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Chapter 1

An Introduction to the Isodon Diterpenoids

1.1 INTRODUCTION

The Isodon diterpenoids are a large family of natural products isolated from the
Isodon genus of plants, comprising more than 600 members to date.'” As these plants
have long been used in the folk medicine traditions of China and Japan for treatment of
inflammation, gastric and respiratory infections, cancer, and other maladies, it is no
surprise that many of these natural products have been found to display potent and
selective biological activity, including anticancer and antibacterial properties.’ Though
investigations of the Isodon plants began in 1910," it was the isolation of enmein (1 1)
and its structural elucidation in 1966° that opened the door for more thorough studies of
these plants and their bioactive constituents. In the years hence, continued studies of this

genus have revealed that the vast majority of diterpenoids isolated bear carbon

frameworks derived from ent-kaurene (1), though many diverse oxidation patterns and
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C—C bond scissions are exhibited. For instance, maoecrystals V (9)*" and Z (10)*¢ are two
of the most highly modified diterpenoids isolated from Isodon species, each possessing a

unique, rearranged 6,7-seco-ent-kauranoid framework.
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Figure 1.1. Ent-kaurene and selected /sodon diterpenoids.

Despite the multitude of Isodon diterpenoids isolated and characterized since the
1970s, reports of total synthesis efforts prior to 2009 are conspicuously sparse. Attention
from synthetic laboratories has largely been focused on the 6,7-seco-ent-kauranoids (e.g.,
2—-11), and in the last five years, maoecrystal V (9) has been particularly well studied as a
result of its unique structural composition and remarkable selectivity profile. Discussed
herein are the strategies that have been employed to access the 6,7-seco-ent-kauranoid
natural products. Additionally, a brief history detailing the isolation, structural
characterization, and proposed biosynthetic pathway of this class of natural products is

presented.
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1.2 ISOLATION AND STRUCTURE

The earliest known studies of the Isodon diterpenoids are investigations by Yagi of
the Japanese remedy “enmei-so,” a mixture of the leaves of I japonicus and I
trichocarpa. In a 1910 report, he detailed the isolation of a crystalline bitter principle
from this remedy, termed plectranthin.* In 1958, independent investigations of I.
Jjaponicus by three Japanese research groups resulted in the isolation of enmein as the
major bitter principle.™™ X-ray crystallographic studies reported in 1966 confirmed the
structure of enmein as a 6,7-seco-ent-kauranoid with the structure 11.° Throughout the
1970s, additional Isodon diterpenoids bearing the “enmein-type” 1,7-lactone framework
were isolated, as were other 6,7-seco-ent-kauranoids containing a spiro-fused 7,20-
lactone (e.g., 7). In addition to the spirolactone, an a,f-unsaturated carbonyl was also
found to be characteristic of many bioactive ent-kauranoids, frequently found as part of a
bridging cyclopentanone (see 2—8 and 11-14).

This motif has been found to be a pharmacophore important for the biological activity
of the ent-kauranoids. For instance, Fujita reported the isolation of trichorabdals A—D***
(3-6) in 1981 and subsequently conducted limited studies on the structure-activity
relationships (SAR) of various derivatives in an in vivo murine Ehrlich ascites carcinoma
assay.3b This report and an earlier SAR study®® of ent-kauranoid derivatives for antitumor
and antibacterial activity indicated that enone hydrogenation significantly weakened (4
and 5) or abolished (11 and 13) the observed bioactivity. As enones are known to react as
conjugate acceptors, these findings suggest a mode of action by covalent modification.’

Corroborating this hypothesis, adenanthin (14) was recently shown to exhibit anticancer

activity through selective inhibition of the peroxiredoxin enzymes by covalent
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modification of a key cysteine residue; its saturated analog was likewise found to be
inactive.’ Further detailed investigations will be required in order to evaluate the
biological target selectivity and elucidate the mechanism of action for other ent-
kauranoids.

In recent years, the number of known Isodon diterpenoids has climbed in excess of
600, and members with novel bond cleavages and rearrangements have emerged.'
Maoecrystals V (9)* and Z (10),% reported in 2004 and 2006, respectively, represent two
of the most highly modified members of this family. The pentacyclic C;9 skeleton of 9
has been excised of C6 and comprises a unique bicyclo[2.2.2]octane, three vicinal fully
substituted carbons, and an ether linkage. The compact tetracyclic framework of 10, also
unprecedented among naturally occurring ent-kauranoids, exhibits a congested and
densely functionalized central five-membered ring. The rearranged nature of 9 and 10

raises interesting questions about their biosynthetic origins.

