pubs.acs.org/JACS

JAC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Total Synthesis of Atisane-Type Diterpenoids: Application of Diels—
Alder Cycloadditions of Podocarpane-Type Unmasked ortho-
Benzoquinones

Liqiang Song,.}"§ Guili Zhy,* Yongjiang Liu,” Bo Liu,*"* and Song Clin.}'

Key Laboratory of Green Chemistry & Technology of the Ministry of Education, College of Chemistry, Sichuan University,
Chengdu, Sichuan 610064, China

*State Key Laboratory of Natural Medicines, China Pharmaceutical University, Nanjing 210009, China

© Supporting Information

ABSTRACT: Few examples of [4 + 2] cycloaddition with unmasked ortho- i

benzoquinones (UMOBs) as carbodiene have been reported in complex X ° L on

molecule synthesis. Herein we report that this cycloaddition with MeO oo N &\ l} \
O 7

podocarpane-type UMOB was developed and applied to construct fully . 1" T \OC /
functionalized bicyclo[2.2.2]octanes. Based on this methodology, divergent il W\

total syntheses of atisane-type diterpenoids, including ()-crotobarin, o HOWEXO _—
crotogoudin, atisane-3f,16a-diol, and 16S,17-dihydroxy-atisan-3-one, were A T R° ~__ .
accomplished in 14, 14, 12, and 16 steps, respectively. Key elements in these w o / \ o o

total syntheses include: (1) FeCls-catalyzed cationic cascade cyclization to e X ‘ Sitey

construct podocarpane-type skeleton; (2) Mn(IIl)/Co(II)-catalyzed radical
hydroxylation of alkene with high regio-, diastereo-, and chemoselectivities;
(3) and a ketal-deprotection/lactone-opening/deprotonation/lactonization
cascade. Additionally, the synthetic utility of the fully functionalized bicyclo[2.2.2]octane framework was further elucidated by

applying ring distortion strategy to afford different skeleton-rearranged natural product-like compounds.

B INTRODUCTION

Inspired by the biogenetic connection between tricyclic and
tetracyclic diterpenoids via a carbocation intermediate,
synthetic chemists speculate that a podocarpane-type inter-
mediate could chemically provide a generalizable synthetic
pathway to both tricyclic and tetracyclic diterpenoids, through
dearomatization of podocarpane and subsequent appropriate
functionalization. Although the feasibility of this tactic toward
tricyclic diterpenoids has already been demonstrated,’ the
transformation from the podocarpane-type diterpenoids to
tetracyclic diterpenoids is underdeveloped and we believe it
merits additional exploration (Scheme 1).

Notably, the atisane-type diterpenoid or its enantiomeric
natural counterpart is a special member among the tetracyclic
diterpenoid family. It is biosynthetically related to abietane,
beyerane, kaurane, and other types of diterpenoids, all of which
are generated in a carbocation-based mechanism catalyzed by
diterpene cyclase.” Architectures including atisane occur
frequently in the C,o-diterpenoid alkaloid family.” And the
unique bicyclo[2.2.2]octane skeleton within C,y-diterpenoid
alkaloids can be transformed to the bicyclo[3.2.1]octane
skeleton in Cjg- and C,o- diterpenoid alkaloids,”* based on
Overton’s conversion of atisane to aconane.’

Due to their structural diversity and biogenetic importance,
atisane-related diterpenoids and diterpenoid alkaloids, as well as
their ent-family members, have been the focus of numerous
synthetic studies and total syntheses.” Four principal
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approaches have been explored to construct the bicyclo[2.2.2]-
octane substructure in atisane-type natural products: (1)
intramolecular nucleophilic cyclization, including aldol, double
Michael, or Sy2 reactions;® (2) intramolecular radical
cyclization of alkyne;” (3) rearrangement from a kaurane- or
trachylobane-type skeleton;'’ and (4) intra- or intermolecular
Diels—Alder cycloaddition.'" However, to the best of our
knowledge, no one has reported attempts to use unmasked
ortho-benzoquinone as carbodiene in Diels—Alder cyclo-
addition to construct bicyclo[2.2.2]octane architecture in
natural product synthesis.

