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The field of total synthesis has a rich history and a vibrant future. Landmark advances and
revolutionary strides in the logic of synthesis have put the practicing chemist in the enviable position
of being able to create nearly any molecule with enough time and effort. The stage is now set for
organic chemists to aim for “ideality” in the waymolecules are synthesized. This perspective presents
a simple and informative definition of “ideality” and demonstrates its use during the self-evaluation
of several syntheses from our laboratory.

Introduction

In the 20th century, the art and science of complex natural
product total synthesis defined the frontiers of organic
chemistry.1 Throughout these decades, fundamental insights
into reactivity and selectivity principles were revealed by
these numerous synthetic endeavors. The field of total
synthesis has served and continues to serve as the ultimate
testing ground for new methodologies and strategies. The
capability and power of organic synthesis has thus experi-
enced a dramatic increase putting today’s synthetic chemists
in the position to construct molecules of more or less any
degree of structural complexity. Consequently, the definition
of a “complex” target has undergone considerable revision.
However, what yet remains to be reframed, andwhatwewish
to emphasize here, is the need for a “sea-change” in the
perception defining art in organic synthesis today. This key
issue was first addressed by Hendrickson in 1975 when he
defined the “ideal synthesis” as one which:2

“...creates a complex molecule...in a sequence of only
construction reactions involving no intermediary refunctio-
nalizations, and leading directly to the target, not only its
skeleton but also its correctly placed functionality.”

This prescient statement truly encompassed and epito-
mized the “economies” of synthesis design3 many years
before the ideas of atom,4 step,5 and redox-economy6 were
formally galvanized. Many factors may be responsible for
this—one of them perhaps being that, in 1975, the chal-
lenge of organic synthesis was not efficiency so much as
feasibility. In other words, the era of rationally planned
complex molecule construction was still developing at a
blistering pace. To be sure, erythronolide, paclitaxel, paly-
toxin, brevetoxin, vitamin B12, ginkgolide, and hundreds
of other natural product targets still awaited completion
in 1975. Now, in 2010, the field has reached an awe-
inspiring level, with many proclaiming that synthesis
has matured.7 Indeed, it has certainly matured to the point
that molecules such as teicoplanin or calicheamicin no
longer appear hopelessly complex. But before one declares
the science of synthesis as an endeavor in engineering,
one only needs to reflect on the inspiring ease with which
Nature crafts large (metric ton) quantities of its most
complex molecules (e.g., vancomycin and paclitaxel).
Total synthesis in this century must therefore be keenly
aware of this ultimate challenge: to be able to provide
large quantities of complex natural products with a
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minimum amount of labor and material expense.8 The
natural consequence of pursuing such a goal is to embrace the
Hendrickson dictum (vide supra). Pursuing synthesis in such a
way forces the practitioner into the role of an inventor. It also
naturally leads to explorations into biology since multiple
collaborations can be forged with an ample supply ofmaterials.
Finally, scalable syntheses of complex natural products help
debunk the myth that such compounds are not economically
viable targets in the pharmaceutical industry.

Attempting To Quantify the Ideal Synthesis

Over the years, numerous attempts have been made to
quantify various parameters of efficiency in chemical
synthesis.9a-d What follows is our elementary effort to
furnish a numerical expression for Hendrickson’s concep-
tion of an ideal synthesis. The purpose of this simplemetric is
to aid practitioners of synthesis to easily make comparisons
and pinpoint areas for improvement. Thus we define percent
“ideality” as follows:

%ideality ¼
½ðno: of construction rxnsÞþ ðno: of strategic redox rxnsÞ�

ðtotal no: of stepsÞ � 100

Construction reactions, as defined by Hendrickson, are
those which form skeletal bonds (C-C and C-heteroatom).
Strategic redox reactions (another form of construction
reaction) have been previously defined as those that directly
establish the correct functionality found in the final product,
such as asymmetric oxidations and reductions or C-H
oxidations.9e All other types of reactions fall into the cate-
gory of a concession step: (1) Nonstrategic redox manipu-
lations (i.e., reduction of ester to alcohol), (2) functional
group interconversions (i.e., alcohol to mesylate to azide),
and (3) protecting group manipulations. The term concession
step is applied to these types of reactions since it is well

