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ABSTRACT: A concise total synthesis of (+)-pestalachloride C and (%)-pestalachloride D was achieved through a
Knoevenagel/hetero-Diels—Alder cascade reaction to test the nonenzymatic biosynthetic hypothesis of Shao, Wang, and co-
workers. The cascade reaction generates a mixture of racemic indano[2,1-c]chromans like those found in the natural products.

Indano[Z,l-c]chromans have unknowingly held the attention
of humans for over two millennia (Figure 1)." The red

(+)-haematoxylin
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(+)-brazilin
antitumor

(z)-pestalachloride C
teratogen

()-pestalachloride D
antibacterial

Figure 1. Naturally occurring indano[2,1-c]chromans.

extracts of sappanwood were mentioned in writings from as
early as the second century. Crystals of the key constituent of
these extracts, brazilin, were reported in 1808, but the
indano[2,1-c]chroman structure was not deduced until
1901.” Plant-based indano[2,1-c]chromans, including (+)-bra-
zilin,® (+)-3'-O-methylbrazilin,® (+)-4'-O-methylbrazilin,’
(+)-brazilane,™ caesalpiniaphenol E,* (+)-hematoxylin (still
used as a common cell stain), isohematoxylin," and the
protosappanins” are widely believed to arise from the C15
chalcone biosynthetic pathway.®
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In 2008, a new indano[2,1-c]chroman, (&)-pestalachloride
C, was isolated from an endophytic plant fungus Pestalotiopsis
adusta (L416).” The congested structure was distinct from that
of other natural indano[2,1-c]chromans and is further
distinguished by its occurrence in nature as a racemate.’
Shao, Wang, and co-workers later isolated ()-pestalachloride
C, along with its epimer (+)-pestalachloride D, in a 3.6:1 ratio,
from cultures of the marine fungus Pestalotiopsis sp., obtained
from the soft coral Sarcophyton sp.” The syn isomer,
pestalachloride D, exhibited no teratogenicity up to the assay
limit of 50 ug/mL, whereas the anti isomer, pestalachloride C,
exhibited teratogenic effects in zebrafish embryos at multiple
stages, including egg coagulation, nonspontaneous movements,
abnormal heartbeat, organ malformation, delayed hatching,
and embryonic death.” A variety of selective teratogens such as
retinoic acid, thalidomide, lenalidomide, pomalidomide,
apremilast, vismodegib, and sodidegib have found use as
drugs against cancer and other diseases.'” A concise route to
pestalachlorides C and D would facilitate assessment of their
therapeutic potential.

In 2014, our group developed a palladium-catalyzed carbene
insertion reaction to construct 1-arylindanes that contain three
of the four rings found in indano[2,1-c]chromans in high
yield."" The palladium-catalyzed reaction creates a central
point of disconnection to access these 1-arylindanes, and we
envisioned utilizing the method to develop a convergent
synthesis of indano[2,1-c]Jchromans. A model reaction
involving a highly substituted aryl iodide and N-tosylhydrazone
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gave modest yields of the desired arylindane 3 even when 2
equiv of the N-tosylhydrazone were used (Scheme 1). Given
the inefficiency of this chemistry we sought inspiration from
nature.

Scheme 1. Palladium-Catalyzed Carbene Insertion To
Construct 1-Arylindanes

5 CO,Me
COMe NaH (3.6 equiv)
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The biosyntheses of pestalone and the pestalachlorides seem
to be connected Schmalz and co-workers demonstrated that
pestalone'” readily generated the lactam (+) pestalachloride A
in the presence of ammonia (Scheme 2)."* In their isolation

Scheme 2. Shao, Wang, and Co-workers’ Proposed
Biosynthesis of Pestalachlorides and Pestalone
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paper, Shao, Wang and co-workers proposed a compelling
hypothesis for the biosynthesis of pestalone, ()-pestala-
chloride C, and the new stereoisomeric natural product
(z)-pestalachloride D (Scheme 2).”