Besides these developed synthetic strategies, Wiesner’s group
and Baran’s group installed this bicyclo[2.2.2]octane architec-
ture from a podocarpane-type intermediate, using a sequential
dearomatization/allene [2 + 2] cycloaddition/ozonolysis/acidic
rearrangement strategy.ga'f Here we describe an alternative
strategy involving a dearomatization/[4 + 2] cycloaddition
sequence, in which unmasked ortho-benzoquinone is used as
carbodiene in [4 + 2] cycloaddition. To further demonstrate
synthetic significance of this Diels—Alder cycloaddition of
podocarpane-type unmasked ortho-benzoquinone, a [4 + 2]
cycloadduct in our strategy was converted to the counterparts
of several representative ent-atisane-type and ent-3,4-seco-atisane
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Scheme 1. Biosynthetic and Chemically Synthetic Connections among Tricyclic and Tetracyclic Diterpenoids®
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natural products, as well as other skeleton-rearranged
diterpenoids.

In 2010, crotobarin (1) and crotogoudin (2) were isolated
from Croton barorum and Croton goudotii (Figure 1).'” They are
cytotoxic to several human cancer cell lines (ICg, 0.49—2.5
#M) and effectively induce apoptosis. Both molecules belong to
the rare ent-3,4-seco-atisane family of diterpenoids'® and possess
a unique tetracyclic framework with five stereocenters. The
interesting bioactivity and challenging molecular architecture of
crotobarin and crotogoudin make them attractive targets for
synthetic chemists, and these efforts have culminated in total
synthesis of ent-crotogoudin by Carreira’s group,'* as well as
several synthetic studies.'> Carreira’s total synthesis includes a
baker’s yeast-catalyzed desymmetrization of meso-[2.2.2]
diketone, a rhodium-catalyzed cyclopropanation and a Sml,-
promoted radical cyclopropane-opening/annulation/elimina-
tion cascade to access the tetracyclic skeleton. As a result of
this total synthesis, the absolute configuration of natural
crotogoudin was determined, and the compound was classified
into the ent-atisane family. Compounds 3 and 4 were isolated
and characterized more than 20 years ago.'® They embrace
typical atisane-type skeleton with multiple stereocenters and
thus were selected as our synthetic targets to illustrate the
diversity of our synthetic strategy.

Considering the inherent relationship between ent-atisane
and ent-3,4-seco-atisane, we formulated a hypothesis for
biogenesis of ent-3,4-seco-atisane by taking crotogoudin as an
example (Scheme 2). The C3 carbonyl in compound A can

OH
'”I/OH

R' = OAc, crotobarin (1)
R = H, crotogoudin (2)

ent-16S, 17-dihydroxy-
atisan-3-one (4)

ent-atisane-3p,16a-diol (3)

ent-16a-hydroxy-atisane- ent-3,4-seco-16a-hydroxy-  ent-3,4-seco-4,160,17-
3,4-lactone (3a) atis-4(19)-en-3-oic acid (3b) trihydroxyatisan-3-oic acid (4a)

Figure 1. Structures of representative atisane-type diterpenoids.

Scheme 2. Hypothesis for Biogenesis of ent-3,4-seco-Atisane
and Retrosynthetic Analysis

lactone HO.
O opening

dehydration .
T
OR lactonization

¥

F O crotogoudin, 2

undergo Baeyer—Villiger oxidation to give B, a possible
biosynthetic process catalyzed by Baeyer—Villiger monoox-
ygenase (BVMO) in Nature."”'® This oxidation can be
followed by lactone opening in the presence of lactone
hydrolase to afford compound C."” Subsequent dehydration
and lactonization catalyzed by enzyme afford crotogoudin in a
streamlined fashion.” The proposed biohypothesis can be
partly evidenced by co-occurrence of compound 3 and its
natural siblings, 3a and 3b, in Excoecaria agallocha,13C and co-
occurrence of compounds 4 and 4a in Euphorbia acaulis.”'

Retrosynthetic analysis suggested that we could obtain
compound A from compound D via multistep functional
group transformations. Oxidative dearomatization of com-
pound E would give ortho-benzoquinone, which could undergo
[4 + 2] cycloaddition to yield compound D. Compound E, a
podocarpane-type diterpenoid analogue, could be prepared
from compound F via cationic cascade cyclization.