accepted that they require extra effort but are often simply
unavoidable. To substantiate the principle of “ideality” in
synthesis, the trend-setting synthesis of daphniphyllum alka-
loids by Heathcock et al. is showcased in Scheme 1.10 The
synthesis of dihydro-protodaphniphylline (9) starts with
two C-C bond formations between the lithium enolate of
tert-butyl acetate and 1, followed by an alkylation of 3with
4, to give after acid hydrolysis compound 5. The acid
hydrolysis is considered as a concession step (protecting
group manipulation). What follows is another C-C-bond
formation, in this case an aldol reaction of 3 and 5, to give
compound 6. Aldol product 6 is converted into compound
7 via two concession steps, namely a mesylation and an
elimination reaction with DBU, both being functional group
interconversions. Diester 7 is transformed into dialdehyde 8
via a reduction/oxidation sequence, therefore representing
two nonstrategic redox reactions. Reaction of 8 with methy-
lamine and subsequent treatment with acetic acid complete
the synthesis of dihydro-protodaphniphylline 9. These last
two steps build up the carboskeleton with the correct func-
tionality and oxidation states in place and are therefore
considered as construction steps. Thus, despite the beauty
andgroundbreaking nature of this landmark 10-step synthesis
it exhibits only 50% ideality.

Not surprisingly, Nature’s biosynthesis is often nearly
ideal. The biosynthesis of penicillins is just one example
of a completely ideal synthesis that confirms this view,11a

and similar lines of analysis could be used for other
famous natural product classes (such as erythronolide,
paclitaxel, and vancomycin). Starting from completely
unprotected amino acids cysteine, valine, and amino-
adipate, tripeptide 13 is formed at the expense of
three molecules ATP, constituting a construction step
(Scheme 2). Thereafter, isopenicillin-N-synthase builds
up the bicyclic framework characteristic for penicillins
via a strategic redox reaction. The last step allows for

SCHEME 1. Total Synthesis of Dihydro-protodaphniphylline by Heathcock et al.
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the introduction of various side chains without any
intermediate hydrolysis steps and, therefore, also consti-
tutes a construction step. For this reason, biomimetic
syntheses are often incredibly efficient and closer to
ideality than abiotic variants.11b-d

A fair evaluation of a synthetic route of any target
structure is inevitably tied to the molecular complexity
it exhibits. Therefore, the definition of ideality, as we
wish to describe it, is restricted to the comparison of
different routes leading to the same target structure.
Our intent is to provide the practitioner with a tool for
the purpose of self-reflection and evaluation. We are well
aware, that “ideality” in synthesis is just one variable
for the consideration of a synthetic route. Depending on
the purpose of the synthesis, other factors like ease
of purification, high overall yields, costs of reagents,
etc. will govern the choice of the sequence finally carried
through. In our own work, we have found it useful to
evaluate three specific metrics: Overall yield, step count,
and percent ideality. This Perspective details our efforts in
aiming for the Hendrickson ideal synthesis in the context
of complex natural product synthesis. During the past
seven years, the structures shown in Figure 1 were
synthesized in our laboratories, and they represent a
broad cross-section of small molecule natural product
subtypes, ranging from indole alkaloids to pyrrole-
imidazole alkaloids to steroid-derived compounds, pep-
toidal architectures, diterpenes, and polyhydroxylated
terpenoids. A previous account from our laboratory
showcased several of these natural product syntheses in rela-
tion to the chemoselectivity challenge they posed and the plann-
ing guidelines used for their construction.12 In this account, we
will examine our total syntheses through the critical (and often
harsh) lens of ideality with particular attention paid to deficien-
cies and areas for further improvement. The natural products
will be discussed arbitrarily in order of decreasing nitrogen
content.

Palau’amine, Massadines, and Axinellamines

Palau’amine (16),13 massadines (17),14 and axinellamines
(18)15 aremarine natural products belonging to the pyrrole-
imidazole family possessing a very high degree of com-
plexity.16 Their highly polar structures exhibit a variety
of halogenation patterns and have a very dense arrange-

ment of functionality on their carboskeleton. Especially
noteworthy is the guanidinium hemi-aminal functionality
(highlighted in red in Scheme 3) that they all share. The
well-documented difficulty of installing this critical func-
tional group inspired us to pursue a C-H functionaliza-
tion approach. By deferring hemi-aminal formation to the
advanced stages of the synthesis, it was surmised that
concession steps could be minimized. Although there
was ample precedence for the oxidation of amines to
imines, no method for the oxidation of guanidines was
known from the literature. The C-H bond in question
electronically resembles that which is adjacent to an
amide rather than an amine. Further, with such dense
functionality present in these molecules, chemoselectivity
issues would need to be overcome. Most worrisome was
the problem of overoxidation since it could be easily
argued that the product of such a transformation is
easier to oxidize than the starting material. After exten-
sive experimentation we found that silver(II) picoli-
nate (40)17 was suitable for the oxidation of 41 to 39