1.3 BIOSYNTHESIS

Plant diterpenoid biosynthesis is widely established to proceed via the enzymatic
cyclization of geranylgeranyl diphosphate (15).* The initial step toward ent-kaurene (1) is
the cyclization of 15 by copalyl diphosphate synthase (see Figure 1.2a), giving the
bicyclic copalyl diphosphate (16). A separate enzyme, kaurene synthase B, then
transforms 16 to 1, believed to be the ultimate progenitor of the ent-kauranoids. Fujita
and coworkers have investigated the biosynthesis of enmein (11) and oridonin (13) by
preparing a variety of oxygenated derivatives (see Figure 1.2b, 20-23) of ent-[17-"*C]-

kaurene (19) for feeding experiments with I japonicus.” Analysis of the enmein and
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oridonin isolated demonstrated some level of radiolabeling (24 and 25), confirmed to be
localized to C17 through ozonolysis and analysis of the recovered formaldehyde. While
these findings were inconclusive with respect to the probable order of oxygenations, they
did support the conclusion that 6,7-seco-ent-kauranoids such as enmein (11) and others

(Figure 1.1, 2—-10) arise via cleavage of oxidized ent-kaurene derivatives.
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Figure 1.2. (a) Ent-kaurene biosynthesis. (b) Feeding studies. (C = "C isotopic label)

The biosynthetic relationships among the majority of ent-kauranoids can be generally
summarized in terms of three transformations: oxygenation of the carbon skeleton,
oxidative cleavage of the C6—C7 bond, and various skeletal rearrangements (Figure 1.3).
In particular, the spiro-fused 7,20-lactone framework (e.g., 27) can be viewed as the
direct product of the oxidative cleavage of the C6—C7 bond of a 7,20-epoxy-ent-kaurene

precursor (26), a transformation which has been replicated in chemical synthesis.**"
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However, if an a-oriented hydroxyl is present at C1 (see 30), translactonization often
occurs to afford the enmein-type 1,7-lactone (32). Rearrangements through retro-aldol
pathways are also hypothesized: the maoecrystal Z ring system likely arises via a

rearrangement paralleling that of 27 to 29.%¢
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Figure 1.3. Biosynthetic oxidations, cleavages, and rearrangements of ent-kaurene.

1.4 PREVIOUS AND CONCURRENT SYNTHETIC EFFORTS

Prior to the elucidation of maoecrystal V (9) in 2004,* efforts in seco-ent-kauranoid
total synthesis were few and far between. Moreover, many of the racemic total syntheses
reported do not provide clear entry to an enantioselective synthesis, either by asymmetric
catalysis or from chiral pool starting materials. More thorough investigation of the novel
biological activity displayed by members of this class requires that synthetic chemists
take up this charge. The endeavors presented below are intended to highlight the history
and current state of the art through the discussion of the principal transformations and

strategies employed for the construction of these complex frameworks.
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1.4.1 Fujita’s Relay Synthesis of Enmein

As part of a larger program focused on the isolation and characterization of Isodon
diterpenoids, Fujita and colleagues disclosed the synthetic preparation of enmein (11) in
1972."' A strategy passing through relay compound 38, available from 11 in 14 steps,
was used. Beginning with phenanthrene derivative 33, ketone 35 is accessed in 9 steps.
Formylation and thioether formation blocks C13, allowing for selective enolization and
allylation of C8 to afford 36. Following cleavage of the blocking group and ozonolysis,
exposure to NaOMe affords the ent-kaurane framework via aldol cycliation. Moving

forward, 37 is advanced through relay compound 38 to olefin 39. The C6—C7 bond is

1. Li% NHj(liq),
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MeO,C 2. HCI, acetone
OMe 3 p.-TsOH,
MeOH
(o}
(34% yield,
Me 33 3 steps)
1. NaOMe,
EtO,CH
2. BuSH, p-TsOH, 1. KOH, EtOH
PhH, A 2. 05; DMS
S UEEE—
3. KOt-Bu, 3. NaOMe
allyl-Br MeO
(46% vyield, (43% vyield,
3 steps) 3 steps)

‘\‘H

OH 4, DHP, H+ OH 1. O3 Jones rgt;
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3. p-TsOH, (—o 2. PPhy=CH,
MeO HO A~ OH o 3. HCI, acetone
Me Me
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Figure 1.4. Fujita’s relay synthesis of (-)-enmein (11).
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cleaved via ozonolysis and oxidative workup to yield lactone 40. The enmein 1,7-lactone
(see 42) is later accessed by BF3*OEt,-promoted intramolecular conjugate addition of the

acid derived from 41.