The proposed biosynthesis involved a cascade reaction
starting with condensation of the resorcinol 5§ with the o-

phthalaldehyde 4 to generate a benzhydrol 6 with two
potential fates. Dehydration of the benzhydrol 6 produces a
highly reactive quinone methide 7 which could undergo an
inverse-electron-demand hetero-Diels—Alder cycloaddition to
afford the anti isomer pestalachloride C or the syn isomer
pestalachloride D (Figure 2). Alternatively, oxidation of the

transition state leading
to pestalachloride C

transition state leading
to pestalachloride D

Figure 2. Depiction of transition states leading to pestalachlorides C
and D.

benzhydrol 6 would directly generate pestalone and then
(+)-pestalachloride A in the presence of ammonia. The
involvement of aldiminium intermediates in the biosynthesis of
(£)-pestalachloride A suggests a potential role for iminium
intermediates in the formation of (+)-pestalachlorides C and
D through a nonenzymatic biosynthetic process.

Shao and Wang’s hypothesis is related to the Knoevenagel/
hetero-Diels—Alder cascade reactions developed by Tietze and
co-workers.'* In 2001, Tietze and co-workers published a
Knoevenagel/hetero-Diels—Alder cascade catalyzed by the
diamine catalyst ethylenediammonium diacetate (10 mol %
EDDA), presumably via an iminium ion. The reaction
generates two types of fused barbituric acid derivatives: the
allyl substrate 8a afforded bridged tetralin 9, whereas the
prenyl-substituted substrate 8b afforded the cis-fused indane 10
(Scheme 3)." Lee and co-workers have applied the Tietze

Scheme 3. Types of the Products Generated by the Tietze
Knoevenagel/Hetero-Diels—Alder Cascade Reaction That
Are Sensitive to the Structure of the Starting Materials
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conditions to aromatic nucleophlles to generate cannabinoids
and related ring systems.'® The facile generation of tetracycles
related to indano[2,1-c]chromans under organocatalytic
conditions strongly supports Shao and Wang’s proposed
biosynthesis, but the stereoselectivity and sensitivity to
substituents left us uncertain that it could be applied to a
total synthesis of both the syn isomer pestalachloride D and the
anti isomer pestalachloride C. Other workers have shown that
quinone methide intermediates derived from benzylic alcohols
can undergo intramolecular hetero-Diels—Alder reactions to
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generate mixtures of cis-fused and trans-fused cyclopenta[c]-
chromans.'” Conflicted by the strong precedent and lingering
questions, we set out to test the cascade reaction underlying
the Shao and Wang biosynthetic hypothesis as an approach to
pestalachlorides C and D.

The Shao and Wang biosynthetic hypothesis requires a
regioselective Knoevenagel condensation with just one of the
two aldehydes of o-phthalaldehyde 4. To ensure condensation
with the correct aldehyde, we opted to introduce the second
formyl group at a later stage into the fully formed indane ring
system (Scheme 4). We anticipated the need for a functional

Scheme 4. Premature Intramolecular Carbonyl Ene Process
Competes with the Knoevenagel Reaction
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handle like bromine to allow installation of the aldehyde into a
crowded position. To that end, we converted aldehyde 11 into
an 0,0’-dibromoaldehyde and masked the aldehyde to give
acetal 12. One of the two bromines was converted to the
cyanocuprate through lithium—halogen exchange with 1.2
equiv of phenyllithium, and the cuprate was then coupled with
prenyl bromide to afford acetal 13a. The juxtaposition of
aldehyde and prenyl group in 13a is precarious. All attempts to
deprotect the acetal led to complex mixtures arising from Prins
reactions. We found it expedient to carry out the cuprate
coupling with allyl bromide to afford allylbenzene derivative
13b. After revealing the aldehyde, we gently converted the allyl
group to a prenyl group using Grubbs metathesis.

4,6-Dichloroorcinol 15 was available through the regiose-
lective chlorination of orcinol.'® Sadly, we were unable to
engage the dichloroorcinol in the Knoevenagel cascade due to
the competing intramolecular carbonyl ene process. Under
some conditions, the undesired indane 16 was formed
stereoselectively in high yield. A syn orientation of the
substituents on indane 16 has been tentatively assigned on
the basis of the 5 Hz vicinal coupling constant'” and is based
on the preference for intramolecular carbonyl ene reactions to
afford syn-cyclopentanols in saturated systems.”’