(Scheme 3A). This key reaction enabled our 2008 syn-
thesis of the axinellamines (18a/b) and paved the way for
the completion of 17a/b and 16.18 The reaction was
dramatically improved by adding 10% trifluoroacetic
acid19 (see Scheme 3D) and has subsequently found use
in the pharmaceutical industry. In 2010, Aldrich Chemi-
cal Co. began selling 40 ($10/g).20 Our unified approach to
these alkaloids begins with central building block 43.
In the case of 17, oxidation of 43 to hemi-aminal 44/45
was performed before oxidation of the aminoimidazole
moiety (44/45 f 46) because the hydroxyl group of the
hemi-aminal in 46 was required to form the tetrahydro-
pyran ring in 47.19 The third and most complex sibling,
palau’amine (16),21 possesses a unique structural feature
compared to its two congeners: one pyrrole is embedded in
an exquisite hexacyclic framework comprising a trans-fused
azabicyclo[3.3.0]octane ring system (e.g. trans-5,5-bicycle), pre-
viously unseen among natural isolates. This is a central
reason why it had eluded synthesis for almost seventeen
years since its isolation in 1993. Our initial attempts for a
biomimetic approach to 16 failed, presumably due to the
very high ring strain imposed by the trans-5,5-bicycle
(Scheme 3F). The lessons learned thereby inspired an
alternative approach that exploited a macrocyclic constitu-
tional isomer (48a) (e.g., “macro”-palau’amine Scheme 3E)
of 16, spring-loaded for a transannular ring closure, and
enabled by a dynamic equilibrium between the aminoimi-
dazole and amidine form (48b, Scheme 3C). For this
purpose, 48a was accessed from 49 with EDCI in the
absence of protective groups.

Exposure of 48a to TFA elicited the desired transforma-
tion to yield palau’amine with its characteristic highly
strained trans-5,5-bicycle. This reaction exemplifies how
substrate preorganization and proximity effects can over-
come energy barriers, enabling counterintuitive transfor-
mations that lead to otherwise difficult to access molecular
scaffolds (in this case the trans-5,5-bicycle, see Scheme 3E).
Another example of this type of strategy will be discussed
in the kapakahine section (vide infra). The most strik-
ing feature of the logic underpinning these syntheses are
the late-stage chemoselective oxidations on completely
unprotected intermediates possessing no fewer than nine

SCHEME 2. Biosynthesis of Penicillins
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nitrogen atoms. Overall, the syntheses of 18, 17, and 16 all
take place in 25 steps with 32%, 36%, and 36% ideality,
respectively, with 32%, 33%, and 32% ideality. Thus,
60-70% of the steps involved in these total syntheses are
concession steps and therefore detract from the appeal of
these routes. The overall yields of these routes also suffer
as a consequence (2.7% for 18, 0.6% for 17, and 0.015%
for 16). Studies are now underway in our laboratories to
streamline these routes.21a,22

Sceptrin, Ageliferin, and Nagelamide

Whereas the previous section dealt with marine sponge-

derived natural products of the pyrrole-imidazole family

that contain a central five-membered ring, the biosynthetic

machinery of the same sponges also create beautiful

structures possessing cyclobutane and cyclohexane core

skeletons. Known as sceptrin (19),23 nagelamide E (20),24

and ageliferin (21),25 they can be biosynthetically traced

FIGURE 1. Structures of natural products recently completed in our laboratories.
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back to the monomeric natural product hymenidin (see
inset). At the time our laboratory embarked on their
synthesis, it was believed that 19-21 were independently
formed via [2 þ 2] and [4 þ 2] cycloadditions, respectively,
of hymenidin.26

We formulated an alternative hypothesis in which 21 and
20 were derived from 19 via a formal vinyl cyclobutane
rearrangement.27 This hypothesis proved correct (at least
in the laboratory) and allowed for the gram-scale synthesis of
these intriguing natural products.28 Thus, when an aqueous
solution of 19was heated to 200 �C for 1min in amicrowave,

21 and 20 were produced in synthetically useful yields. Our
full account on the subject has shown how the yield of this
reaction, which requires microwave irradiation, is counter-
ion dependent.28 The mechanism of this reaction has been
hypothesized to proceed via a diradical intermediate.29 It is
interesting that vinylcyclobutane rearrangements are now
being invoked in the biosynthesis of completely unrelated
marine natural product families.30 The hypothesis that 19 is
an important precursor to other pyrrole-imidazole alka-
loids led us to pursue the correct structure of palau’amine
(see the previous section) before it was officially revised by
K€ock in 2007.13e Since sceptrin exhibits potential for the
treatment of cystic fibrosis andAlzheimer’s disease, access to
large quantities of this natural product was imperative.28b

