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A functionally enriched ABCD ring system of podophyllotoxin was generated through Pd(II)-templated
cyclization of an alkynoic alkene, prepared in five steps from commercially available 6-bromopiperonal.
This research expands upon the recent carboesterification methodology of Dong et al. (Angew. Chem., Int.
Ed. 2009, 48,9690—9692) by the application of PdCly(MeCN)j, LiCl, and CuCl; conditions, whichyielded the
desired podophyllotoxin scaffold with an embedded vinyl chloride moiety. Likewise, these conditions were
successfully applied to a propargylic alkene prepared in three steps from 6-bromopiperonal. The resulting
product contains the ABCD ring system of podophyllotoxin, but substitutes a D-ring furan for the D-ring
lactone. Application of the recent methodology of Lu et al. (J. Org. Chem. 1995, 60, 1160—1169) on a related
1,6-enyne substrate led to functionalized a-methylene y-butyrolactones instead (Pdy(dba)s-CHCls, LiBr,
and CuBry). The latter conditions applied to an alkynoic alkene afforded the ABCD ring system of podo-
phyllotoxin with a vinyl bromide group. These vinyl halides allow for derivatization at a critical juncture in
order to access novel podophyllotoxin analogs.

Carboesterification
Podophyllotoxin
Etoposide
Anticancer

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The aryltetralin lactone podophyllotoxin is a member of a group
of lignans for which coniferyl alcohol is a key biosynthetic pre-
cursor via oxidative dimerization.! Podophyllotoxin is a major
constituent of species of the genus Podophyllum (Berberidaceae). It
is contained in the resin of the roots and rhizomes of two pre-
dominant species: Indian Podophyllum (Podophyllum hexandrum
Royle) and the American Mayapple (Podophyllum peltatum L.).% In
these plants, it is produced as a secondary metabolite and has been
used as a component of traditional folk medicine in various cul-
tures.® As illustrated in Fig. 1, podophyllotoxin? exhibits an in-
triguing architecture with four contiguous chiral centers, a rigid
trans-lactone, and a pseudoaxial E-ring.

In addition to its unique and synthetically challenging structure,
podophyllotoxin exhibits high antimitotic and apoptotic activity
because of its high affinity for tubulin and mitotic spindles of di-
viding cells at metaphase.® It is this high toxicity that limits the
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utility of the molecule as an anticancer therapy agent. The toxicity
manifests as nausea, diarrhea, vomiting, and injury to healthy tis-
sues, including peripheral and autonomic neuropathy. Neverthe-
less, efforts to reduce these side effects led to the discovery of
etoposide (VP-16) 2 as well as teniposide 3, a related thiophene
derivative. Etoposide is an epimeric glucopyranoside analog of
podophyllotoxin in which 4’-O-demethyl-4-epipodophyllotoxin
serves as the aglycone (Fig. 2).
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Fig. 1. Numbering and ring lettering systems of podophyllotoxin.
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Fig. 2. Structure of etoposide (VP-16) and teniposide.

Etoposide’s mechanism of action represents a good example of
how a simple structural modification can dramatically affect bi-
ologically activity. Due to the bulky glucopyranoside moiety, eto-
poside does not bind to tubulin and does not act as a microtubule
inhibitor, but instead forms a ternary complex with DNA and
topoisomerase I1. The stability of this complex inhibits topoisom-
erase II from unwinding or untangling DNA, leading to DNA strand
scission and, ultimately, apoptosis. Etoposide has been found clin-
ically effective in the treatment of several cancers, including small-
cell lung carcinoma, testicular cancer, and Kaposi’s sarcoma.

The clinical promise of etoposide as an anticancer agent has,
however, been subject to drug resistance,” possibly through alter-
ations in apoptotic pathways or decreases in expression of top-
oisomerases,® poor oral bioavailability,> and myelosuppression (an
especially high risk in cytotoxic chemotherapy for leukemia).l
Therefore, developing clinically useful analogs of etoposide with
improved selectivity requires a robust and versatile methodology
for their synthesis.

Podophyllotoxin finds limited use as a synthetic precursor to
potent analogs firstly because of its inherent chemical inflexibility
to extensive structural modification. Secondly, the plant source
with the highest podophyllotoxin content, P. hexandrum Royle, is
overharvested and is considered an endangered species.!!

