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ABSTRACT: The first enantioselective synthesis of (—)-cajanusine is presented. Key features of the route include a rapid synthesis
of the [4.2.0]bicyclooctane core by an enantioselective isomerization/stereoselective [2+2]-cycloaddition strategy as well as
prominent use of catalytic methods for bond construction. The evolution of the approach is also presented that highlights
unexpected roadblocks and how novel solutions were developed.

he stilbenoid oligomers constitute a broad family of Scheme 2. Initial Strategy for the Synthesis of Cajanusine
natural products with high structural variance, many of OTBS
which are derived from the common stilbenoid resveratrol.' TBSQ MeO
Most stilbenoid oligomers arise from radical-mediated O
cyclizations that lead to the formation of products with ring "'-///C e
sizes five and greater. However, cyclobutane stilbenoid dimers MeO H 7 s >
that likely arise from a formal [2+2]-cycloaddition of the 2 Ph_
alkene units are known.' In 2014, a new cyclobutane-
containing stilbenoid dimer, cajanusine (1), was reported.”
Here, the cyclobutane is likely generated from a formal [2+2]-
cycloaddition with the oxygenated aryl group and the
stilbenoid alkene unit, thus giving rise to a novel scaffold
within this family of natural products (Scheme 1).”
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conjugate
addition *

Scheme 1. Cajanusine and Biosynthetic Precursors

the anti-1,2-diarylcyclobutane would serve as a driving force for
the reaction. Elaboration of 4 to (—)-cajanusine (1) was
envisioned to occur through stereoselective conjugate addition,
followed by oxidation and prenylation of the C3 and C4
positions, respectively.

Our initial efforts commenced with synthesis of f,y-

unsaturated alkynyl ketone 8, an intermediate necessary for

developiné; enantioselect'ive reactiops tq access fcycloblﬁcan'esé the enantioselective isomerization/stereoselective [2+2]-Cyclo-
we were drawn to targeting (—)-ca]apu51ne (1) for synt esIs. addition process (Scheme 3). Cross-coupling of dihydropyran
The pentasubstituted cyclobutane ring, as part of a highly S with PhMgBr under Ni catalysis as described by Wenkert

functionalized [4.2.0]bicyclooctane core, was viewed as a provided the desired alcohol,”” which was oxidized to the
challenge to access with traditional methods and strategies. aldeh

3 ) e éyde under Cu-catalyzed aerobic conditions reported by
Our group recently disclosed an enantioselective isomer- Stahl® and then converted to epoxide 6. Addition of the
ization/stereoselective [2+2]-cycloaddition strategy for the
synthesis of [4.2.0]bicyclooctanes.*”® Given this premise, we
focused on an approach that would implement this strategy
toward (—)-cajanusine (1). As shown in Scheme 2, we
expected that stereoselective [2+2]-cycloaddition of 2 would
generate 3. Since the stereochemistry at C7 is opposite that of
the natural product, an epimerization would be necessary.
Release of steric pressure of the syn-1,2-diarylcyclobutane to

R = H or prenyl (-)-cajanusine (1)

Due to our laboratory’s ongoing interest and work in
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Scheme 3. First-Generation Approach
1) 3 mol % 11;830 = _ _
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toluene, 110 °C o 727 s TBSO Ph "
2) Stahl [O] MeG TBSO A a L
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46% yield  0°Ctort 75% yield MeO - -
(3 steps from 5) °
(2 steps from 6) ii) 20 mol % Bi(OTf);, MeNO,
O0°Ctort
o _ .
o)
MeO
H e
Ph various Ph
conditions DBU =
Mo/ { Y7 \ < MeO ~— 1BSO
4 H H toluene
H rt 1 a H
Ph 4
oTBS OTBS 35% yield, >20:1 dr, 98:2 er
<5% yield >95% yield, 1:1 (12:11) >20:1 (11:3) after purification 1:1.4 (11:3) (unpurified mixture)

lithium acetylide of 7 and subsequent oxidation provided the
B,y-unsaturated alkynyl ketone 8.