We therefore developed a short, chromatography-free, high-
yielding synthesis featuring a rare oxiquadricyclane 56 frag-
mentation to rapidly build the all-trans tetrasubstituted
cyclobutane core.28,31,32 With a total number of 11 steps

SCHEME 3. Total Syntheses of Axinellamines, Massadines, and Palau’amine
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and only two protective group manipulations, access to more
than 10 g of sceptrin 19 was gained. Although multigram
quantities of 19-21were accessed, their syntheses only showed
36%(for19) and42%(for20and21) ideality, respectively,with
overall yields of 24%for19, 12%for21, and3%for20 (Scheme
4). The reason for this shortcoming in ideality lies in two
nonstrategic redox reactions, three functional group intercon-
versions, and two protective group manipulations.33

Kapakahine and Psychotrimine

Psychotrimine (22)34 and kapakahine F (23)35 are interesting
examplesofhow thepositioningof a single functional group can
stimulate the invention of methodology. Specifically, both
natural products are polymeric indole alkaloids that in the case
of 22 present a rare N1-C3-connection between two trypt-
amine residues (indolenomenclature, Scheme5A).This connec-
tivity is especially curious given the indole heterocycle’s inherent
preference36 to dimerize and generate a new carbon-carbon
bond (typical connectivity depicted in Scheme5D) rather than a
carbon-nitrogen bond. In 2006, when the synthesis of 22 began
in our laboratories, no methodology for the direct coupling of
indoles to give this N1-C3-bond was known. The formal
reactivity pattern (depicted in Scheme 5B) requires one “um-
poled” indole moiety, which is engaged by a second indole unit
via its C3 carbon atom. Embracing this disconnection, a reac-
tion was invented using o-iodoaniline (59) as an “indole

surrogate”.37 In the event, 59 was oxidatively activated using
N-iodosuccinimide and combined with 58 via the proposed
mechanism depicted in Scheme 5C. Our recent full account on
this topic traces the design, development, mechanistic intrica-
cies, and relevant historical context of this methodology.38

Following Larock annulation (to deliver 57), Buchwald-
Goldberg-Ullmann coupling, and methyl carbamate reduc-
tion, a gram-scale, four-step synthesis of 22 was completed.

Kapakahine F (23) is a heptacyclic peptide that exhibits
the same type of N1-C3 linkage as 22. The 16-membered
twisted (“kapakahi” is Hawaiian for “twisted”) macrocyclic
lactam incorporated in this structure, with an embedded R-
carboline moiety, poses an additional synthetic challenge.
The unique N1-C3 linkage was constructed in the same
fashion as in psychotrimine, yielding pyrroloindoline (68) as
a single diastereomer. Larock annulation and functional
group manipulations gave a fused peptide (65), which was
ready for macrocyclization. By examining the structure of
kapakahines, it becomes immediately evident that simple
macrocyclization would produce a pyrroloindoline structure
analogous to that found in psychotrimine (see structure
67, Scheme 6B) rather than the kapakahine skeleton 66,
(Scheme 6B). Therefore, the success of the route depended
exclusively on the existence of a proposed dynamic equilib-
rium between pyrroloindoline (65) and R-carboline (64), of
which the latter would undergo macrocyclization in prefer-
ence to the former.

SCHEME 4. Total Syntheses of Sceptrin, Nagelamide, and Ageliferin

SCHEME 5. Total Synthesis of Psychotrimine
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This constitutes a “Curtin-Hammett-scenario”39 in which
the primary amine in 64 should react faster than the secondary
amine in 65. In accord with our design, when 65was submitted
tomacrocyclization conditions, the desired kapakahine scaffold
66 was isolated as major product (11:1 = 66:67) in 64% yield.
This outcome substantiates the existence of aCurtin-Hammett
scenario in which 64 is the kinetic isomer but is removed from
the equilibrium due to a lower activation barrier in the macro-
cyclization reaction (Scheme 6B). In contrast, macrocyclization
of 65 is slow due to its higher activation energy.40

From the vantage point of ideality, the direct N1-C3
coupling method enabled a concise four-step synthesis of 22
in 43%overall yield and 75% ideality. The clearAchilles heal
of that synthesis is the reduction of the carbamates in the last
step (89% yield), which was necessary to set the proper
oxidation state of the methyl groups. This singular conces-
sion step was, however, worthwhile since it permitted the
other three reactions to take place chemoselectively and
eased purification and characterization. In the case of kapa-
kahine F (23), an additional five functional group intercon-
versions and one protecting group operation lowered the
ideality to 42% over 12 steps with 12% overall yield,
primarily due to the stepwise nature of the peptide backbone
synthesis.41