Our group is interested in exploiting the unique reactivity of
alkynes by incorporating recently developed methods into novel
reaction sequences. Alkynes not only undergo a variety of func-
tional group transformations but also often participate in tandem/
cascade reaction processes in which several bonds are produced in
a single operation. By exploiting the latter feature for step econ-
omy,'? our group has focused on the pursuit of a synthetic strategy
leading toward the ABCD ring scaffold of podophyllotoxin, which
should allow for the preparation of novel analogs in a rapid and
efficient manner.
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2. Results and discussion
2.1. Initial synthetic route

a-Methylene y-butyrolactones were selected as simple podo-
phyllotoxin synthons from which to create novel analogs. Our
initial retrosynthetic strategy toward this goal is outlined below
(Scheme 1). Deoxypodophyllotoxin scaffold 4 is envisioned
coming from methylene lactone Z-5, which can arise through
a pivotal Pd(Il)-catalyzed cyclization of allylic alkynoate 6, itself
readily accessible in three steps starting from 5-bromo-1,3-
benzodioxole (7).

Preliminary work toward this target resulted from the single-
step conversion of p-tolyl acetylene into lithium acetylide using
n-butyllithium, followed by reaction with allyl chloroformate
to give the corresponding enyne 9 (Scheme 2). The newly gen-
erated enyne alkynoate 9 was then treated under conditions
developed by Lu et al.:'> enyne 9 was exposed to tris(dibenzy-
lideneacetone)dipalladium(0) (Pdy(dba)s-CHCl3) in the presence
of HOAc, CuBr3, and LiBr to generate y-lactone 10 with two
bromine atoms that could be further elaborated in an orthogonal
fashion. Unfortunately, the reaction produced two diastereomers
in a roughly 1.5:1 ZJE ratio according to isolated yields and NMR
analysis of the crude reaction mixture. This result contrasts
with Lu’s substituted enyne substrates, which underwent cycli-
zation to provide almost exclusively the Z-exocyclic methylene
diastereomer.

The configurations of the exocyclic methylenes of both Z-10 and
E-10 diastereomers were determined using NOESY analysis.!*

2.2. Synthesis of target system

5-Bromo-1,3-benzodioxole 7 was treated with TMS-acetylene
under Sonogashira conditions to form aryl acetylene 11 (Scheme
3). The alkyne moiety of this intermediate was subsequently
deprotected under standard conditions to form terminal alkyne 12,
which was then transformed into the desired enyne 6 through
lithium acetylide formation, followed by coupling with allyl
chloroformate. Upon exposure to in situ generated Pd(II)-templated
cyclization conditions according to Lu’s protocol, a-methylene vy-
butyrolactones were formed cleanly and were isolated chromato-
graphically in a 1.5:1 Z/E stereoisomeric ratio, as before in the
simpler model system.'

Z-configured methylene lactones (Z-5 and Z-10) contain two
orthogonally reactive halides providing a concise route toward
the target tetralin scaffold of podophyllotoxin. Accordingly, in an
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Scheme 1. Retrosynthetic strategy toward ABCD rings of deoxypodophyllotoxin.
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Scheme 2. Synthesis of model a-methylene y-butyrolactone.
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Scheme 3. Formation of target enyne system followed by Pd(Il)-catalyzed cyclization.

initial elaboration study, the vinyl bromide of the more readily
accessible Z-10 was successfully reacted with trimethoxyphenyl
boronic acid under typical Suzuki conditions to form diaryl
methylene lactone 13, albeit on an unoptimized small scale
(Scheme 4), while 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU)-in-
duced alkyl dehydrohalogenation appeared to provide exo-
methylene product 14, according to '"H NMR analysis of the crude
reaction mixture. Nevertheless, subsequent attempts at purifi-
cation proved unfruitful.

Pd(Phj),, K,CO3

trimethoxyphenyl TP g9
boronic acid D)?ﬁo DBU> /Q/%O
benzene/DMF DMF
80 °C 24h Br H
z-10 14

30 %
Scheme 4. Elaboration of model a-methylene y-butyrolactone Z-10.

We envisioned the possibility of convergence of our a-methy-
lene y-butyrolactone advanced substrate with end-game strategies
that have recently been employed. However, as discussed, a tech-
nical hurdle surfaced: a lack of diastereocontrol during the trans-
formation of our allylic alkynoate substrates. This was evidenced by
the resulting product mixtures, with both E and Z double bond
geometry on the exocyclic alkene.

on P
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2.3. Second-generation retrosynthetic strategy

Therefore, another strategy was required, one that utilized an
alternative Pd(Il)-catalyzed enyne cyclization involving intra-
molecular carboesterification of an alkynoic alkene'” and occurring
via a formal [3+2] cycloaddition pathway. With the ABCD ring
scaffold in hand, the vinyl halide moiety might be transformed into
a variety of E-rings under Suzuki'® conditions with arylboronic
acids serving as the coupling partner (Fig. 3).