1.4.2 Mander’s Synthesis of 15-Desoxyeffusin

Mander and colleagues disclosed the first effort toward a spirolactone-type 6,7-seco-
ent-kauranoid in 1986."* In similar fashion to Fujita’s strategy, C6-C7 oxidative cleavage
of a suitably functionalized lactol precursor was envisioned to provide access to the seco-

ent-kauranoid architecture of effusin (7).*
CO.H CO.H
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MeO OMe (o]
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o yield, o yielq,
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o o) o [}
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1. TBSOTY, H 8BS  OMOM H .
Et3N Me 8 steps 5I05 Me \A
2. m-CPBA Et o H O
. m-
A 2 aco— 0 {
° © ° OH (94% yield) o
10, 1 o
(922 é:tg;il)d’ 49 15-desoxyeffusin

(61)
Figure 1.5. Mander’s total synthesis of (+)-15-desoxyeffusin (51).

Beginning from 3,5-dimethoxybenzoic acid (43), bicyclic acid 44 is prepared in 5
steps. Acid 44 is converted to the a-diazomethylketone, which undergoes intramolecular
alkylation of the aromatic ring upon treatment with trifluoroacetic acid to form the C8—

C15 bond and afford bridged tricycle 45. Exposure to LAH reduces the cyclopentanone
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and delivers hydride to the f-face of the more electron-deficient enone to give the desired
cis-fused 6,6-bicyclic system. Enolate alkylation and acylation install functional handles
for appending the A ring in f-ketoester 46, which was further advanced to lactone 47 in 8
steps.

Deprotonation of 47 with LDA resulted in cyclization to form the ent-kaurane
framework. A sequence of protecting group and redox manipulations advanced 48 to
lactol 50, with the requisite C6 hydroxyl group for oxidative cleavage arising by
Rubottom oxidation.'® Lactol 50 was then treated with periodic acid to afford 15-
desoxyeffusin (51) in 94% yield. The authors note that they were unable to introduce the
C15 ketone by oxidation of 50 or 51 with selenium dioxide, a transformation which was
successfully applied to similar gibberellin frameworks. Mander’s 33-step route to 51 and
a strategically similar 29-step semisynthesis of longirabdolactone (8)'* would remain as

the state of the art until recent efforts toward maoecrystal V (9).

1.4.3 Yang’s Total Synthesis of Maoecrystal V

Since its structure was disclosed in 2004, 9 has quickly become the most highly
targeted 6,7-seco-ent-kauranoid natural product, due to its remarkably selective
cyctoxicity toward HeLa cells and complex pentacyclic architecture.”’ To date, fifteen
reports detailing efforts from nine laboratories have been published.'>*'® A 2010
communication from Yang and coworkers represents the first of three completed total

syntheses of 9.
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Figure 1.6. Yang’s total synthesis of (+)-maoecrystal V (9).

Yang’s strategy centers on an oxidative dearomatization/intramolecular Diels—Alder
sequence used to prepare the bicyclo[2.2.2]octane and access the complete pentacyclic
core. Oxidative arylation of the p-ketoester derived from cyclohexenone 52 by
arylplumbane 53 delivers arylketone 54 in good yield. A two-step reduction sequence
employing n-BusNBH4 followed by LAH provides the correct secondary alcohol relative
stereochemistry for what will become the C5 to C8 ether bridge; the authors note that
direct reduction of 54 with LAH or DIBAL provides the incorrect S-disposed alcohol.
Following an EDC coupling of acid 55 and diazo transfer, a rhodium-catalyzed O-H
bond insertion forms the second ether C-O bond. Horner—Wadsworth—-Emmons
olefination and cleavage of the MOM group with TFA reveals key Diels—Alder precursor

57.
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Indeed, treatment with lead tetraacetate results in oxidative dearomatization to
provide an ortho-quinol acetate, which when heated in toluene undergoes Diels—Alder
cycloaddition to deliver 36% yield of pentacycle 58, as part of a mixture of three isomeric
cycloaddition products. Pentacycle 58, prepared in just ten steps, constitutes the
framework of 9 and contains all the necessary carbons, but still requires a number of
redox manipulations for conversion to the natural product. Allylic bromination and
radical trapping with TEMPO are used to install necessary A ring oxygenation, N-O
bond cleavage and reductive acetate removal are facilitated by zinc in AcOH and Sml,,
respectively, to yield allylic alcohol 60. Lindlar hydrogenation, Dess—Martin oxidation,
and epimerization with DBU completed the synthesis of 9.

Though no clear entry point for asymmetry is present, the dearomatization/Diels—
Alder strategy employed by Yang delivers a concise, 17-step preparation of maoecrystal

V (9).

