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ABSTRACT: The first enantioselective total synthesis of
the cytotoxic natural product (+)-psiguadial B is reported.
Key features of the synthesis include (1) the enantiose-
lective preparation of a key cyclobutane intermediate by a
tandem Wolff rearrangement/asymmetric ketene addition,
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(+)-Psiguadial B (1) is a diformyl phloroglucinol-containing
meroterpenoid recently isolated by Shao and co-workers from
the leaves of Psidium guajava, a plant that is widely used in

traditional Chinese medicine.’ Biological investigations revealed
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mode-of-action studies have not been disclosed. Biosyntheti- M
cally, the sesquiterpenoid fragment of 1 can be traced to f- .

C(sp3)-H © e~
alkenylation Me"u H
caryophyllene;” indeed, a number of biomimetic approaches to —— .",‘. o
phloroglucinol meroterpenoids starting from p-caryophyllene prepared by \@? Me{:r
34 . . Wolff
have been reported.” However, we recognized that an abiotic rearrangement 6 4
synthesis of 1 would allow us to develop new chemistry and

strategy concepts that would be useful in broader synthetic
contexts. Here we report an enantioselective total synthesis of 1

Figure 1. Retrosynthetic analysis.

that was enabled by the development of a catalytic asymmetric forward sense, the chroman substructure would be constructed
addition of 8-aminoquinoline to a photolytically generated via intramolecular O-arylation. Bromide 3 was then further
ketene. simplified to ketone 4, where the strained seven-membered B
From a synthetic standpoint, we reasoned that the primary ring would be formed by a potentially challenging7 ring-closing
challenge posed by 1 is construction of the central metathesis, while the arene functionality could be installed via
bicyclo[4.3.1]decane, which is trans-fused to a cyclobutane. aldol condensation. In turn, ketone 4 was expected to be
Specifically, we identified the C1—C2 bond (Figure 1), which accessible in short order from the product of the directed
links the A and C rings through vicinal stereogenic centers, as a C(sp®)—H alkenylation reaction joining fragments $ and 6.
strategic disconnection. On the basis of this analysis, we became Having identified an approach to 1 that centered on the
interested in forming this bond by a Pd-catalyzed C(sp*)—H coupling between 5 and 6, we were left to consider how best to
alkenylation reaction between cyclobutane $ and vinyl iodide 6. synthesize amide $ in enantioenriched form. The correspond-
Although the direct product of this reaction would be a cis- ing carboxylic acid had been made previougly as a racemate by
cyclobutane, we envisioned accessing the thermodynamically Wolff rearrangement of diazoketone 7,” which is readily
more stable trans-cyclobutane through an epimerization accessible from commercially available 2,2-dimethylcyclopenta-

process. C(sp®)—H functionalization of cyclobutanes has none.” Inspired by several reports of catalytic asymmetric
previously been reported” and elegantly demonstrated in total nucleophilic ‘additions to ketenes, ~ we hypothesized that
synthesis,® but there was some uncertainty about whether the enantioenriched $ could be prepared directly by photolysis of 7
proximal methyl C—H bonds would intervene unproductively. in the presence of a chiral catalyst ar}d 8—aminoqqipoline (8).

Mapping this strategic bond construction onto a more Thus, we conducted. a survey of chiral nucleophﬂlclgaltlalysts
complete retrosynthesis of 1, we planned to reserve installation known to engage with ketenes (Table 1, C1-C5)™" and
of the two formyl groups and the C1’ phenyl substituent until
the final steps of the synthesis, thereby simplifying 1 to 2. Received: July 13, 2016
Scission of the aryl C—O bond in 2 revealed bromide 3; in the Published: July 24, 2016
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Table 1. Optimization of the Tandem Wolff Rearrangement/
Catalytic Asymmetric Ketene Addition

o]
Me\&Nz Men. ) Me:., ‘:R\
Mev lj (s) H

7
ee of 5 (%)

catalyst
THF, rt

entry mmol cat. (mol %) equivof 8 yield of S (%)

1 0.10 0 1 55 0
2 010 C1 (50) 1 39° 46
3010 C2 (50) 1 32° —66
4 010 C3 (50) 1 58° -59
s 010 C4 (50) 1 720 77
6 010 Cs (50) 1 65" -15
7 010 C4 (20) 1 66° 81
8 11 C4 (20) 1 37° 79
9 15 C4 (20) 3 62° 80
10 30 C4 (10) 3 62° 79

“Determined by supercrltlcal fluid chromatography using a chiral
stationary phase. “The reaction mixture was irradiated for 24 h, and
the yield was determined by 'H NMR analysis versus an added
internal standard. “Isolated yield.

PPY- Me (c1) (-)-cinchonidine (C3)

Indanyl-NHC (C2)
(DHQD),PYR (C5)
N 2N

discovered that 5 could indeed be obtained with promising
levels of enantioinduction (15—77% ee; entries 2—6). The
enantioselectivity is striking given the substantial rate of
background reaction observed in the absence of catalyst
(entry 1).

Following an investigation of several reaction parameters,12
irradiation of 7 with 254 nm light in the presence of 1 equiv of

(+)-cinchonine (C4)

8 and 20 mol % (+)-cinchonine (C4) in tetrahydrofuran
(THF) was determined to be optimal when conducting the
reaction on a small scale in a sealed tube (entry 7).
Unfortunately, the yield dropped when the reaction was
performed on a preparative scale in a standard photochemical
reaction vessel (entry 8). After detecting the evolution of
carbon monoxide, we hypothesized that the decreased yield
results from decomposition of ketene 9 by photodecarbonyla-
tion."” In order to drive the product distribution toward
nucleophilic trapping, we increased the concentration of 8,
which restored the desired reactivity and afforded S in 62%
yield with 80% ee on a 15 mmol scale (entry 9). Moreover, the
catalyst loading could be reduced to 10 mol % using this
protocol, which reliably produced $ in 62% yield with 79% ee
on a 30 mmol scale (entry 10). Although 5 is obtained with
modest ee directly from the reaction, a single recrystallization
by layer diffusion provided this key intermediate in
enantiomerically pure form. To our knowledge, this is the
first example of a tandem Wolff rearrangement/catalytic
asymmetric ketene addition.