B RESULTS AND DISCUSSION

Synthesis of the Unmasked Benzoquinone 10. Since
site-selective epoxidation at the terminal trisubstituted alkene in
the polyene 5 was unsuccessful,”” we initiated the total
synthesis by coupling epoxy geranyl bromide (6)*° with
functionalized benzyl anion, generated in situ from the
commercially available compound 7 (Scheme 3). This coupling
approach to compound 8 was exploited as a straightforward
entry to precursor of podocarpane-type diterpenoids. Then a
biomimetic, Lewis acid-catalyzed cascade polycyclization of
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Scheme 3. Synthesis of 10
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epoxy substrate 8 was developed.”*”** Extensive screening
identified cheap and environment-friendly iron(III) chloride as
the optimal catalyst, affording compound 9 as the sole isolable
diastereomer in 55% yield.** This cascade reaction generated
two new stereogenic centers in a substrate-controlled fashion
and formed two C—C bonds simultaneously. While oxidation
of 9 with CAN gave 10 in only 43% yield, using Ce(SO,),:
4H,0 increased the yield to 81%.

Diels—Alder Cycloaddition of the Unmasked Benzo-
quinone 10. Masked ortho-benzoquinone (MOB) is widely
used in intermolecular and intramolecular Diels—Alder reaction
in organic synthesis including natural product synthesis.””
Recently, Fukuyama and Yokoshima’s group successfully
realized intermolecular Diels—Alder cycloaddition between a
complex MOB and ethylene in total synthesis of lepenine, a
diterpenoid alkaloid containing bicyclo[2.2.2]octane architec-
ture.''® To our surprise, reacting traditional MOB surrogates
(10-A and 10-B) of compound 10 in an atmosphere of
ethylene (7 MPa) did not deliver any detectable [4 + 2]
cycloadduct even at 70 °C for 48 h. Application of
trimethylsilylacetylene (20 equiv) instead of ethylene in
thermal conditions did not afford the desired cycloadducts
either. We then resorted to Diels—Alder cycloaddition of 10-A
and 10-B with trimethylsilylacetylene (20 equiv) in the
presence of different Lewis acids, including AICl;, MeAICl,,
Et,AlCl, ZnCl,, Bi(OTf);, and Fe(OTf);. However, no
cycloadducts could be detected, while decomposition of 10-A
and 10-B was observed. Actually, the reactivity discrepancy
between our MOBs (10-A and 10-B) and Fukuyama and
Yokoshima’s MOB could be ascribed to the difference among
their molecular conformation, since the polycyclic skeleton of
Fukuyama and Yokoshima’s MOB substrate is distinctly
distorted by an additional nitrogen-containing heterocycle,
compared to those of our MOBs.' '

Our failure in MOB cycloaddition prompted us to fall back
on an unmasked ortho-benzoquinone (UMOB) Diels—Alder
methodology. Theoretically and experimentally, UMOB shows
versatile reactivity, acting as a carbodiene, heterodiene,
dienophile, and heterodienophile.”® Moreover, the cycloadducts
from UMOB are labile to light-driven decarbonylation and

Table 1. Substrate Scope of the Diels—Alder Cyclization®

major product M: yield®
Sisom.”

entry dienophile

Me;Si

i — HO (o]
| |/ .O . 0,
1 11a SiMes 7:1 78%

= oPG HO o

(¢]
2 PG = TBDPS ' P ok 5:1 97%
PG =TBDPS, 11b
& TOCOAr  HO o
(0]
Ar = 4-CgH NO [ : 9
3 r 6H4NO7 N CoAr 3:1 >99%
Ar =4-CgHyNO,, 11c
Ar—— HO - (o]
4 T 3:1 96%
Ar’
Ar=Ph Ar=Ph, 11d
5  Ar=4-MeOC¢H;  Ar=4-MeOCcH,, 11e 3:1 96%
6 Ar = 4-FCgH, Ar = 4-FCgH,, 11f 3:1 98%

entry dienophile major product M: yield
Zisom
A R
Pz | P ‘O .
7 Me;Si Z 11g Al SiMe; 31 79%
Ph
/ HO o]
d Y .
8 Ph Ph 31 96%
11hPh