1.4.4 Danishefsky’s Total Synthesis of Maoecrystal V

The Danishefsky laboratory has investigated multiple intramolecular Diels—Alder

approaches for the synthesis of 9.'°%-'®

Early attempts with functionalized model
compound 61 provided undesired cycloadduct 62, arising from improper diene facial
selectivity. As the oxidation about the resulting bicyclo[2.2.2]octane of 62 was therefore
incorrect for advancement to 9, this route was abandoned.

The authors hypothesized that an achiral Diels—Alder precursor might provide a

solution to the observed regioselectivity problem. Toward this end, the enolate of 63 was

coupled with chloroenone 64. Exhaustive reduction with DIBAL followed by reoxidation
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of the allylic alcohol furnished enone 65. Condensation with acyl chloride 66 and
conversion to the silyl enol ether afforded Diels—Alder precursor 67. Heating 67 in
toluene effected cycloaddition as well as f-elimination of the phenyl sulfinate to reveal
tetracycle 68 upon exposure to TBAF. The use of a vinyl phenyl sulfinate dienophile as a
propiolate equivalent precludes the formation of isomeric products, as they converge to

enantiomers upon elimination to form the olefin.

A. First-generation approach.
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PhMe MOMO
Me 180 °C H
t ——» 9
Me ‘\ sealed tube Me ’ co,Me
Me { H
o X CO,Me
MeH O~ Ng
61 (o] 62
B. Second-generation approach.
1. LDA, 1. Py, DCM, OTBS
0 - 0
-78 °C; 0o 66 0 RS
Cl
©\ e4< s cl )v\sozph X
—_——— EEEEE——
CO.Me 2.DIBAL, -78°C 2. TBSOTT, Et;N
#™ 3.Mno,, DCM oH DCM, -78 °C 0 \n/\/sozph
63 (27% yield, 65 (78% yield, 67 ©
3 steps) 2 steps)
PhMe, 166 °C 1. NaOH, H,0, 1. m-CPBA
sealed tube; MeOH, 0 °C DCM
then 2. Mgl,, DCM 2. p-TsOH
TBAF, THF 3. AIBN, Bu;SnH DCM
PhMe, 110 °C
(62% yield) (48% vyield, (65% vyield,
3 steps) 2 steps)
Me
21 steps

Me
maoecrystal V (9)

Figure 1.7. Danishefsky’s total synthesis of (+)-maoecrystal V.

The authors note that the challenge in advancing 68 to 9 now lies in the
differentiation of three olefins with similar levels of steric hindrance. One double bond,
however, is contained within an o,f-unsaturated ester and is therefore electronically

differentiated. Thus, exposure of 68 to NaOH and H,0O, effects chemoselective
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epoxidation of the electron-deficient olefin. This epoxide can be readily converted to the
iodohydrin by Mgl,, which is hydrodehalogenated under radical conditions to give
tertiary alcohol 69. The placement of the resulting alcohol now serves to activate the
proximal olefin toward epoxidation by m-CPBA; subsequent treatment with p-TsOH
promotes cyclization to form pentacyclic ether 70.

With 70 in hand, Danishefsky has prepared the core of maoecrystal V (9), albeit
epimeric at C5. The achiral precursor employed facilitates rapid preparation of the
majority of the structural complexity of 9 via a single isomer of cycloadduct 68 in just six
steps, further functionalized through deft use of substrate control to arrive at pentacycle
70 in eleven steps. However, due to the relative absence of substitution in 70, a further 21
steps are required to install the enone and gem-dimethyl group and to properly
functionalize the bicyclo[2.2.2]octane. Although 9 was prepared as a racemate, this
strategy allows for the possibility of asymmetric induction during the Diels—Alder

cycloaddition through the use of a chiral catalyst.

1.4.5 Zakarian’s Total Synthesis of Maoecrystal V

In 2013, Zakarian and colleagues also disclosed a total synthesis of 9.'% A different
Diels—Alder disconnection from those employed by Yang and Danishefsky is used,
employing a silyl-tethered precursor. Additionally, the lactone is constructed by a novel
late-stage radical cyclization. The authors hypothesized, quite correctly, that early
introduction of the tetrahydrofuran ring would likely improve stereocontrol later in the
synthesis and avoid the risks of attempting ether formation on a strained polycyclic

system.
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Figure 1.8. Zakarian's total synthesis of (+)-maoecrystal V (9).