Retrosynthetically, as shown in Scheme 5, functionally enriched
scaffold 15 was envisioned coming from alkynoic alkene 16 via
Pd(Il)-catalyzed intramolecular carboesterification. In turn, sub-
strate 16 could be arrived at expeditiously by protection of the al-
lylic alcohol of substrate 17, coupling of terminal alkyne with
a chloroformate, and then saponification of the resulting alkynoate
ester. And alkyne 17 could arise via vinyl Grignard addition to 6-
bromopiperonal (18), followed by a Sonogashira reaction!” be-
tween an aryl bromide and TMS-acetylene.

2.4. Synthesis of target system

According to the retrosynthetic path depicted, synthesis began
with inexpensive, commercially available 6-bromopiperonal 18
(Scheme 6). Vinyl Grignard addition to 18 cleanly provided allylic
alcohol 19 in high yield. Substrate 19 was next subjected to Sono-
gashira reaction conditions with TMS-acetylene to provide phenyl
acetylene 20, which was smoothly converted into terminal alkyne

Suzuki
Reactlon

R = alkyl, aryl

Fig. 3. Formal [3+2] cycloaddition of alkynoic alkene and subsequent elaboration.
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Scheme 5. Alternative Pd(Il)-catalyzed enyne cyclization retrosynthetic strategy.
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Scheme 6. Construction of cyclization precursor alkynoic alkene 16.

17. The alcohol moiety of 17 was next protected with TBS chloride to
furnish silyl ether 21.'® In this regard, substrate 21 was first con-
verted into the requisite lithium acetylide before addition of allyl
chloroformate to form alkynoate 22.'° Finally, alkynoate 22 was
transformed into alkynoic alkene 16, the Pd(II)-catalyzed cyclization
precursor, under typical saponification conditions. Interestingly, the
in situ generated lithium acetylide of terminal alkyne 21 can be
exposed to dry ice, rather than a chloroformate source, to form
substrate 16 directly, thereby eliminating one step.2°

Synthesis of scaffold 15 from alkynoic acid 16 was carried out
under conditions recently identified by Dong et al. regarding
palladium-catalyzed intramolecular carboesterification of olefins."”

Accordingly, a stock solution of PdCl;(MeCN), in acetonitrile
was added to alkynoic acid 16, LiCl, and CuCl, in acetonitrile
(Scheme 7). Complete consumption of the starting material was
effected by stirring at 50 °C for 24—48 h to afford 15. The proposed
mechanism for this palladium-catalyzed intramolecular carboes-
terification is virtually analogous to that reported originally by Lu
et al. for allylic alkynoates.’®

oTBS PdCl,(MeCN),

_uencuch

CH3CN 50 °C, 24h
35 %

15
Scheme 7. Cyclization of alkynoic alkene 16 to tetralin scaffold 15.

We only discerned and isolated a single diastereomer, with a cis-
relative configuration of hydrogens on C3—C4 of the ring junction
D/C and ring-C, respectively. The structure of 15 was definitively
established by NMR studies.?!

In the 1D selective nuclear Overhauser effect (NOE) spectra,
with selective irradiation at ¢ 3.51 ppm (Hc), a very strong doublet
at ¢ 4.56 ppm (Hp) was observed (Fig. 4). This strong NOE effect
between Hp and H¢ shows that both protons are close in space,

ALI He

/SI ¢
D
S H, 0 H

7,

Fig. 4. Conformational analysis of product 15.

which supports a cis configuration. In addition, a smaller coupling
constant (J=3.8 Hz) between Hp and Hc in the 'H NMR spectrum is
also consistent with this finding.

2.5. Synthesis of target system part II

We were also interested in subjecting alkynoic alkene 16 to the
Pd(II)-catalyzed cyclization conditions originally used for the
preparation of our o-methylene y-butyrolactones. To this end,
alkynoic alkene 16 was treated with 5 mol % Pd,(dba)s-CHCls, along
with 6 equiv of lithium bromide and 3 equiv of copper(Il) bromide,
while stirring at room temperature in glacial acetic acid (Scheme 8).
The reaction was monitored by TLC for disappearance of the
starting material. Cyclized product 23 has the same relative ste-
reochemistry in comparison to cyclized product 15.

oTBS Pd,(dba)'CHCl,

CuBr2 LiBr

TBSO
H

HOAc rt 3h
35 %

Scheme 8. Cycllzatlon of alkynoic alkene 16 to tetralin scaffold 23.

