72.0
(C-28), 73.2 (C-15/C-24), 74.5 (C-15/C-24), 80.9-83.1
(C-16, C-19, C-20, C-23), 115.1 (C-39), 123.6 (C-37),
128.4 (C-36), 129.3 (C-38), 130.8 (C-40), 132.6 (C-35),
155.4 (C-2), 161.8 (C-1). IR (film, vy, cm™'): 1666
(strong). ESIMS m/z 1013 [M+H]", 1035 [M+Na]™*,
1051 [M+K]". [o]p=—5 (¢=0.8, CH,Cl,).

Compound 8a. To a solution of 162 mg (0.160 mmol)
lactic a-ketoester 2a in 6 mL tert-BuOH at room tem-
perature were added dropwise 1.6 mL (1.6 mmol) aqu-
eous 1IN LiOH. The mixture was stirred for 10 min then
12 mL AcOEt were added dropwise. After stirring for
15 min, the mixture was filtered over cotton and the fil-
trate evaporated under reduced pressure. The residue
was suspended in 2.7 mL MeOH, the reaction mixture
was cooled to 0°C, and 43 pL (0.72 mmol) AcOH fol-
lowed by 19 mg (0.176 mmol) o-phenylenediamine in 1.6
mL MeOH were added. The resulting mixture was stir-
red for 1.5 h in a ice-bath, then diluted by 1 mL water
and extracted by 4x5 mL cyclohexane. The organic
phases were gathered, dried (Na,SOy), filtered, and
evaporated under reduced pressure. The residue was
chromatographied on column (SiO,, cyclohexane/
AcOEt 3:2) yielding 91 mg (58%) 8a as a colourless
resin. '"H NMR (200 MHz, CDCls) & ppm 0.023-0.062
(m, 18H, Me-Si), 0.88 (m, 30H, 7-Bu-Si and H-34), 1.39
(m, H-4), 1.69 (m, 4H, H-18 and H-21), 1.84 (m, 4H, H-
17 and H-22), 2.91 (t, 2H, H-3, J=7.8 Hz), 3.61 (m, 2H,
H-28 and H-15/H-24), 3.76 (m, 1H, H-15/H-24), 3.89
(m, 4H, H-16, H-19, H-20, H-23), 7.20 (ddd, 2H, H-37
and H-38), 7.54 (m, 2H, H-36 and H-39, J=6 Hz). '3C
NMR (50 MHz, CDCl;) & ppm —4.3 (Me-Si), 14.0 (C-
34), 18.2 (+-Bu-Si), 25.9 (+-Bu-C), 29.5 (C-3), 72.2 (C-
28), 73.6 (C-15/C-24), 74.7 (C-15/C-24), 81.4-82.2 (C-16,
C-19, C-20, C-23), 122.0 (C-37 and C-38), 138.3 (C-36
and C-39), 155.3 (C-2). IR (film, vpu cm™1): 1541.
ESIMS m/z 985 [M+H]*, 1007 [M+Na]*. [a]p= +8
(C: l, CH2C12)

Compound 9a. To a solution of 182 mg (0.180 mmol)
a-lactic ketoester 2a in 3 mL toluene were added
25 mg (0.231 mmol) diaminomaleonitrile then 24 mg
(0.353 mmol) imidazole. The reaction mixture was
heated to 45°C and stirred at that temperature for 18 h,
then evaporated under reduced pressure. The residue
was redissolved in 50 mL CH,Cl, and the organic phase
successively washed by 20 mL water acidified by 1IN
aqueous HCI (pH 4-5), by water (20 mL) and brine (20
mL). The organic phase was dried (Na,SQ,), filtered,
and the filtrate evaporated. The crude product was
chromatographied over a column of Sephadex® LH-20
impregnated with a 97:3 CH,Cl,/MeOH mixture, fur-
nishing 111 mg (61%) 9a as a pale yellow resin. 'H
NMR (400 MHz, CDCl;) 6 ppm 0.021-0.049 (m, 18H,
Me-Si), 0.88 (m, 30H, ~-Bu-Si and H-34), 1.71 (m, 4H,
H-18 and H-21), 1.90 (m, 4H, H-17 and H-22), 2.83 (t,
2H, H-3, J=7 Hz), 3.62 (m, 2H, H-15 and H-28), 3.75
(m, 1H, H-24), 3.99 (m, 4H, H-16, H-19, H-20, H23). IR
(film, viax cm™1): 2224, 1683 (weak). ESIMS m/z 1011
[M-H]". [a]p= *+2 (c=1, CH,Cl,).

