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Modern synthetic efforts toward biologically

active terpenes

Thomas ] Maimone & Phil § Baran

Terpenes represent one of the largest and most diverse classes of secondary metabolites, with over 55,000 members isolated to
date. The terpene cyclase enzymes used in nature convert simple, linear hydrocarbon phosphates into an exotic array of chiral,
carbocyclic skeletons. Further oxidation and rearrangement results in an almost endless number of conceivable structures. The
enormous structural diversity presented by this class of natural products ensures a broad range of biological properties—ranging
from anti-cancer and anti-malarial activities to tumor promotion and ion-channel binding. The marked structural differences of
terpenes also largely thwart the development of any truly general strategies for their synthetic construction. This review focuses on
synthetic strategies directed toward some of the most complex, biologically relevant terpenes prepared by total synthesis within the
past decade. Of crucial importance are both the obstacles that modern synthetic chemists must confront when trying to construct
such natural products and the key chemical transformations and strategies that have been developed to meet these challenges.

With their usage dating as far back as ancient Egypt, terpenes hold a
special place in both chemical and world history. Scientists and non-
scientists alike can appreciate these truly functional molecules, whose
applications range from flavor and fragrance to hormones, medicine
and even rubber!. Synthetic chemists were drawn to terpenes before
their polymeric origins were even clearly delineated (via the “biogenetic
isoprene rule”) by Ruzicka in 1953 (refs. 2,3 and references therein). The
arrival of spectroscopic and chromatographic techniques brought about
an explosion in the chemical aspects of terpene research that continues
to this day. As a consequence, many highly complex terpenes have been
prepared by total synthesis (Fig. 1)*-. Although terpenes formally are
made from only one biosynthetic unit, in contrast to the 20 proteogenic
amino acids that make up proteins, the fact that they can be rearranged
and highly oxidized means that the synthetic challenge of construct-
ing them rivals that of many other secondary metabolites in terms of
difficulty. In addition, their ubiquity in nature often results in natural
products of ‘mixed’ biosynthetic origins, such as terpene alkaloids and
terpene polyketides’,

Introduction to the synthesis of terpenes

Because the carbon skeleton of a terpene is often its defining structural
feature, it is there that synthetic chemists usually begin their planning.
Indeed, a plethora of approaches for accessing terpene ring systems are
often published before an actual total synthesis. Unfortunately, signifi-
cant difficulties are often encountered in attempting to translate the
results of a model system to one laden with more functionality; in some
cases an entirely new strategy must be devised to access the natural
product®. This highlights the fact that subtle steric and electronic factors,
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as well as functional-group incompatibilities, are often difficult —or
impossible—to predict at the beginning of a total synthesis endeavor?.
So where does one start when trying to access a complex terpene skel-
eton? Although there are many useful guidelines that can be followed
during the planning stage, there are simply no general rules to apply
when synthesizing a terpene. Indeed, successful syntheses of complex
terpenes often rely on a mixture of imaginative planning and extensive
empirical testing. Part of the charm and appeal of such molecules to syn-
thetic organic chemists is the unpredictable nature that results from their
highly rearranged and unprecedented carbon skeletons. Three difteient
approaches can often aid chemists in their synthetic studies, all 1ely-
ing on the principles of retrosynthetic analysis!®, In the first approach,
the standard logic of synthetic planning can be applied, whereby one
looks for strategic bond disconnections within the target molecule. This
approach largely rests on the available toolbox of known transforma-
tions, resulting, after multiple iterations, in the identification of a suit-
able starting material. A second approach identifies a specific structural
motif contained within the terpene skeleton that could be made via a
certain synthetic methodology that is either known or newly invented.
As a third option, one can try to find a structural match between the
target and a smaller, commercially available terpene. The large number
of commercially available terpenes (often in either enantiomer) coupled
with the abundance of modern asymmetric transformations make the
last two methods particularly attractive for asymmetric synthcsis”'”‘
As we will see, modern terpene syntheses are an amalgam of classical
organic transformations, modern catalytic asymmetric reactions and
efficient use of the pool of available chiral terpenes.

