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by a One-Pot Oxidative [3,3] Rearrangement/Friedel–Crafts
Arylation**
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Abstract: The development of a stereoselective one-pot
oxidative [3,3] sigmatropic rearrangement/Friedel–Crafts ary-
lation that provides enantioenriched benzhydryl compounds is
reported. The utility of this new transformation is demon-
strated by the concise synthesis of several tetralone- and
naphthyl-type lignan natural products, many of which display
anti-malarial activity.

In 2010, an estimated 660 000 deaths worldwide were
attributed to malaria, while millions remain infected.[1] This
disease, which is caused by the parasitic protozoan genus
Plasmodium, largely affects tropical and subtropical com-
munities.[1] Natural products, such as quinine and artemisinin,
have long served as the backbone of drug development in
anti-malarial research, but unfortunately, resistance to once
efficacious medications has necessitated the ongoing search
for new approaches to treatment.[2] Extracts from plants, such
as Pycnanthus angolensis and Holostylis reniformis, have
traditionally been used to treat malaria throughout Africa
and Brazil, respectively.[3] Isolated lignans from these and
other plants represent potential new candidates for the
development of anti-malarial drugs (Figure 1).[4,5] For
instance, (�)-8’-epi-aristoligone (1) has shown promising
antiplasmodial activity against a chloroquine-resistant strain
of P. falciparum with an IC50 value of 2.61� 0.06 mm.[5a]

We wished to devise a flexible and general approach to the
stereoselective synthesis of these lignan natural products that
would also be amenable to the preparation of non-natural
analogues.[6] In particular, we were interested in developing
stereoselective fragment-coupling reactions that would allow
the simultaneous introduction of the two requisite aryl groups
along with the formation of the C7’ and C8’ stereocenters
through a cascade process that involves N-allylhydrazones
(Scheme 1).[7] We envisioned that hydrazine 8 would act as
a linchpin for the reaction of aryl aldehyde 7 with arene 10 by
initial formation of hydrazone 9, which is followed by
a hypervalent-iodide-initiated one-pot oxidative [3,3] rear-
rangement/Friedel–Crafts arylation to afford benzhydryl
derivative 11. Previous work from our laboratory has shown

that a related oxidative rearrangement of aryl hydrazones
(e.g., 15) in the presence of methanol led to the generation of
ethers 17.[7e] Mechanistic investigations indicated that the
reaction most likely proceeded via the intermediacy of
a carbocation (i.e., 16), and it was this species we wished to
intercept in our new oxidative [3,3] rearrangement/Friedel–
Crafts arylation process (9!11). Access to intermediates
such as 11 would allow for elaboration to aldehyde 12, which

Figure 1. Selected tetralone (1–3), dihydronaphthyl (4 and 5), and
tetrahydronaphthyl (6) lignans.

Scheme 1. Sequential C�C/C�C bond-forming cascade. FGI= func-
tional group interconversion.
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we planned to engage in a stereoselective cyclization to yield
the desired lignan ring system (13 and thence 14).

Our investigations began with hydrazone 18, which was
readily prepared from the corresponding aldehyde and
hydrazine fragments. Treatment of 18 with PhI(OTf)2 in the
presence of methanol under our previously reported con-
ditions[7e] gave rise to the expected methyl ether 19 in an
unoptimized 39% yield (Table 1, entry 1). We were initially
encouraged by the finding that benzhydryl 20 was isolated in
11% yield when 1,2-dimethoxybenzene (22) was used as the
external nucleophile rather than methanol (Table 1, entry 2).
Unfortunately, we were unable to improve this low yield.
Bach and co-workers have shown that benzylic alcohols and
ethers akin to 20 are suitable substrates for stereoselective
Friedel–Crafts alkylations,[8] and they employed such a reac-
tion in an elegant synthesis of podophyllotoxin.[8d] After
a short investigation, we found that methyl ether 19 could be
transformed into benzhydryl derivative 20 when treated with
trifluoroacetic acid and 1,2-dimethoxybenzene (Table 1,
entry 3). These positive results led us to explore the feasibility
of a one-pot conversion of hydrazone 18 into benzhydryl 20 via
ether 19. Thus, a sequential treatment of hydrazone 18 with
PhI(OTf)2 and methanol, followed by the addition of 1,2-
dimethoxybenzene and trifluoroacetic acid led to clean forma-
tion of the desired product 20 in 53% yield (Table 1, entry 4).