Enantioselective isomerization proceeded smoothly to
generate the allenic ketone (not isolated), which, upon
treatment with Bi(OTf),, likely promoted the [2+2]-cyclo-
addition via pre-transition state 10." Examination of the
unpurified reaction mixture by '"H NMR revealed that, in
addition to the expected product 3, cyclobutene 11 was formed
as a significant product.” Cyclobutene 11 likely arises from 3
under the reaction conditions via an acid-promoted alkene
isomerization driven by relief of steric pressure of the syn-1,2-
diarylcyclobutane motif. Furthermore, any attempts at
purification by chromatography resulted in complete isomer-
ization to cyclobutene 11, which could be isolated in 35% yield
and 98:2 er.

Given that epimerization at C7 is necessary for the synthesis
of cajanusine, the isomerization reaction was deemed
fortuitous. With access to cyclobutene 11, isomerization of
the alkene into conjugation with the ketone with concomitant
formation of the desired stereoisomer 12 (aryl groups now
anti) could be achieved upon treatment with DBU (Scheme
3). However, it appears that K., ~ 1, because the second
isomerization event could not be driven toward completion
under thermodynamic conditions. Preliminary ground-state
calculations on the relative energies of 3, 11, and 12 gave them
to be 1.98, 0.00, and —0.04 kcal/mol, respectively, which is
consistent with experimental results. Despite the incomplete
conversion to 12, it was proposed that, after conjugate
addition, cyclobutene 11 could be recycled if it was re-isolated
from the reaction mixture. However, despite extensive
experimentation, conjugate addition of a styrenyl-derived
nucleophile to 12 could not be achieved. This is likely due
to the steric demands in the generation of a quaternary carbon
adjacent to the aryl group. This obstacle, coupled with the
incomplete isomerization to 12, which limited material
throughput, forced us to consider other synthetic strategies
toward (—)-cajanusine.

A second-generation approach was devised based on the
premise that much of the difficulties experienced were due to
an early-stage incorporation of the aryl group at C7 that forced
a challenging conjugate addition. Therefore, strategies that
installed the aryl group subsequent to the conjugate addition

were investigated (Scheme 4). Since the enantioselective
isomerization/stereoselective [2+2]-cycloaddition process

Scheme 4. Second-Generation Approach
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gives rise to the syn-diastereomer 14, the aryl group at C7
needed to be incorporated from a functional handle that
allowed for stereoselective C—C bond formation. With these
criteria in mind, we considered a cross-coupling approach
involving formation of a radical at C7 (16) that would allow
for capture to occur on the convex face of the [4.2.0]-
bicyclooctane core. Given the advances in Ni-catalyzed cross-
coupling that involve the intermediacy of alkyl radicals, this
strategy was deemed promising,’

With the consideration that an alkyl halide or redox-active
ester would be necessary for the installation of the aryl group
via Ni-catalyzed cross-coupling, a versatile protected alcohol
was used as a handle. The requisite 3,y-alkynyl ketone 17 was
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Scheme 5. Synthesis of (—)-Cajanusine
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(-)-cajanusine (1)

OH
82% yield (>100 mg prepared)

prepared in a sequence analogous to that shown in Scheme 3
in five steps (Scheme 5).'” The enantioselective isomerization/
stereoselective [2+2]-cycloaddition sequence proceeded to
form 18 in good yield, diastereoselectivity, and enantio-
selectivity.* Conjugate addition of E-styrenylboronic acid could
be achieved through the use of Rh catalysis which, after
desilylation, provided 19 in 73% yield."" Other approaches
involving cuprates proved less fruitful and resulted in the
formation of several unidentified impurities.