@iﬂ‘"s HO “‘A" o
0

9° OTf I O 6:1 >99%
1i
= Ar
Ar/\ HO 3
10 I H 3:1 99%
l o
Ar=Ph °©
Ar =Ph, 11j
11 Ar = 4-MeOCgH, Ar = 4-MeOCgH,, 11k 31 94%
12 Ar = 4-FCgH,4 Ar = 4-FCgH,4, 111 2:1 99%

“Unless otherwise stated, reactions were performed in dichloromethane 1n sealed tubes wrapped in aluminum foil at 140 °C for 2—6 h with 10 (1
equiv), dienophile (20 equiv), and freshly activated MnO, (4 equiv). “M:Ylisom. = major isomer:sum of minor isomers. These ratios were
determined by "H NMR analysis. “Isolated yield combining all isomers. “These reactions were performed at 150 °C. °KF (2.5 equiv), 18-crown-6
(2.5 equiv), and 10 (1 equiv) were dissolved in THF at 0 °C, then dienophile (1.2 equiv) was added dropwise at 0 °C, and the reaction was stirred

for 3 h before quenching.
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. 27ab .
aromatization.”*” Thus, there are only sporadic reports on

Dlels—Alder cycloaddition involving UMOB and alkyne or
alkene.”” It may help explain why, to the best of our knowledge,
Diels—Alder cycloaddition with UMOB has not been reported
in natural product synthesis yet. Accordingly, applying such an
UMOB as compound 10 solely as carbodiene presents a
challenge for fulfilling requirements for chemo-, regio-,
diastereo-, and exo/endo selectivities. Herein we endeavor to
demonstrate the realizability and synthetic applicability of such
type of intermolecular Diels—Alder reactions.

Scrupulous screening of reaction conditions led us to
intermolecular Diels—Alder cycloaddition involving 10 and
different alkynes and alkenes (Table 1). Notably, these
reactions were performed in the presence of MnO, to prevent
reduction of 10 to the corresponding 1,2-phen-diol. When
functionalized terminal alkynes were used, the cycloadducts
formed in satisfactory selectivities and yields (Table 1, entries
1-3). In all three major products, the bulky substituents (TMS,
CH,OR) were positioned outside the polycyclic skeleton.
However, while no selectivity was observed in the cycloaddition
between structurally simple reactants, ie., 3,5-di-tert-butyl-o-
benzoquinone and phenylacetylene,”’* aromatic rings were
directed inward to ring B in the major cycloadduct when
phenylacetylene and its derivatives were reacted as dienophile
with 10 (entries 4—6).

Reacting 10 with 4-trimethylsilyl-3-butyn-2-one, an electron-
deficient internal alkyne, afforded the corresponding diaster-
eomers in the ratio of 3:1 in 79% combined yield (entry 7).
Steric hindrance from the TMS group might cause it to project
outward in the major cycloadduct (entry 1 vs entry 7). Using a
symmetric internal alkyne showed excellent reactivity and
medium diastereoselectivity (entry 8). The highly reactive
benzyne, generated in situ, delivered the desired cycloadduct at
0 °C (entry 9). Interestingly, a-facial selectivity predominated
in cycloaddition reactions with alkyne as dienophile (entries 1—
9). However, f-facial selectivity was observed with aromatically
substituted terminal alkene as dienophile, and the correspond-
ing endo-type cycloadducts were found to be predominant
(entries 10—12).

To probe insightful information on the unexpected
regioselectivities in entries 4—6 and facial-selectivities in entries
10—12, DFT calculation on three typical Diels—Alder reactions
(entries 1, 4, and 10) was executed by employing M06-2X
method combined with the 6-31G(d,p) basis set. Calculation
shows that the major cycloadducts in these three entries are the
most energy-favored among all four (entries 1 and 4) or eight
(entry 10) possible isomers.”**

