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The total synthesis of the lignan-based, cyclobutane di-O-
methylendiandrin A has been achieved using diastereoselective,
vicinal alkylation and transannular McMurry reactions of a
macrocyclic 1,4-diketone as key transformations for establishing
relative stereochemistry and the furnishing the strained 4-
membered ring of the natural product.

Cyclobutane-containing natural products are an important
class of compounds, not only for the challenges their strained
structures present for chemical synthesis,* but also due to the
promising biological activities they possess, which include
anticancer,? antiviral,® and antifungal properties.* In the case
of the former, the inherent ring strain (ca. 27 kcal/mol) of the
cyclobutane core requires careful consideration for when it
will be assembled during a total synthesis of a complex target.
Depending on substitution of the cyclobutane ring, more or
less ring strain can be imposed on the 4-membered ring.> This
can lead to ring-opening and fragmentation reactions,® which,
in some cases, are irreversible and result in destruction of the
cyclobutane ring system. By far, the most common method
for assembling stereochemically rich cyclobutanes is the [2+2]
cycloaddition reaction, and this strategy has been employed
on numerous occasions.! While quite powerful and
unparalleled in the synthesis of 4-membered rings, the [2+2]
cycloaddition reaction is not always well-suited for the
construction of architecturally complex natural products, as
olefin isomerization can take place during photochemically-
driven reactions, resulting in the formation of stereoisomeric
products.” Other strategies that have been recently employed
in the synthesis of this class of strained, secondary metabolites
include ring-contraction, strain-relief-driven ring-opening (of
cyclopropanes), reductive coupling and transannular
reactions.'? Total syntheses that exploit reactive C-H bonds of
a cyclobutane scaffolds have also been reported.®
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A. Lignan-based cyclobutane-containing natural products
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Fig. 1 Natural products related to di-O-methylendiandrin A
and cylobutane-containing natural products assembled using
transannular or reductive coupling reactions

products
have been known for quite some time, the most recognizable
of these being magnosalin (1)° and the endiandrins (2, 3 and 4,
Figure 1A).19 While the syntheses of these compounds seems
well-suited for [2+2] cycloaddition reactions, it is surprising to
find that not all of these natural products have been
synthesized, given that the corresponding olefin starting
Our interest in these molecules, and

Lignan-based, cyclobutane-containing natural

materials are known.
during the development of a research program focused on the
utility of macrocyclic 1,4-diketones as key building blocks for
complex molecule synthesis, led us to propose a
stereocontrolled total synthesis of di-O-methylendiandrin A
(3). Drawing inspiration from total syntheses of cyclobutane-
containing natural products that have employed either
reductive coupling (e.g., echinocidin D (5) and fragranol (7),
Figure 1B),'*12 or ring-contraction/transannular reactions (e.g.,
aquatolide (6) and hippolachinin A (8), Figure 1B),314 we



ChemEomm

devised a retrosynthetic analysis that would feature a
macrocyclic 1,4-diketone as a key synthetic intermediate to
facilitate  the  stereocontrolled synthesis of  di-O-
methylendiandrin A (Scheme 1).
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Scheme 1. Key disconnections for a macrocycle directed total
synthesis of di-O-methylendiandrin A (3)

Recently, we have demonstrated that macrocyclic 1,4-
diketones can be converted into highly strained arene-bridged
macrocycles using a three-step reaction protocol.’> During
these investigations it was discovered that macrocyclic 1,4-
diketones, that are also [n.4]metacyclophanes, undergo highly
diastereoselective Grignard reactions.’®* The selectivity of
which is largely controlled by the size of the macrocyclic
system employed; however, other factors such as the nature
of the organometallic reagent and solvent do contribute to the
level of diastereoselectivity observed. Intrigued by these
diastereoselective carbonyl addition reactions, we
contemplated the possibility of using macrocyclic
stereocontrol as a means to introduce vicinal C-methyl
stereogenic centers about the 1,4-diketone backbone of
macrocycle 10. If this could be achieved, we were optimistic
that a transannular McMurry reaction could be employed to
furnish a chiral, macrocyclic cyclobutene (9, Scheme 1), which
could be converted into lighan-based natural products such as
magnosailin (1) and the endiandrins 2 and 3.