We hypothesized that the o-bromo group of aldehyde 14
might be accelerating the undesired carbonyl ene reaction and
set out to test the cascade on a less crowded substrate (Scheme
5). The desired monobromide 17 was prepared from aldehyde

Scheme 5. Synthesis of Oxygenated Benzaldehyde 19 and
4,6-Dichloroorcinol 15

i. PhLi, =78 °C
BnO BnO ii. CUCN-2LiCl
/@V 1) NBS (87%) Br  78°C
_0 2)pTSAH,0O iii. prenyl bromide
BnO ethylene glycol BnO 23°C
b (99%) v 79%
36 mol %
= _P-TSAH0 -TSAH,0O EDDA
O acetone xylene/Et;N
23 °C, 45 min BnO 5:1 (vIv)
18 O 71% reflux, 20 h
HO Cl 85%
15 (1.8:1 antilsyn)
Cl
1) Mel 20 mol % Pd/C
(76%) NEts, HCO,H
2) oxalyl BnO THF
chloride, 45°C,1h
cl DMF (93%) 90%

(*)-pestalachloride C

(*)-pestalachloride D

11 by monobromination and protection of the aldehyde as an
acetal. As before, aryl bromide 17 was converted to the
cyanocuprate and coupled with prenyl bromide to afford
dioxolane 18."° This time, we were able to remove the acetal
under mildly acidic conditions at incomplete conversion. The
desired aldehyde 19 could be obtained in 71% yield.

Under base-catalyzed conditions (Et;N) aldehyde 19 and
resorcinol 20 generated a complex mixture containing less than
6% of indano[2,1-c]chromans 20. In the presence of EDDA,
which promotes iminium ion formation, the reaction is much
more eflicient. With some optimization, the Knoevenagel/
hetero-Diels—Alder cascade generated the indano[2,1-c]-
chromans 20 in 85—90% yields in about 90% purity. The
anti and syn isomers are formed in a 1.4—1.6:1 ratio, depending
on the equivalents of 4,6-dichloroorcinol and reaction time.
The ratio was 1.8:1 after chromatographic purification,
probably due to slight chromatographic loss of the syn isomer.
The inseparable mixture was carried on through the synthetic
route. The success of this cascade reaction is consistent with a
biosynthetic route that involves a nonenzymatic cascade
reaction, although the solvents and temperatures are abiotic.

We were pessimistic that an aldehyde could be introduced at
the more hindered position of the indane aromatic ring.
Fortunately, Vilsmeier—Haack reaction of phenol 20 was
found to introduce the formyl group at the desired position,
but the resulting mixture of seven-membered ring hemiacetals
and hydroxyaldehydes proved unwieldy. The fortuitous and
surprising regioselectivity in the formylation was initially
attributed to a directing effect from the phenolic hydroxyl
group on the dichloroorcinol ring. We were surprised to find
that O-methylation of the dichlorochroman phenol 20 was still
followed by a highly regioselective Vilsmeier formylation at the
hindered position to afford carbaldehyde 21. Attempts to
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cleave the benzyl ethers of carbaldehyde 21 under typical
hydrogenolysis conditions with hydrogen gas were accom-
panied by concomitant reduction of the benzaldehyde moiety
of 21 to a methyl group, but when formate was used as the
reductant, deprotection proceeded cleanly to afford a mixture
of (+)-pestalachloride C and (+)-pestalachloride D in a 1.6:1
ratio in 83—90% yield. The isomers were readily separable by
reversed-phase HPLC.

Hydroxylated flavonoids are known to exert weak terato-
genic effects, exhibit antimelanogenic activity, and inhibit
proliferation of melanoma.>' We tested (+)-pestalachlorides C
and D against the A375 melanoma cell lines and found
pestalachloride D to be slightly more potent with ICgys of 12.4
+ 2.4 and 7.1 + 0.6 uM, respectively.

The ready formation of pestalachlorides C and D through a
Tietze cascade reaction, involving Knoevenagel reactions of
dienophiles tethered to aldehydes followed by hetero Diels—
Alder cycloaddition of a quinone methide intermediate,
supports the Shao and Wang biosynthetic hypothesis for
these racemic natural products. It adds to the growing list of
related Knoevenagel/hetero-Diels—Alder cascade reactions
that parallel biosynthetic pathways.””*’ Late-stage introduction
of the formyl group allows one to assemble (+)-pestala-
chlorides C and D in a facile and concise manner utilizing a
Knoevenagel/hetero-Diels—Alder cascade cyclization reaction.
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