The importance of natural products as sources of new drugs has beed
recently reviewed 'Y, Although many terpenes do not resemble ‘typt-
cal’ therapeutics (heteroatom-laden aromatics), their structures hil\fe
presumably been selected to interact with biological targets. In addi-
tion, the presence of multiple stereocenters, molecular rings and diverse
oxygenation patterns also bodes well for sampling chemical Spﬂfﬁ‘h'
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An cfficient total synthesis of (£)-6 using the De Mayo reaction
{Winkler). The Winkler group again turned ta the powerful De Mayo
reaction to construct the saudin core (Scheme 6b)™, The key precursor
to the De Mayo cascade, namely 85, could be prepared in ten steps from
simple starting materials 81 and 82. Irradiation of an acetone/acetoni-
trile solution of 85 led smoothly to cyclobutane 87, presumably through
the intermediacy of diradical 86. After a two-step procedure to attach
the [uran, the cyclobulane moicty present in B8 was ruptured by a basc-
niediated retro-aldol reaction to praduce acid 89. Amazingly, treatment
of this compound with acid directly furnished (-)-6 in a single reac-
tion. Although several mechanistic pathways could be posited, one can
imnagine that this cascade proceeds via ketalization of the ketonc with the
neighboring acid group, followed by hemiketal addition into the oxo-
carbenium ion {se¢ intevmediate 90). In terms of synthetic design, one
would be hard pressed to find a more efficient method of constructing
saudin (only L5 steps from simple materials were required). In addition,
as with ingenol, this synthesis validates the power of the De Mayo reac-
tion in the constrnction of complex carbocyclic ring systems.

‘Total synthesis of (—)-6 using a Lewis acid—catalyzed Claisen rearrange-
ment (Boeckman), The Boeckman group used a Claisen rearranpenient
to forge saudin’s central, all-carbon quaternary center (Scheme 6¢)957,
‘Treatment of enantioenriched 91 with TiCl, and Me, Al led 1o com-
pound 92 with the desired stereochemistry. The use of a Lewis acid
catalyst was essential 1o override the thermal Claisen reaction’s pref-
erence for proceeding via a chair transition state, thus leading to an
undesived diastereomer. A five-step sequence converted ketone 92 into
furan containing compound 93. Treatnent of 93 with boron trifluoride
diethyl etherate led smoothly to compound 94 via an epoxide opening
and ketalization sequence. In six steps, the Boeckinan group was able to
produce diacid 95, which cyclized to form (—}-saudin in the presence of
acid, reminiscent of Winkler’s final cascade {with an additional lactoni-
zation). In addition to establishing the absolute conliguration of 6, the
Noeckman synthesis highlights the power of the Claisen rearrangement
to construct highly congested quaternary centers.

Eleutherobin (7}

Isolated in 1995, by Fenical and co-workers, from soft corals in the
Indian Oceun, eleutherabin (7) was one of the most potent anti-cancer
agents isolated from natnral sources in recent years”!. As an extremely
poweriul inhibitor of microtubule disassembly, 7 was immediately
placed intw the npper echelon of promising cancer therapeutics zlong-
side the likes of taxol, discodermolide and the epothilones. The difficulty
associated with its isolation from a rare alcyonacean (Elewtherobia sp.),
combined with its extremely pronusing initial bioactivity, made 7 an
cxtremely compelling target for tolal synthesis. The already complex
diterpene skeleton of eleutherabin, which presumably stems from the
cembranes (Scheme 7a), is [urther complicated by the attachment of
an arabinose sugar moiety. Not long after its isolation, two total synthe-
ses of 7 appeared in the lterature, the fivst by the Nicolaou group and
the second, shortly thereafter, by Danishefsky and co-warkers™>77, In
addition, one formal synthesis and a myriad of approaches have been
reported (ref. 78 and references therein).

An acetylide addition macrocyclization en route to the total synthesis
of (=)-7 (Nicolaou), Upon inspection of 7, one can immediately envi-
sion the A ring arising from a commercially available monoterpene
possessing a six-membered ring. The Nicolaou group called carvone to
1he task and, using reliable reactions, were able to preparc compound 96
in large quantities (Scheme 7b)7~7%, Johnsen-Claisen rearrangement
smoathly produced ester 98, which has a complete A ring to which

theremaining rings can be appended. Conversian of 98 into highly
functionalized acctylenc 99 required 15 manipulations. Deprolenation
of 99, followed by internal quenching with the nearby aldehyde and
subsequent oxidation, produced the rigid ten-membered macrocycle
{100}, Subsequent reduction of the triple bond greatly reduced the
rigidity of the macrocycle, thus allowing the proximal tertiary hydroxyl
gronp to ketalize with the enone {101 — 102) and form both the B and
the Crings in a single operation, Attachment of the sugar moiety and
imidazole-containing side chain completed the first toral synthesis of
this complex dilerpenc. As demonstrated, creative synthetic strategies
that efficiently incorporate chiral pool materials can provide excellent
solutions for molecules that would ordinarily be difficult to abtain by
other means.