With rapid access to multigram quantities of S, we turned our
attention to its coupling with vinyl iodide 6 (Scheme 1). To our
delight, subjecting a mixture of § and 6 to Pd(OAc), and
Ag,COj at 90 °C provided cis-cyclobutane 10 in 75% yield. The
requisite trans-cyclobutane was obtained by selective epimeriza-
tion'* at C2, as determined by deuterium-labeling studies.
Ketalization of 11 enabled clean reductive cleavage of the
directing group, and the corresponding aldehyde was tele-
scoped through Wittig olefination and hydrolysis to afford vinyl
enone (—)-12 in 58% yield over the two steps. It was at this
stage that we were able to obtain single crystals of trans-
cyclobutane 11 suitable for X-ray diffraction. Unfortunately, 11
was found to be in the incorrect enantiomeric series for
elaboration to natural 1. To our dismay, we could not
circumvent this problem by simply employing (—)-cinchoni-
dine (C3) in the tandem Wolff rearrangement/asymmetric
ketene addition, as this pseudoenantiomeric catalyst afforded ent-
5 in lower yield with only $9% ee (Table 1, entry 4).

We recognized that the desired enantiomer of 12 could
potentially be generated from $ through an alternate sequence
involving epimerization at CS$ instead of C2. To this end, iodide
13 (isolated as an 8:1 mixture of olefin isomers) was prepared
and subjected to the cross-coupling conditions, furnishing 14 in
72% yield on a gram scale. Reduction of the amide provided the

Scheme 1. C(sp*)—H Alkenylation and Epimerization Strategies

o
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Scheme 2. Completion of the Synthesis of (+)-Psiguadial B
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(+)-psiguadial B (1)
15 steps from diazoketone

cis-aldehyde (not shown), which was epimerized at CS by
treatment with KOH in methanol to give 15. Gratifyingly,
methylenation and hydrolysis under the previously developed
conditions provided (+)-12, the desired enantiomer. Thus,
utilization of 13 as a coupling partner eliminated a linear
protection step and substantially improved the material
throughput. Moreover, it is notable that either enantiomer of
12 can be prepared using a single enantiomer of organocatalyst.

With the desired enantiomer of vinyl enone 12 in hand, we
turned our attention to installation of the methyl group at the
Cl quaternary center (Scheme 2). Reaction of 12 with
Gilman’s reagent furnished ketone 4 in only moderate yield
with 3:1 dr. Fortunately, the yield and diastereoselectivity of the
conjugate addition were enhanced by employing the copper-
catalyzed asymmetric method developed by Alexakis and co-
workers,'> which provided 4 in 94% yield with 19:1 dr.
Subsequent aldol condensation between 4 and aldehyde 16
afforded exo-enone 17 in excellent yield. However, 1,2-addition
into this hindered ketone proved challenging. Allylic alcohol 18
was obtained in good yield with serviceable dr by employing
vinyllithium in THF at —78 °C; extensive experimentation
aimed at improving the dr proved unfruitful. Finally, the key
ring-closing metathesis proceeded with excellent efficiency
using the second-generation Hoveyda—Grubbs catalyst (HG-
II), delivering the fully assembled A—B—C ring system in 93%
yield.

With the strained sesquiterpene framework secured, both the
di- and trisubstituted olefins in 3 were hydrogenated in the
presence of Crabtree’s catalyst, thus establishing the C9
stereogenic center with 16:1 dr and providing 19 in 90%
isolated yield. The final ring of the psiguadial framework was
constructed by a Cu-catalyzed intramolecular O-arylation
reaction, which furnished pentacycle 2 in 75% yield."®

Completion of the synthesis required installation of the
phenyl group at C1’ and formylation of the E ring. To this end,
treatment of 2 with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) in the presence of ethoxyethanol'” effected benzylic
oxidation to give 20 in 60% yield over two cycles. Addition of

9805

BF;-OEt, to a mixture of 20 and lithium diphenylcyanocup-
rate'® delivered 21 in 90% yield as an inseparable 2:1 mixture of
diastereomers, favoring the desired configuration. Double
demethylation was achieved with pyridine hydrochloride at
200 °C; at this stage the diastereomeric resorcinols were readily
separable by column chromatography. Finally, the two aryl
aldehydes were installed simultaneously using Rieche for-
mylation conditions,"” delivering 1 in 50% yield. Synthetic 1
was found to be spectroscopically identical in all respects to the
natural sample reported by Shao et al.""’

In summary, the total synthesis of the cytotoxic natural
product (+)-psiguadial B (1) was completed in 15 steps from
diazoketone 7. The synthetic strategy was enabled by de novo
construction of the trans-fused cyclobutane ring via a tandem
Wolff rearrangement/asymmetric ketene addition followed by a
Pd-catalyzed C(sp®)—H alkenylation reaction. Notably, both
enantiomers of the natural product are accessible from a single
enantiomer of organocatalyst. Efforts to expand the scope of
these key transformations and apply this sequence in the
synthesis of other trans-cyclobutane-containing natural prod-
ucts are ongoing in our laboratory.
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