For entry 1, compared to the stable conformation of 10 in
ground state, single-point energy calculation indicates less
geometric distortion of the diene motif in a-anti-TS than that
in f-anti-TS. This makes a-facial selectivity favorable with
alkyne as the dienophile.”®* Moreover, theoretical calculation
reveals the different regioselectivities between entries 1 and 4
could be ascribed to different HOMO—LUMO interactions
between diene and dienophile in different transition states.
Greater HOMO—LUMO interaction usually leads to lower
Gibbs free energy in transition state and thus benefits formation
of the major cycloadduct. For the cycloadditions in both entries
1 and 4, NBO analysis implies the migration of electron from
the HOMOs of alkynes to the LUMO of 10 in transition states
(Figure 2A). The more charge transfer in anti-TSs than that in
syn-TSs (0.07 e vs 0.06 e) suggests that anti-TSs possess greater
HOMO-LUMO interaction, which satisfactorily accounts for

A. Four typical transition states for entry 1
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Figure 2. Selected transition states (optimized by DFT calculation) for
cycloadditions in entries 1, 4, and 10. Bond lengths are in angstroms,
and relative energies are in parentheses. Syn/anti denotes different
position of the substituent on dienophiles with respect to ring B of 10.

the regioselectivity in entry 1. However, for the cycloaddition in
entry 4, the syn-TSs possess greater HOMO-LUMO
interaction than the anti-TSs (charge-transfer: 0.07 e vs 0.06
e), which affords the opposite regioselectivity to that in entry 1
(Figure 2B).”*

As for the cycloaddition in entry 10, the most energy-favored
P-syn-endo-TS is featured by the unique geometry that C—H
bond at CS of compound 10 is vertical to the phenyl ring of
styrene with the distance of ca. 2.5 A (Figure 2C), suggesting a
strong o—7 interaction between two reactants in this transition
state. This C—H- -7 interaction therefore stablhzes P-syn-endo-
TS and leads to 11j as the major product.”*" ™

Attempts to react 10 with alkenes other than styrene
derivatives, including ethylene even under high pressure, failed
to afford significant amounts of Diels—Alder cycloadducts,"'®
which is different from the reactivity with structurally simple
UMOB as diene.””®" The relative stereochemistry of major
cycloadducts in Table 1 was confirmed by X-ray crystallography
or NOESY experiments after purifying them from isomeric
mixtures by recrystallization and/or chemical derivation.
Although the products decompose upon standing in sunlight,
they are stable under thermal reaction condition in the dark and
in the purification process. Undoubtedly, our developed
cycloaddition with podocarpane-type UMOB will further
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J. Am. Chem. Soc. 2015, 137, 13706—13714


http://dx.doi.org/10.1021/jacs.5b08958

Journal of the American Chemical Society

Scheme 4. Total Synthesis of rac-Crotobarin
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extend applicable Scope of Diels—Alder chemistry in natural
product synthesis.”’

Synthesis of rac-Crotobarin. With mixture of 11a and its
inseparable diastereomers in hand, we selectively protected the
less hindered ketone moiety in 11a as a ketal to enhance its
stability and thereby to facilitate subsequent transformations.
Gram-scale synthesis of the ketal of 11a from compound 9 was
carried out over three steps in 42% overall yield, with just one
purification operation (Scheme 4). Desilylation with TBAF
afforded compound 13 in 90% yield. Diastereoselective
reduction of the carbonyl group in 13 with LiAlH, afforded
compound 14 with a f-oriented hydroxyl group. This
diastereoselectivity was achieved by reducing 13 at —78 °C
first and then increasing reaction temperature. Reduction of the
ketone in 13 is necessary because otherwise the skeleton
rearrangement in the subsequent Mn (III)-mediated Mukaiya-
ma hydroxylation would be unavoidable in the presence of C15
carbonyl (see also Scheme 7A). Then C3-hydroxyl was
selectively oxidized to the ketone 15 at low temperature with
Dess—Martin periodinane.