Compound 10a. To a solution of 33 mg (32.61 umol)
lactic a-ketoester 2a in 1.2 mL fert--BuOH at room
temperature was added dropwise 0.3 mL (0.3 mmol)
aqueous 1N LiOH. The mixture was stirred for 10 min
then 2.5 mL AcOEt were added dropwise. After stirring
for 15 min, the mixture was filtered over cotton and the
filtrate evaporated under reduced pressure. The residue
was suspended in 0.3 mL »-BuOH, and 10 pL (0.167
mmol) AcOH were added. The mixture was heated to
90°C, and a solution of 5.5 mg (81 pmol) imidazole and
5.3 mg (49.1 pmol) diaminomaleonitrile in 0.2 mL hot
n-BuOH was added dropwise. The reaction mixture was
stirred for 2 h at that temperature, then evaporated
under reduced pressure. The residue was chromato-
graphed on column (SiO,, cyclohexane/AcOEt 4:1)
yielding 12 mg (38%) 10a and 2 mg (7%) acid Sa as
colorless resins. 'H NMR (200 MHz, CDCl;) § ppm
0.018-0.063 (m, 18H, Me-Si), 0.87 (m, 30H, #-Bu-Si
and H-34), 1.66 (m, 4H, H-18 and H-21), 1.88 (m, 4H,
H-17 and H-22), 2.75 (t, 2H, H-3, J=8 Hz), 3.58 (m,
2H, H-28 and H-15/H-24), 3.67 (m, 1H, H-15/H-24),
3.89 (m, 2H, H-19 and H-20), 3.96 (m, 2H, H-16 and H-
23). 13C NMR (50 MHz, CDCl;) & ppm —4.9 (Me-Si),
13.9 (C-34), 25.8 (‘Bu-Si), 28.4 (C-3), 72.1 (C-28), 73.6
(C-15/C-24), 74.1 (C-15/C-24), 81.7-82.4 (C16, C-19, C-
20, C-23), 154.3 (C-2). IR (film, vya cm™!): 2240.
ESIMS m/z 985 [M+H]*, 1007 [M+Na]*", 1002
[M+NH,]". [o]p= +6 (¢=0.6, CH,Cl,).

Deprotected derivatives. Compound 5. 172 mg (0.188
mmol) 15,24,28 tri-(O-ter-butyldimethylsilyl) acid squa-
mocin 5a were dissolved in 19 mL (19 mmol) of a 1 M
TBAF solution in THF. The mixture was heated to
50°C and stirred at that temperature for 6 h, then
quenched with water (35 mL) and extracted by AcOEt
(5x50 mL). The organic phases were gathered, washed
with water (1x80 mL) and brine (1x80 mL), then eva-
porated under reduced pressure. The crude product was
chromatographied over a column of Sephadex® LH-20
eluted with a 97:3 CH,Cl,/MeOH mixture, yielding 85
mg (79%) of deprotected acid 5 as a white resin. 'H
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NMR (200 MHz, CDCl;) 6 ppm 0.91 (m, 3H, H-33,
J=6.8 Hz), 1.66 (m, 4H, H-17, H-20), 1.97 (m, 2H, H-
16/H-21), 2.0 (m, 2H, H-16/H-21), 2.36 (t, 2H, H-2,
J=7.2 Hz), 3.43 (m, 1H, H-14), 3.64 (m, 1H, H-27),
3.89 (m, SH, H-15, H-18, H-19, H22, H-23). '3C RMN
(50 MHz, CDCl3) 6 ppm 13.9 (C-33), 32.2-37.2 (C-13,
C-16, C-17, C-20, C-21, C-24, C-26, C-28), 37,0 (C-2),
71.4 (C-23), 71.7 (C-14/C-27), 74.0 (C-14/C-27), 82.0-
83.1 (C-15, C-18, C-19, C-22), 177.6 (C-1). IR (film,
Vimax €M~ 1): 3393, 1739. ESIMS m/z 593 [M +Na] ™", 588
[M+NH,]" (in positive mode); 569 [M—H]-, 551
[M—H—-H,0]~ (in negative mode). HRMS: calcd for
Cs3Hg1O7 [M—H]™:  569.4417, found: 569.4406.
[a]lp=—4 (¢=0.45, CH,Cl,).

