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ABC synthesis and antitumor activity of a series of Annonaceous
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Abstract—Side-chain analogs of Annonaceous acetogenins with a threo, trans, threo, trans, threo-bis-tetrahydrofuran core unit have
been prepared and tested for cytotoxicity against HCT-116 human colon cancer cells.
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First described in 1982', the class of natural products
known as Annonaceous acetogenins now number more
than 350 members.? All are isolated from members of
the plant family Annonaceae, and many show potent
antitumor, antimicrobial, antimalarial, pesticidal, and
antifeedant activities. Biogenetically derived from poly-
oxygenated C32 or C34 fatty acids and a branched pro-
pionate moiety at C2 as part of a butenolide terminus,
the most active compounds generally possess one or
two tetrahydrofuran rings flanked by hydroxyl substitu-
ents near the center of the fatty acid chain (Fig. 1).

The biological activity of these compounds stems from
their inhibition of the terminal electron transfer step of
cell membrane mitochondrial Complex I. It is postu-
lated that the oxygenated central segment of the bis-tet-
rahydrofuran acetogenins acts as a hydrophilic anchor
to the glycerol backbone region of liposomal mem-
branes with the appended aliphatic arms extending into
the lipid bilayer.? These arms are thought to control the
positioning of the butenolide terminus within the bilayer
and its proximity to the active site of Complex 1.# Since
the requisite hairpin conformation of the membrane-
bound acetogenin can be realized with a variety of core
stereoisomers it is further postulated that the length of
the butenolide spacer chain has a greater influence on
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biological activity than the stereochemistry of the bis-
tetrahydrofuran core.’> However, this postulate has not
been much explored because few examples of natural
Annonaceous acetogenins differing only in spacer chain
length are known. Furthermore, most synthetic studies
have focused on relatively few of the natural acetogenins
or core stereoisomers of natural acetogenins.’

We recently reported a highly convergent bidirectional
route to acetogenins with a threo, trams, threo, trans,
threo core unit by a modular approach involving Grub-
bs cross-metathesis methodology for attachment of the
aliphatic side chains to a readily prepared core unit.
This route seemed ideally suited for a preliminary exam-
ination of the influence of side chains on bioactivity in
acetogenin  analogs with a common  core
stereochemistry.

Our overall plan, as summarized in Figure 2, consisted of
three stages starting with a synthesis of the aforementioned
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Figure 1. Asimicin. A typical threo, trams, threo, trans, threo bis-
tetrahydrofuran Annonaceous acetogenin derived from a C34 fatty
acid.
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Figure 2. ABC plan for the synthesis of Annonaceous acetogenin
analogs with C, core symmetry.

core unit A which would then be elaborated by a Grubbs
cross-metathesis reaction with a terminal alkene precursor
B of one of the side chains to form the symmetric diene
ABB.” This "type IIT’ diene would then be subjected to a sec-
ond cross metathesis with a terminal alkene precursor C of
the second side chain to yield the unsymmetrical diene
ABC. Final elaboration of this intermediate to the targeted
acetogenin analog would then require only hydrogenation
and global deprotection. An excess of the initial terminal al-
kene B would be employed to minimize the potentially
competing oligomerization of the diene A. The expected
byproducts of the second cross metathesis, an equilibrium
mixture of ACC, BC, CC, and recovered ABB, can be
resubjected to cross metathesis thereby generating addi-
tional quantities of ABC. For our initial studies we focused
on functional variations in the nonbutenolide side chain to
evaluate the flexibility of the approach. Additional studies
on systematic chain length variations of the butenolide
chain are planned for a future date.

As the B components of the present analog synthesis, we
chose readily available alkenes as these would be em-
ployed in excess for the initial cross metathesis
(Fig. 3). For the C components we mainly used the hy-
droxy butenolide C' because 4-hydroxy substituted ace-
togenins show some of the highest reported activity
against tumor cells. In these initial studies we were more
interested in exploring the versatility of the synthetic
methodology than devising a series of closely related
(R = Me, Et, Pr, Bu, etc.) series of analogs. We were
particularly interested in the previously unknown termi-
nal alcohol analogs derived from B and B* as these

R" = CH3(CHg)7, CH3(CHg)s, TBSO(CHy)s, TBSO(CHy)g,
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Figure 3. Terminal alkenes R'CH=CH, and R>CH=CH, employed in
cross metathesis.
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Scheme 1.

compounds and possible derivatives might have higher
water solubility than their alkyl counterparts.