The synthesis commenced with coupling of PMB ether 71 and sesamol (72) under

Mitsunobu conditions.!” Directed lithiation and acylation with methyl chlorooxoacetate
y y

followed by conversion to the a-diazoester using tosyl hydrazide afforded 74. Catalytic

Rh,(OAc), effected C—H insertion to form the furan ring, and alkylation with LDA and

benzyloxymethyl chloride delivered dihydrobenzofuran 75 and the C10 all-carbon

quaternary stereocenter. Moving forward, cycloaddition of ortho-quinone ketal 77

proceeded in refluxing toluene to form the bicyclooctane in 95% yield. Following

removal of the gem-diethoxy substituents with Sml, and desilylation with TBAF,

selenocarbonate 79 was accessed through successive treatment with carbonyl diimidazole

(CDI) and sodium phenyl selenide.
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The authors observed that only tris(trimethylsilyl)silane acted as an effective
hydrogen atom donor for the desired radical cyclization, which proceeded upon exposure
to AIBN. A series of functional group manipulations furnished tetracycle 80, which was
alkylated on the ketone bridge using LHMDS and iodomethane and advanced to aldehyde
81. Vinyl Grignard addition, ring closing methathesis using Hoveyda-Grubbs II catalyst,
and Dess—Martin oxidation completed the synthesis of 9.

Zakarian’s route proceeds to 9 in 24 steps, while avoiding the majority of selectivity
pitfalls prevalent in Danishefsky’s and Yang’s strategies. Early-stage formation of the
tetrahydrofuran ring proved advantageous in this regard; the authors also note that its
construction via C—H insertion of diazoester 74 could potentially be rendered asymmetric

through the use of chiral rhodium catalysts.

1.4.6 Zhai’s Total Synthesis of Sculponeatin N

In contrast to Mander’s 33-step preparation of 15-desoxyeffusin, Zhai and colleagues
have recently disclosed a concise total synthesis of a quite similar 6,7-seco-ent-
kauranoid, sculponeatin N (1).'® Rather than employ a biomimetic oxidative cleavage,
Zhai elected to pursue an intramolecular Diels—Alder for the simultaneous preparation of
the B and C rings, followed by alkylation and radical cyclization to install the bridging
exo-enone.

Beginning with known diester 82, treatment with LDA and paraformaldehyde effects
a regio- and stereoselective aldol reaction and lactonization to give bicyclic lactone 83,
which is advanced quickly to cycloaddition precursor 85. Heating to 190 °C in a sealed

tube effects the intramolecular Diels—Alder, and the authors were able to devise a one-pot
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cycloaddition/protodesilation/methanolysis sequence to furnish a single cis-fused bicyclic
product. Following TBS protection, alkylation of 86 with 2,3-dibromopropene (87)
proceeds in good yield using LDA and HMPA to form the second quaternary center.
Exposure to triethylborane and tris(trimethylsilyl)silane at room temperature results in
radical cyclization to give a 68% yield of 89 along with 27% yield of the isomeric
bicyclo[2.2.2]octane. Use of AIBN and tributyltin hydride on the other hand favors the

undesired isomer in a 3:1 ratio. Allylic oxidation and TBS ether cleavage furnishes 2.

o 1. n-Buli, 9
LDA, TH 1. NaBH, T™MS _~_-P-0Et
—78°C; COMe  THF/H,0 ~ ™ okt
Me —> e —>Me H——————————

Me COzMe  (CH,0), Me. % 2.Dess-Martin  o” Y 2.LAH coc!

CO,Me 0°C /=0 periodinane P 3.DIPEA, X

o
82 (72% yield) 83 (84% yield, 84 (63% yield,
2 steps) 3 steps)

™S
X
| 1. BHT, PhMe, 190 °C;
Me = p-TsOH, 120 °C;
7 K2CO3, MeOH

LDA, HMPA,
Me S THF, -78 °C;
o- ©° ° 2. TBSCI, imidazole g7 Br
J\/ }\/Br
o] 85 (76% yield,
2 steps) (88% vyield)
Et,B 1. Se0,, TBHP
(TMS);SiH 2. Dess—Martin
PhH, 25 °C 3.1 M HCI, THF
~ (o] (o)
(68% yield) TBSO (80% yield,
89 3 steps) sculponeatin N (2)

Figure 1.9. Zhai’s total synthesis of (+)-sculponeatin N.
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1.5 CONCLUDING REMARKS

Though the Isodon diterpenoids have been scantly studied by synthetic chemists for
much of the last fifty years, there is renewed interest in this family of natural products
brought about by the isolation of new members possessing complex and novel
architectures. Improvements in synthetic methodology have enabled shorter syntheses of
these targets, though asymmetric preparations and more general strategies remain out of
reach. The investigation of enantioselective approaches to this class, as well as the
development of new methods for the synthesis of these complex targets, will encourage

and facilitate new inquiries into their biological activity.
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