With suitable conditions in hand,[9] we prepared the three
precursors necessary for our enantioselective total syntheses
of various lignans (Scheme 2). Enantioenriched hydrazone 21
was prepared from the corresponding optically enriched
hydrazine 8[7e, f] and 3,4-dimethoxybenzaldehyde. The one-pot
oxidative [3,3] rearrangement/Friedel–Crafts arylation of 21
with 1,2-dimethoxybenzene (22) proceeded with complete
chirality transfer to afford benzhydryl 23 in 77% yield.[10]

Under the same conditions, but in the presence of benzo[d]-
[1,3]dioxole (24) rather than 1,2-dimethoxybenzene, 21 was
cleanly converted into benzhydryl 25 in 66 % yield as an 8:1
mixture of stereoisomers. An important design aspect of our
synthetic strategy was that by exchanging the nature of the

starting aldehyde and the aryl nucleophile, we would gain
controlled access to either stereoisomeric product in a regio-
divergent manner. Thus, formation of hydrazone 26 from
piperonal followed by oxidative [3,3] rearrangement and
Friedel–Crafts arylation with 1,2-dimethoxybenzene (22) led
to the generation of diastereomeric benzhydryl 27 (80%
yield, 5:1 d.r.). The stereochemical outcome that was
observed for the formation of 25 and 27 was somewhat
surprising, as the related ether formation had given the
opposite relative configuration between the nucleophile and
the methyl substituent (15!17, Scheme 1).[7e] We speculated
that perhaps the arylation proceeded by an SN2 displacement
of an initially formed syn methyl ether akin to 15. Isolation of
the intermediate methyl ether, which is formed by the
oxidative rearrangement of 21, indicated only a modest
preference for the syn isomer (2:1), which upon arylation
using TFA converged to 25 as an enhanced 8:1 mixture of
diastereomers (25/27 = 8:1). This observed stereoconver-
gence, in combination with additional mechanistic investiga-
tions,[11] provided strong evidence for a common intermediate
(i.e., 28) as we had originally proposed. Thus, it appears that
the addition of aryl nucleophiles to 28 proceeds with good
selectivity away from the methyl
group, whereas methanol adds across
the face of the methyl group with
a slight preference, as we had previ-
ously observed.[7e]

According to our synthetic strategy (Scheme 1), the 3,4-
dimethoxybenzaldehyde-derived benzhydryl products 23 and
25 would allow access to (�)-8’-epi-aristoligone (1), (�)-
cyclogalgravin (4), (�)-4’-O-methylenshicine (3) and (�)-
galcatin (6). Similarly, the piperonal-derived product 27
would lead to (�)-8’-epi-aristotetralone (2) and (�)-pycnan-
thulignene B (5). Our syntheses of the four natural products
from 3,4-dimethoxybenzaldehyde are outlined in Scheme 3A

Table 1: Reaction development.

Entry Reaction conditions Product Yield[a] [%]

1 PhI(OTf)2 (1 equiv), MeOH (10 equiv),
�78 8C

19 39

2 PhI(OTf)2 (1 equiv), 22 (10 equiv), �78 8C 20 11
3 PhI(OTf)2 (1 equiv), MeOH (10 equiv),

�78 8C; then 22 (10 equiv), TFA (25 equiv),
0 8C

20 38

4 PhI(OTf)2 (1 equiv), MeOH (10 equiv),
�78 8C; then 22 (10 equiv), TFA (25 equiv),
0 8C

20 53

[a] Yields of isolated products over two steps from 3,4-dimethoxy-
benzaldehyde. All reactions were conducted in CH2Cl2. OTf = trifluoro-
methanesulfonate, TFA = trifluoroacetic acid.

Scheme 2. Stereoselective fragment-coupling cascade.
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and B. Benzhydryl 23 was converted into methyl enol ether 28
in 90% yield over three steps that involve oxidative alkene
cleavage and Wittig olefination (Scheme 3A). Initial attempts
to induce a one-pot hydrolysis of 28 to the corresponding
aldehyde with subsequent stereoselective Friedel–Crafts
cyclization using aqueous HCl led to cyclization, but the
formed benzylic alcohol underwent rapid elimination in situ
to generate a dihydronaphthalene. We therefore surveyed
more mild acids and found that exposure of 28 to aqueous
trifluoroacetic acid afforded the desired benzylic alcohol with
a minimal amount of elimination. Analysis of the stereose-
lectivity of the cyclization was hampered owing to the
presence of the hydroxyl epimers,[12] but this issue was
resolved after oxidation with IBX. Thus, tetralone 29 was
formed in > 20:1 d.r. and 82 % yield over two steps from enol
ether 28. Alkylation of tetralone 29 with methyl iodide
proceeded in 66 % overall yield to deliver (�)-8’-epi-aristo-
ligone (1) and its C8 epimer, (�)-8,8’-epi-aristoligone (also
a natural product), in a 3:1 ratio.[13] Alkylation with methyl
iodide appears to favor an approach along an axial trajectory
to enolate 30 that minimizes 1,2 eclipsing interactions in the
developing transition state, an outcome consistent with
observed “torsional steering” in related systems.[14] Overall,
the synthesis of 1 proceeded in 28 % yield over eight steps
from 3,4-dimethoxybenzaldehyde.