In the condition developed by Mukaiyama’s group with
Mn(dpm),,*’ silane, and oxygen, 15 was first converted into the
intermediate 16 at 0 °C by introducing a tertiary alcohol at the
trisubstituted alkene from the less hindered S face. Increasing
the temperature from 0 °C to room temperature resulted in
formation of compound 17 in regio- and diastereoselective
style, through the second radical hydroxylation on the
disubstituted alkene (red color in 16). The relative
configuration of 17 was confirmed by X-ray crystallography.
The reactive priority of the trisubstituted alkene over the
disubstituted alkene in 15 can be ascribed to the kinetic priority
of formation of the more stable tertiary radical leading to 16.
Application of Co(acac), delivered lower yield than that of
Mn(dpm); (28% vs 43%), while using Fe(acac); afforded
neither 16 nor 17. Chemoselective protection with acetic
anhydride yielded compound 18 in the presence of pyridine,
although employing triethylamine as the base afforded inferior
result with only 22% yield of 18. The ketone in 18 was

subsequently transformed into a lactone through Baeyer—
Villiger rearrangement. To our delight, treating 19 under acidic
condition triggered a cascade reaction, involving ketal
deprotection, lactone opening, isopropene formation, and
final lactonization, to afford 20. The feasibility of trans-
formations from 18 to 20 indicates the possibility of the
biohypothesis for formation of ent-3,4-seco-atisane (Scheme 2).
Finally, subjection of compound 20 to Dess—Martin period-
inane, followed by selective Wittig olefination on the less
hindered C16 carbonyl in the resultant diketone intermediate,
afforded racemic crotobarin. Characterization data of our
synthetic rac-1 were in good agreement with those of natural
1."> Thus, we accomplished the first total synthesis of
crotobarin in racemic form.

Synthesis of rac-Crotogoudin. Enlightened by the above
successful total synthesis of rac-crotobarin, we turned our
attention to total synthesis of rac-crotogoudin. Thus, the less
hindered disubstituted alkene of compound 13 was selectively
saturated under diimide reduction condition, and the following
diastereoselective reduction of ketone afforded compound 21
(Scheme S). Regioselective radical hydration in the presence of
cobalt(Il) catalyst, phenyl silane, and oxygen gave compound
22 as the sole isolable diastereomer (Scheme 5),>' while
employing Mn(dpm); or Fe(acac); as the catalyst just resulted
in complex mixture. The relative stereochemistry of 22 was
confirmed by X-ray crystallography. Chemoselective Dess—
Martin oxidation of the C3-hydroxyl in 22 afforded compound
23 in 77% yield based on the recovery of starting material. The
same biomimetic strategy in the conversion from 18 to 20,
involving Baeyer—Villiger rearrangement and acid-catalyzed
cascade, delivered compound 24. It was smoothly converted to
rac-crotogoudin through oxidation of secondary alcohol and
final selective Wittig reaction. Characterization data of our
synthetic rac-2 were 1n good agreement with those of natural 2
and Carreira’s ent-2."

Synthesis of rac-Atisane-3f, 16a-Diol, and 16S,17-
Dihydroxy-atisan-3-one. On the basis of total syntheses of
these two 3,4-seco atisane diterpenoids, we turned our attention

13710 DOI: 10.1021/jacs.5b08958
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Scheme 5. Total Synthesis of rac-Crotogoudin
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to total syntheses of representative atisane-type diterpenoids,
i.e,, 3 and 4. Deprotection of the ketal moiety of 21 and Sml,-
mediated dehydroxylation delivered the ketone 2S5. Nucleo-
philic addition with methyl lithium produced two inseparable
diastereomers, 26 and 27. Then diastereoselective hydro-
genation of the double bond with palladium on activated
carbon afforded racemic atisane-3,16a-diol (3) in 53% yield
and compound 28 in 46% yield over two steps (Scheme 6). At
this stage, rac-3 and 28 were separable on silica column. The
molecular structure of rac-3 was confirmed by X-ray
crystallography. Characterization data of our synthetic sample
were in agreement with those of natural 3 except one of *C
NMR signals, 1nd1cat1n$ that it be inadvertently misreported in
the isolation literature. **"

Alternatively, compound 25 was subjected to diastereose-
lective hydrogenation and Wittig olefination to afford
compound 29 in 64% yield over two steps. Oxidation of the
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secondary hydroxyl to ketone and dihydroxylation of the gem-
disubstituted alkene afforded our desired target molecule 4,
accompanied by the inseparable diastereomer 4’ at nearly 1:1
ratio. Acetylation of the primary alcohols in the diastereomeric
mixture facilitated column separation of these two resultant
acetates. Hydrolysis of the desired acetate resulted in smooth
formation of racemic 168S,17-dihydroxy-atisan-3-one (4), whose
characterization data were in good accordance with those of
natural 4.'%%'%

Ring Distortion Strategy. Based on the resultant fully
functionalized bicyclo[2.2.2]octane scaffold from complex
UMOB, our Diels—Alder methodology facilitates divergent
and collective synthesis of atisane-type diterpenoids for
screening bioactive lead compounds.’ In addition, we show
here that these atisane-type intermediates can also undergo
rearrangement to produce other types of diterpenoids with
potentially useful skeleton by applying a ring-distortion strategy
(Scheme 7).