The core tetrahydrofuran segment A was prepared as
previously described starting from 4-penten-1-ol (1
Scheme 1).¢ Dimerization with the Grubbs II catalyst’
followed by in situ Swern oxidation and Horner—Em-
mons phosphonate homologation afforded the triene
diester 2 which was selectively dihydroxylated with the
Sharpless AD-mix o reagent. Conversion to the dimesy-
late 3 then dihydroxylation of the conjugated double
bonds with AD-mix [ led to a tetraol, which was heated
in pyridine to effect conversion to the bis-tetrahydrofu-
ran diester 4. Protection of the diol with MOMCI fol-
lowed by reduction of the diester 5 with lithium
aluminum hydride afforded the diol 6. Oxidation to dial-
dehyde 7 and Wittig homologation of dialdehyde 7com-
pleted the sequence to diene A in an overall yield of 18%.

The terminal alkene precursors to side chain B'(1-de-
cene) and B? (1-octene) are commercially available and
those of B*> and B* are the TBS ethers of commercially
available 5-hexen-1-ol and 10-undecen-1-ol.

Our synthesis of the 4-hydroxy butenolide side-chain
precursor 17, outlined in Scheme 2, is an improved ver-
sion of our previous sequence. Asymmetric dihydroxyla-
tion of 1,11-dodecadiene (9), easily prepared from 10-
undecenal (8) by Wittig homologation, afforded the diol
10 of 92% enantiomeric purity in 60% yield.® Selective
tosylation then TBS protection and treatment with
Nal then led to the iodide 13. Alkylation of White’s
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lactone 14° with this iodide proceeded in 88% yield. The
homologated lactone 15 was converted to the sulfoxide
16 which underwent elimination in refluxing toluene to
the butenolide 17 in 91% yield.>® The butenolide precur-
sor 20 of side chain C> was prepared analogously
(Scheme 3).

We next addressed coupling of the core unit A with the
various B and C side chain alkenes by cross metathesis
(Scheme 4). In our preliminary report of this methodol-
ogy, in which the unfunctionalized alkenes 1-decene and
I-octene were employed in the initial cross metathesis,
we found that the reaction proceeded smoothly with
5mol% of the Grubbs II catalyst. However, with the
oxygenated alkenes related to B® and B* of the current
study, this protocol was not successful owing to exten-
sive migration of the terminal double bonds and catalyst
deactivation. Fortunately, this side reaction could be
shut down through use of added p-benzoquinone to
intercept the responsible RuH intermediate.'® However,
it was necessary to increase catalyst loading to 35 mol%.
These same conditions were successfully employed for
the cross-metathesis reactions as summarized in Scheme
5. In each case we obtained the ABC products in about
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40% yield and recovered approximately 20% of the ABB
starting material, 20% of the ABB double exchange
product, and 10% each of the dimeric CC and cross
BC products. Typically, more than 90% of the total
material could be accounted for. We have previously
shown that recycling of the recovered materials results
in additional quantities of the ABC product along with
the others in a comparable ratio.® This option was not
examined in the present cases.

Reduction of the disubstituted alkenes and global
deprotection of the ABC intermediates was smoothly ef-
fected by sequential treatment with diimide and methan-
olic HCI (Scheme 5).® The terminal OH derivative 26
was chain-extended by selective reaction with MOMCI
leading to the MOM derivative 31 (Scheme 6). We had
hoped that replacing two of the methylene groups of
the side chain with oxygen would increase water solubil-
ity, but this was not the case. Ether 31 exhibited no mea-
surable solubility in water.

Table 1 summarizes cytotoxicity data for the acetogenin
analogs 26-31 against HCT-116 colon cancer cells.>®
Notably all analogs show ICspvalues in the nanomolar
range. Of the terminal hydroxy analogs 26, 27, and 28
the latter, lacking a C4 OH, is the least active in keeping
with expectation based on reported activities of natural
acetogenins. Interestingly, the truncated analog 30 of
asimicin (29) is some 20 times more active than its nat-
ural counterpart. Although an exact comparison is not
possible owing to differing chain lengths, the compara-
ble activity exhibited by the terminal hydroxy com-
pounds 26 and 27 and the related alkyl compounds 30
and 29 suggests that the added terminal OH group does
not markedly affect cytotoxicity. While enhanced water
solubility was not observed with the hydroxylated com-
pounds, it may be possible to realize that goal through
conversion of the OH to a water soluble derivative that
could be cleaved in vivo.

Table 1. Cytotoxicity against HCT-116 colon cancer cells

Compound 1C5o (ng/mL) I1Cs¢ (nM)
26 2.2 3.8

27 0.39 0.60

28 22 35

29¢ 5.5 8.8

30 0.30 0.50

31 9.9 16

#Ref. 6.
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Supplementary data associated with this article can be
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