In principle, cyclogalgravin (4) could be produced from 8’-
epi-aristoligone (1) by ketone reduction and elimination.
Rather than explore this possibility, we devised a shorter
route that intercepted an earlier common intermediate,
namely enol ether 28. Cyclopropanation of 28 under condi-
tions developed by Shi et al.[15] produced cyclopropane 31 in
good yield as an inconsequential mixture of stereoisomers.
Heating of 31 in a 1:1 mixture of concentrated HCl and
methanol at reflux led to smooth formation of (�)-cyclo-
galgravin (4) in 73 % yield, presumably via an intermediate
aldehyde (or the related methyl oxocarbenium ion), which
underwent cyclization and elimination.[16]

(�)-4’-O-Methylenshicine (3) was synthesized in 24%
yield from 25 (Scheme 3B) in a manner analogous to our
previously discussed synthesis of (�)-8’-epi-aristoligone (1).
As for the synthesis of 1, the key cyclization from enol
ether 32 proceeded such that ring formation occurred selec-
tively on the benzo[d][1,3]dioxole group to generate the anti
relationship between the aryl and methyl substituents. For
(�)-galcatin (6), we began by preparing dihydronaphtha-
lene 33 from enol ether 32 using our cyclopropane fragmen-
tation/cyclization/elimination cascade. Curiously, 33 has
never been identified as a natural product despite it being
a constitutional isomer of pycnanthulignene B (5) and that
both of the corresponding tetralone isomers (3 and 2) are
found in nature. Regardless of biosynthetic relationships,
dihydronaphthalene 33 served as a useful synthetic precursor
to galcatin (6), undergoing stereoselective hydrogenation
with palladium on carbon to generate 6 as a 16:1 mixture of
the C8 stereoisomers (89 % combined yield).[17]

The final two natural products that we prepared using this
new strategy were (�)-8’-epi-aristotetralone (2) and (�)-
pycnanthulignene B (5 ; Scheme 4). Benzhydryl 27, which is
derived from piperonal, served as the starting point for the
syntheses, which proceeded in analogy to our routes to 8’-epi-
aristoligone (1) and cyclogalgravin (4), respectively. Thus,
(�)-8’-epi-aristotetralone (2) was prepared in 43% yield over
six steps from 27, whereas (�)-pycnanthulignene B (5) could

Scheme 3. A) a) OsO4 (1 mol%), NMO; b) NaIO4; c) [Ph3PCH2OMe]+Cl� , NaHMDS, 90 % over three steps from 23 ; d) TFA, THF/water; e) IBX,
82% over two steps from 28 ; f) LDA, MeI, 66%, 3:1 d.r. ; g) Et2Zn, CH2I2, TFA, 73% from 28 ; h) HCl/MeOH (1:1), reflux, 73%. B) a) OsO4

(1 mol%), NMO; b) NaIO4; c) [Ph3PCH2OMe]+Cl� , NaHMDS, 83% over three steps from 25 ; d) TFA, THF/water; e) MnO2, 58% over two steps
from 32 ; f) LDA, MeI, 94%, 3:1 d.r. ; g) Et2Zn, CH2I2, TFA; h) HCl/MeOH (1:1), reflux, 76 % over two steps from 32 ; i) Pd/C (10% wt), H2, 89%,
16:1 d.r. IBX= ortho-iodoxybenzoic acid, NMO= N-methylmorpholine N-oxide, LDA = lithium diisopropylamide, TFA = trifluoroacetic acid,
NaHMDS= sodium hexamethyldisilazide.

Scheme 4. Concise total syntheses of (�)-8’-epi-aristotetralone (2) and
(�)-pycnanthulignene B (5).
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be accessed over five steps in 70% yield from 27 (for details,
see the Supporting Information).

In summary, the development of a novel one-pot oxidative
[3,3] rearrangement/Friedel–Crafts arylation has allowed the
rapid and stereocontrolled synthesis of several related lignan
natural products. The flexible and modular nature of this
approach should make it amenable towards the preparation
of other natural lignans and to the synthesis of non-natural
versions for biological evaluation against the malaria parasite.
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