For example, under Yamada’s condition,” a tertiary radical
was generated from compound 30, which was prepared from
compound 13 through diimide reduction of the disubstituted
alkene.” It then induced transfer of the adjacent carbonyl to
form a radical bicyclo[3.2.1]octane through a cyclopropyl
intermediate. Trapping the radical in the presence of oxygen
and silane afforded racemic compound 31 in 67% yield, which
embraces the substructure of scopadulane-type diterpenoids
(Scheme 7A). Scopadulane-type diterpenoids feature complex
tetracyclic architecture and interesting bioactivities. Scopadul-
ciol and thyrsiflorin A are representative molecules in this
family.®

Treating compound 1la with boron trifluoride activated
either carbonyl group and thus initiated transfer of the alkene
attached to trimethylsilyl in two reaction pathways, i.e., paths a
and b. These two concomitant rearrangements led to
compounds 32 and 33 in 57% and 38% yield, respectively,
with functionalized bicyclo[3.2.1]octane skeletons different
from that of compound 31 (Scheme 7B). Notably, architecture
of compounds 32 and 33 matches the highlighted substructure
with red color in andilesin A and thus can be regarded as
potential synthetic precursors to andilesin A and its natural
siblings. These natural products belong to fungal meroterpe-
noids isolated from Aspergillus sp.”

Alternatively, treating alcohol 34 with Tf,0 initiated
Wagner—Meerwein-type 1,2-shift of the double bond with
TMS to generate a tertiary allylic carbocation (Scheme 7C).
Compound 34 could be facilely prepared from compound 11a
through selective ketal protection of the C16 ketone, silyl
protection of the C3 hydroxyl, and diastereoselective DIBAL-H
reduction of the C15 ketone.”* Its deprotonation afforded
compound 35 with functionalized bicyclo[3.2.1]octane skel-
eton, a molecular structure different from those of compounds
31-33.

Bl CONCLUSION

In conclusion, we have developed an intermolecular Diels—
Alder reaction involving unmasked ortho-benzoquinone con-
taining a complex tricycle to efficiently construct fully
functionalized bicyclo[2.2.2]octanes. The use of this method-
ology was demonstrated by converting the bicyclo[2.2.2]octane
intermediate to different complex molecules, such as atisane-
type diterpenoids (1—4), scopadulane-type diterpenoid core
(31), and other natural product-like compounds (32, 33, and
35). Besides the Diels—Alder cycloaddition with UMOB, key
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Scheme 7. Ring Distortion Strategy to Convert Functionalized Bicyclo[2.2.2]octenes To Natural Product-Like Compounds
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elements in these total syntheses include: (1) FeCls-catalyzed
cationic cascade cyclization to construct podocarpane-type
skeleton; (2) Mn(III)/Co(Il)-catalyzed radical hydroxylation
of alkene with high chemo-, regio-, and diastereoselectivities;
(3) and a ketal-deprotection/lactone-opening/deprotonation/
lactonization cascade in total syntheses of rac-crotobarin and
crotogoudin. In principle, a general synthetic pathway can be
constructed from podocarpane-type diterpenoids (such as 9) to
different tricyclic and tetracyclic diterpenoids and potentially to
diterpenoid alkaloids. In this regard, our work shows that after
generating the first stereogenic center in compound 6, the
remaining centers can be generated in a substrate-controlled
fashion. As a result, both atisane-type and ent-atisane-type
diterpenoids can be synthesized smoothly when either antipode
of enantiopure 6 is used.”®> Moreover, application of ring
distortion strategy (Scheme 7) into the total synthesis of other
terpenoids is under development in our laboratory.
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