An impressive Achmatowicz rearrangement cn route to a total syn-
thesis of {(—)-7 {Danishefsky). The Danishefsky group turned to the
commercially available terpene a-phellandrene as the basis for the A
ring in the hope that they vould selectively functionalize the disubsli-
tuted olefin {Scheme 7¢)7°~7, [ndeed, this olefin readily participaled
in a [212] cycleaddition with dichloreketene {generated in situ [rom
trichloroacetyl chloride}, thereby affording compound 103 as the major
isomer™, An eight-step procedure was developed to cleave the cyclobu-
tane and append the requisite functionality present in compound 104.
Rromofuran 104 took part in an intramolecular Nozaki-Hivama-Kishi
reaction to forin (he B ring—containing tricycle 105, after two protecting
group manipulations. Epoxidation of the electron-rich furan, followed
by rearrangenient, led o compound 107 { Achmatowicz reaction, which
could be further reacted with methyl lithium to produce 108. The key
ring contraction (108 — 110} could be achieved by trealing 108 with
acetic anhydride and N,N-dimethylaminopyridine. Compound 110,
which already contains much of the complexity of 7, could be trans-
formed into the matural product in 11 steps, thereby completing the
synthesis of eleutherobin. As with the Nicolaou synthesis, masterful
manipulation of chiral terpenc bnilding blocks allowed for a rational
route ta the targel stiucture.

Terpestacin (8)

I 1993, Oka and co-workers isolated the macrocyclic dilerpene ter-
pestacin (8) from the fungal strain Arthriniurm sp. Collaborative efforts
with Bristol-Myers Squibb subsequently ravealed thal 8 inhibits the
formation of syncytia®. These large, multinucleated cells arise from
expression of gp 120 on cell surfaces during HIV infection. The defin-
ing structural feature of this terpene is its 15-membered macrocycle
conlaining a remnote chiral alcohol (Scheme 8a). This natural product
has allracted significant attention from the synthetic community, with
tolal syntheses already reported by four groups®! ¢, [n addition to pro-
viding a proving gronnd for new synthetic methodology, the Myers and
Jamison syntheses put to rest some inconsistent published data regard-
ing the absolnte configuration of 8 and related compounds® -8,

Total synthesis of (£)-8 feninring a Horner-wadsworth-Emmons
macrocyclization (Tatsuta). latsuta reported the first total synthesis
of terpestacin in raceniic form In 1998 and i opticaily aclive form later
that year [Scheme 8b)#152. Ketone 111, which could be prepared in five
steps from sinple materials, underwent a one-ring homelogation in
six steps (o produce kete-ester 112, Alkylation of 112 wilh allylic chlo-
ride 113 {derived from farnesol} provided compound 114, which was
converted into aldehyde 115 in a short (three-step) sequence. Tatsuta’s
key macrocyclization employed an intramolecular variant of the reli-
able Horner-Wadswarth-Tmmons {HWE) olefination {115 — 116)57,
IUis important to note, however, that the complexity present in 115,
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(Fig. 12)}* and the foundations of confermational analysis {as
applied to steroidal ring systems)?, as well as numercus synthetic
transformations.

As we hope this review has made clear, chemisis have become rather
adept at synthesizing molecular skeletons. But il we recall terpene bio-
synthesis, wherein the carbon skeleton is first assembled by cyclase
enzymes and then oxidized afterward by specialized oxidases, one can
make the claim that our synthetic efficiency still has a ot of room for
improvement. The field of organic synthesis will inevitably have ta
devclop its own ‘second step—hydroacarbon oxidation chemistry—more
fully ifit is ever o compete with the cfficiency of biosynthetic machin-
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