Compound 7. To a solution of 130 mg (0.128 mmol)
quinoxalinone 7a in 3 mL MeOH was added 1 g of
methanol-washed Amberlyst® —15. The mixture was
warmed to 40 °C and stirred at that temperature for 7 h.
The reaction mixture was diluted by 3 mL AcOEt and
filtered over Celite. The filtrate was evaporated under
reduced pressure and the residue chromatographied
over a column of Sephadex®™ LH-20 impregnated with
100% CH,Cl,, furnishing 52 mg (60%) 7 as a pale yel-
low resin. 'H NMR (200 MHz, CDCl;) § ppm 0.88 (t,
3H, H-34, J=6.8 Hz), 1.64 (m, 4H, H-18 and H-21),
1.94 (m, 4H, H-17 and H-22), 3.0 (t, 2H, H-3, /=8 Hz),
3.40 (m, 1H, H-15), 3.61 (m, 1H, H-28), 3.89 (m, 5H, H-
16, H-19, H-20, H-23, H-24), 7.28 (dd, 1H, H-39), 7.33
(td, 1H, H-37, J=8 Hz), 7.49 (¢td, 1H, H-38, J=8 Hz),
7.90 (dd, 1H, H-36, J=8 Hz). IR (film, Vi cm™):
3393, 1663 (strong). ESIMS m/z 671 [M+H]", 693
[M+Na]*. HRMS: caled for C4Hg7;N,Og [M+H]™:
671.4999, found: 671.4990. [a]p=0 (¢=0.5, CH,Cl,).

Compound 8. To a solution of 85 mg (86,4 umol)
benzimidazole 8a in 2 mL MeOH was added 615 mg of
methanol-washed Amberlyst® —15. The mixture was
warmed to 40 °C and stirred at that temperature for 7 h.
The reaction mixture was filtered, and the resin washed
by MeOH (2 mL) then CH,Cl, (2 mL). The resin was
resuspended in 2 mL satd. aqueous NaHCO;3, and pH
adjusted to 9-10 by dropwise addition of 3 N aqueous
NaOH solution. The mixture was extracted by 3x3 mL
THF, the organic phases were gathered, dried
(Na,S0,), filtered and evaporated under reduced pres-
sure, yielding 53 mg (95%) 8 as a white amorphous
solid. '"H NMR (400 MHz, CD;0D) & ppm 0.89 (t, 3H,
H-34, J=6.7 Hz), 1.64 (m, 4H, H-18 and H-21), 1.83
(m, 2H, H-4), 1.95 (m, 4H, H-17 and H-22), 2.87 (t, 2H,
H-3, J=7.6 Hz), 3.37 (m, 1H, H-15), 3.51 (m, 1H, H-
28), 3.57 (m, 1H, H-24), 3.84 (m, 4H, H-16, H-19, H-20,
H-23), 7.16 (t, 1H, H-37, J=6.2 Hz), 7.17 (t, 1H, H-38,
J=6.6 Hz), 7.48 (dd, 2H, H-36 and H-39, J=6.7 Hz).
13C NMR (50 MHz, CD;0D) § ppm 14.4 (C-34), 29.3
(C-3), 72.4 (C-24), 74.1 (C-28), 74.9 (C-15), 83.3-84.2
(C-16, C-19, C-20, C-23), 123.1 (C-37 and C-38), 157.0
(C-2). IR (film, vpax cm™Y): 3393. ESIMS m/z 643
[M+H]*. HRMS: caled for C;3oHgN,Os [M+H]™:
643.5050, found: 643.5038. [a]p= +19 (¢=0.8, MeOH).