The synthetic approach to di-O-methylendiandrin A (3)
commenced with the alkylation of isovanillin (11) and 1,6-
dibromohexane (12) to afford dialdehyde 13 in 89% vyield. A
rapid, streamlined protocol for the conversion of dialdehydes
such as 13 into macrocyclic 1,4-diketones was reported in
2016.15° Application of this strategy to 13 gave diketone 14 in
17% overall yield (3 steps, Scheme 2), which is significantly
lower than what we have reported for an analogous 18-
membered macrocycle, derived from 3-hydroxy
benzaldehyde.’>® Nonetheless, 0.8 gram scale quantities of 15
could be obtained in short order from commercially available
materials. Vicinal alkylation of the 1,4-diketone unit present in
10 was achieved using sodium hydride in THF at O °C to afford
14 as a single diastereomer in 78% vyield. It is noteworthy that
employing the same enolate alkylation conditions on an acyclic
analogue of 10 resulted in low diastereoselection and low yield
(Scheme 1, 15 to 16). Unfortunately, enolate alkylation of 15
leads to the formation of an inseparable mixture of mono-,
vicinal, and trimethylated products in ca. 17% yield. The d/I-
and meso-isomers have been reported by Jahn and co-workers
and based on comparison of the reported NMR data for these

2| J. Name., 2012, 00, 1-3

compounds, we believe the isomers are produced in a ca. 3:1
ratio.'” Drewes and co-workers have reported that alkylation
of a similar, acyclic 1,4-diketone with LDA and benzyl bromide
affords a 4:1 mixture (d/l:meso) of diastereomers; however,
we were unable to reproduce this result.® 0Oddly, 15 was
prone to decomposition under the same conditions that
afforded 14 in high yield and diastereoselectivity.

g@é

13 17% over 3 steps
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Scheme 2. Synthesis of macrocyclic cyclobutene 9 featuring
diastereoselective vicinal alkylation and transannular McMurry
reactions.

The relative stereochemistry of 14 was difficult to
determine from 'H NMR analysis, as the alpha methine proton
and C-methyl signals were poorly resolved. Fortunately,
crystals suitable for X-ray crystallographic analysis were
obtained upon recrystallization of 14 from ethyl acetate and
hexanes to unambiguously assign the relative stereochemistry
of the C-methyl groups as anti (Figure 2). The solid-state
structure of 14 also reveals the close proximity of the two
carbonyls present in the macrocycle. While a direct
comparison of the solid state structure to the solution phase
structure of 14 is not (entirely) valid, the former does illustrate
that there is considerable pre-organization of the ketone units
in 14, which would facilitate a transannular McMurry reaction.

This journal is © The Royal Society of Chemistry 20xx
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Indeed, treatment of macrocyclic 1,4-diketone 14 with
titanium(1V) chloride, Zn dust and pyridine affords macrocyclic
cyclobutene 9 in 92% vyield (Scheme 2).

Fig. 2 X-ray crystal structure of diketone 14 obtained by
recrystallization from ethyl acetate/hexanes

With cyclobutene 9 in hand, and the relative configuration of
the vicinal C-methyl groups established, completing the total
synthesis of di-O-methylendiandrin A (3) began with catalytic
hydrogenation of the olefin present in 9 to afford a macrocyclic
cyclobutane with an anti/anti/syn/syn-relative stereochemical
relationship. Having served its purpose for directing the
stereochemical outcome of the enolate alkylation reaction, and pre-
organizing the 1,4-diketone unit for a reductive coupling reaction,
the alkyl tether in 9 was cleaved in the presence of BBr;, and the
free hydroxyls were subsequently alkylated with methyl iodide to
furnish cyclobutane 17 in 60% overall yield. In order to secure the
correct all anti-relative stereochemical relationship of di-O-
methylendiandrin A, 17 was subjected to a potassium tert-butoxide-
mediated epimerization reaction in DMSO, to afford 3 in 95% vyield.
All spectroscopic data obtained for 3 were identical to those
reported by Quinn and co-workers in 2007.1%

OMe
1.H,, PdIC,1h  MeOQ,
MeOH, 23 °C
2. BBr3, CH,Cl, Mo KO-t+Bu
0°C, 30 min N DMSO
3
3. Cs,CO3, Mel Me 100°C
MeCN, 30 min Q - 2h
60% overall o 95%
(s]
OMe

Scheme 3. Synthesis of di-O-methylendiandrin A (3) from
cyclobutene 9

In conclusion, a macrocyclic template bearing a 1,4-diketone
unit was used to direct a stereocontrolled enolate alkylation

This journal is © The Royal Society of Chemistry 20xx
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reaction, as well as to pre-organize the carbonyl functional
groups in a transannular, cyclobutene forming reaction. These
strategies have enabled the total synthesis of the lignan-based
natural product di-O-methylendiandrin A (3). The utility of
these macrocycle-enabled reactions in the synthesis of
structurally related natural products, are currently being
investigated in our laboratories. The results of these studies
will be reported in due course.
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