2.6. Synthesis of simpler system

Podophyllotoxin-related compounds containing a trans-fused
delactonized ring-D were prepared by Gensler et al.>?> The non-
enolizable nature of these analogs allowed them to have enhanced
physiological lifetimes as a consequence of minimized metabolic C-2
epimerization. Most retained activity as tubulin polymerization in-
hibitors, although with less pronounced cytotoxicity.

With this in mind, and to further explore the opportunity of
preparing podophyllotoxin scaffolds in a step-economical fash-
ion,'? we investigated the cyclization of propargylic species 25,
which is readily accessible in only three steps starting from 6-
bromopiperonal (Scheme 9).

The previously described method for the preparation of allyl
alcohol 19 was followed by protection of the resulting free alcohol
with TBS chloride to form silyl ether 24. This species was then
subjected to Sonogashira reaction conditions with propargyl alco-
hol to form the desired cyclization precursor 25. Sonogashira cross-
coupling occurred in modest yield via a recently described
procedure.?®

These atypical conditions employed Pdj(dba)s-CHCls, copper
iodide, n-butylamine, and 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-
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Scheme 9. Cyclization of propargyl alcohol substrate 25 to tetralin scaffold 26.

pyrimidinone (DMPU) as the reaction solvent. The reaction mixture
was heated at 80 °C in a sealed tube for 24 h to provide substrate 25
in moderate yield. Subsequent conversion of 25 into product 26
employed the same conditions as the cyclization of carboxylic acid
substrate 16. The relative configuration of product 26 was assigned
by comparison of its NMR spectra with that of products 15 and 23.

As an aside, our initial efforts to utilize traditional Sonogashira
reaction conditions (PdCly(PPhs),, triethylamine, copper iodide,
and DMF) (Scheme 9) between substrate 24 and propargyl alcohol
led to poor yield. We therefore attempted conversion of 24 into an
iodinated species, envisioning its enhanced cross-coupling ability.
In this manner, lithium—halogen exchange was promoted with the
addition of n-butyllithium followed by the addition of iodine.
However, the intended iodinated product was not produced, as
most of the reaction formed silane species 27, via a retro-Brook
rearrangement (Scheme 10).2 This result led us to investigate our
currently employed Sonogashira conditions.??

i) n-butyllithium

oTBS OH
-1 P
% THF <O
_—
0 Br i) I, in THF 0 si”
24 -78°C 27 | 7<

70 %
Scheme 10. Formation of retro-Brook rearrangement product.

3. Conclusions

This paper reports the preparation of a-methylene y-butyr-
olactones from alkenyl propynoates. The inability to transform
these products into the desired ABCD ring scaffold of podophyllo-
toxin led our group to focus on cyclization studies of alkynoic al-
kene substrate 16. To this end, we employed two similar catalytic
systems, which yielded tetralin products 15 and 23. Cyclization
studies on a simpler substrate 25 also led to tetralin product 26.
Therefore, this study demonstrates the feasibility of exploiting the
properly embedded vinyl halide functionality to elaborate sub-
strates 15 or 23 or 26 toward podophyllotoxin and etoposide de-
rivatization via cross-coupling protocols.

Our racemic approach toward the podophyllotoxin ABCD ring
system is unique in several respects.”> Some previous syntheses
utilize more labile intermediates?® or a large number of steps,?’
thus thwarting the economical feasibility of large-scale pro-
duction. The E-ring is considered a crucial moiety for podophyllo-
toxin’s biological activity. Contemporary strategies introduce the
pendent E-ring at an early stage,*® hampering the ability to prepare
analogs at this position. By contrast, this study developed a modu-
lar synthetic route that allows for the introduction of E-ring

variation at a late stage. This should facilitate the continual dis-
covery of biologically active podophyllotoxin derivatives.?

Future work will entail tuning the reaction conditions to im-
prove the yield of desired scaffolds.3® Such optimization will en-
hance this strategy’s potential for use in the development of
therapeutic leads through function-oriented synthesis (FOS)!? in an
atom-economic fashion.! This could be particularly applicable to
the simpler sequence leading to substrate 26. In addition to im-
proving the yield of desired products, future work will also explore
other relevant transformations of ABCD ring scaffolds.>?
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