Compound 9. See preparation of 7 (chromatography
over Sephadex® LH-20 with CH,Cl,/MeOH 95:5). 42

mg (41,5 umol) pyrazinol 9a gave 16 mg (57%) 9 as a
colourless resin. 'H NMR (200 MHz, CDCls) & ppm
0.86 (t, 3H, H-34, J=6.8 Hz), 1.67 (m, 4H, H-18 and H-
21), 1.94 (m, 4H, H-17 and H-22), 2.88 (t, 2H, H-3, /=7
Hz), 3.58 (m, 3H, H-15, H-24 and H-28), 3.95 (m, 4H,
H-16, H-19, H-20, H-23). IR (film, vy, cm™!): 3394,
2223, 1685, 1541. ESIMS m/z 671 [M+H]", 693
[M+Na]+. HRMS: calcd for C38H63N406 [M+H]+:
671.4747, found: 671.4738. [a]p=—3 (¢=0.35, CH,Cl,).

Compound 10. See preparation of 7 (reaction at rt for
15 h; chromatography over Sephadex® LH-20 with
CH,Cl,/MeOH 95:5). 38 mg (38.6 pmol) imidazole 10a
gave 19 mg (77%) 10 as a colourless resin. '"H NMR
(400 MHz, CD;0D) 6 ppm 0.88 (t, 3H, H-34, /=7 Hz),
1.66 (m, 4H, H-18 and H-21), 1.72 (m, 2H, H-4), 1.96
(m, 4H, H-17 and H-22), 2.74 (t, 2H, H-3, /=8 Hz),
3.38 (m, 1H, H-15), 3.50 (m, 1H, H-28), 3.58 (m, 1H, H-
24), 3.85 (m, 4H, H-16, H-19, H-20, H-23). 3C NMR
(50 MHz, CD30D) § ppm 14.4 (C-34), 28.7 (C-3), 72.3
(C-24), 73.9 (C15/C-28), 74.9 (C-15/C-28), 83.3-84.9 (C-
16, C-19, C-20, C-23), 111.5 (C-35 and C-36), 156.4 (C-
2). IR (film, vy, cm~1Y): 3399, 2237, 1516. ESIMS m/z
643 [M+H]*, 665 [M+Na]*. HRMS: caled for
C37Hg3sN4Os [M+H]™: 643.4798, found: 643.4793.
[O(]D: -2 (C: 05, CH2C12)

Cytotoxicity

Cytotoxicities were colorimetrically evaluated through
a 96-well plate assay after 72 h cellular exposure to
the acetogenins. Cells were of the KB 3-1 line (naso-
pharyngeal epidermoid carcinoma). Cells were cultivated
in Dullbecco’s MEM << glutamax>> (1 g/L glucose)
enriched with 10% FCS, in a moist atmosphere con-
taining 5% CO,. Each well of the test plate was insemi-
nated at t, with 100 pL of a 1.3.10° cell/mL cellular
suspension as the cytotoxicities were to be recorded
after 72 h, taking into account the slow cytotoxic action
of the acetogenins in comparison with classical anti-
tumour agents (e.g. Taxol).

Homogeneous dilutions were performed from a 1073 M
solution of the acetogenin in DMSO, a 100 pL aliquote
of this solution being diluted in 5.90 mL of the culture
media. This obtained 2.10~3 M solution was further and
extensively diluted by an order of three with 2% DMSO
precontaining culture media. After 24 h cell growth, 100
pL of each of the dilutions were as triplicates admini-
strated into the wells (the final well concentation of
acetogenin being therefore divided by two), and homo-
geneisation was ensured by 5 min agitation on a micro-
titration plate.

After 72 h contact, the test plates were emptied and
directly treated with 200 pL of a 2,5 g/L methylene blue
solution in MeOH/water 50:50 v/v. After 40 min con-
tact, the plates were emptied and the wells quickly
rinsed under a very mild flow of cold tap water. The
plates were air-dried (50°C) and each well treated with
100 pL of 0.1 N HCI. Absorbances were recorded after
30 min incubation at 37 °C and homogeneisation of the
plates, at 620 nm and under a blank of 100 pL of 0.1 N
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HCIl. ICsy were expressed as the extrapolated con-
centrations allowing 50% cell survival in comparison
with untreated controls.
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