We elected to explore incorporation of the aryl group by
cross-coupling of a redox-active ester (20, 27), which could be
prepared from 19 by oxidation to the acid and coupling with
the necessary reagent. As has been noted, cross-coupling
reactions of redox-active esters are substrate dependent, and it
is therefore difficult to predict the success of any given set of
conditions.'** Therefore, an initial evaluation of 18 cross-
coupling reactions'” and 8 reductive cross-coupling reactions'’
of various redox-active esters (20, 27, and 28) was conducted
(Scheme 6)." In general, the reductive cross-coupling
reactions returned mostly starting material, whereas the
standard cross-coupling reactions consumed the starting
material. Of the 26 reactions evaluated, only a Ni-catalyzed
cross-coupling'® of arylzinc 21 and an Fe-catalyzed cross-
coupling” of diarylzinc reagent 29, both with redox-active
ester 20 (TCNHPI tetrachloro-N-hydroxyphthalimide),
delivered the product in promising yields (20% and 11%,
respectively). The Ni-catalyzed cross-coupling was selected for
further optimization because of the higher initial yield (Scheme

5004

6, inset table, entry 1). A screen of ligands revealed that BPhen
was superior to dtbpy (Scheme 6, inset table, entry 5).'® While
further improvement in yield was not observed with other
temperatures or increased quantities of arylzinc reagent 21
(Scheme 6, inset table entries 6—8), higher catalyst loadings
did result in increased yield (Scheme 6, inset table entry 9).
At this stage, completion of the synthesis required
incorporation of the substituents at C4 and C3. This sequence
was initiated through selective enolization of the sterically less
demanding a-position of the ketone with N-MePMP (N-
methyl pentamethylpiperdine) and Me;SiOTf (Scheme 5).'” It
is important to note that deprotonation with LDA, LHMDS,
LiTMP, or LiN(t-Bu)CPh,'® resulted in the formation of
enolate isomers. Conversion of the enol silane to the a,f-
unsaturated carbonyl was achieved by treatment with IBX-
MPO."” Copper-catalyzed conjugate addition of Bpin and
subsequent oxidation resulted in the formation of dione 23
(1:2:1 mixture of keto and enol tautomers).”’ Direct
installation of the prenyl group proved challenging, as has
been noted in the syntheses of other prenylated natural
products.”’ Therefore, an approach involving allylation
followed by cross-metathesis with isobutene was explored.
Surprisingly, it was difficult to incorporate a single allyl group,
as bis-allylation was difficult to suppress. Thus, an efficient two-
step sequence was developed in which Pd-catalyzed bis-
allylation™* was followed by Ni-catalyzed mono-deallylation.*
Finally, regioselective O-methylation (4:1 C3-OMe versus C5-
OMe, > 20:1 after purification), cross-metathesis™  with
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Scheme 6. Optimization of the Cross-Coupling
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entry mol% NiCl,*DME mol%/ligand equiv 22 temp yield (%)
1 20 40/dtbpy 3.0 rt 20
2 20 40/Phen 3.0 rt 8
3 20 40/4,7-(OMe),Phen 3.0 rt 14
4 20 40/BPhen 3.0 rt 37
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6 20 40/BPhen 3.0 0°C <2
7 20 40/BPhen 3.0 60 °C 26
8 20 40/BPhen 6.0 rt 14
9 40 80/BPhen 3.0 rt 40
10 100 200/BPhen 3.0 rt 40
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isobutene, and deprotection allowed for synthesis of
(—)-cajanusine (1). Due to the scalability and simplicity of
many of the steps, >100 mg of cajanusine was easily prepared
(98 mg was prepared in one reaction).

In summary, the first enantioselective synthesis of
(—)-cajanusine is presented. The evolution of the strategy is
highlighted to showcase the unexpected challenges that
occurred and the solutions that were developed. In addition,
the synthesis demonstrates the utility of various catalytic
methods to function in complex settings and further
underscores the utility of the enantioselective isomerization/
stereoselective [2+2]-cycloaddition method developed in our
laboratory.
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