Chartellines

Chartellines constitute a modestly sized family of marine
natural products of extremely high molecular complexity.42

The scarcest naturally occurring among them, chartelline C
(24), contains an indolenine motif with an imidazole em-
bedded in a 10-membered macrocyclic lactam, and a β-
lactam attached in a spiro fashion to the indolenine. The
indole and imidazole subunits are perfectly positioned for π-
stacking, and the overall architecture is folded so as to
accommodate the unusual β-lactam ring. Biosynthetically,

the chartellines are related to securines and securamines.
Thus, the proposal we put forth contained a highly unusual
ring contraction based on fundamentally sound oxidative
rearrangement/dearomatization cascade chemistry to form
the β-lactam ring (Scheme 7B).43 Although it was very easy
to locate precedent for the failure of the proposed spiro-ring
contraction, it was hypothesized that π-stacking and ring
conformational effects would overcome this problem (see
hypothesized reaction coordinate in Scheme 7C). Securine-
type structure 72 was synthesized via standard transforma-
tions not mentioned here. Thermolytic Boc-deprotection of
compound 72 and subsequent treatment with N-bromosuc-
cinimide gave securamine structure type 71, which upon
heating rearranged to give the desired β-lactam of chartelline
C.44 An unusually facile exchange of bromine for chlorine
upon standard workup with brine took place, and after
decarboxylation of 70 the natural product was obtained in
overall 16 steps, 6% yield, and 47% ideality. The synthesis
contains three nonstrategic redox reactions, which are used
to build up key precursor 72 and largely detract from
ideality. Two protecting group manipulations and three
functional group interconversions additionally lower the
overall ideality.45

Hapalindoles, Fischerindoles, and Welwitindolinone A

Terpene-indole hybrids from marine cyanobacteria have
inspired practitioners of synthesis for decades.46 With 60þ
members and growing, there is ample opportunity to imagine
how Nature fashioned these natural products and design
routes, whichmimic some, but not all, of those steps. In 2003,
when we embarked on the synthesis of this family, efficiency
and practicality was our ultimate objective. A retrosynthesis
was designed whose sole purpose was to avoid the most
glaring of concession steps: protecting group manipu-
lations.47 This required a plan that would maximize both

SCHEME 6. Total Synthesis of Kapakahine F
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convergency and innate reactivity. Therefore, the central
strategic disconnection utilized in the course of this synthesis
programwas the direct formation of a carbon-carbon bond
between C3 of the indole moiety and the R-carbon atom of
the terpenoid fragment derived from carvone (Scheme 8C).48

The oxidative radical coupling used for this purpose brings
about the great advantage that no prefunctionalization of
either fragment is required (compare the hypothetical trans-
formation of 79 to 80 with 81 to 82, Scheme 8B).49 This
contributes to the step economy of the synthesis and avoids
potential protective group manipulations. The assembly of
the carvone and indole fragments (in Scheme 8C) was
achieved via simple deprotonation and use of a copper(II)
oxidant for radical dimerization to give pivotal building
blocks 77 and 78a/b, respectively.

Fischerindoles U (26c), G (26b), and I (26a) were prepared
from 77 via a cationic cyclization reaction to give the desired
five-membered carbocycle.8a,48 The total synthesis of welwitin-
dolinoneA (25) showsparallels to theβ-lactam formation in the
chartelline C synthesis (see Scheme 8B), where an oxidative ring
contractionof a five-membered ringwas involved toprovide the
unique cyclobutane structure element of welwitindolinone A,
accompanied with the formation of the oxindole moiety of the
natural product. Hapalindole U (27a) and ambiguine H (27b)
were also prepared via compound 77 on a gram scale.50 The
synthesis of 27a was completed with a ring annulating Heck
reaction, whereas for compound 27b an additional prenylation

reaction was performed. Clearly, the oxidative coupling of
indoles and carbonyl compounds was the critical invention that
enabled the avoidance of protective group manipulations,
provided a generalized approach to this alkaloid family, and
hence furnished gram amounts of these natural products.
The route to fischerindole I involved eight steps (11%overall
yield) leading to an ideality of 75%. Hapalindole U and
ambiguine H were synthesized in four steps (24% overall
yield) with 75% ideality and six steps (9% overall yield) with
83% ideality, respectively. Welwitindolinone A was synthe-
sized in nine steps (3% overall yield) with 78% ideality.46b,51

Avrainvillamide and Stephacidins A and B

Stephacidins A (30) and B (28) possess unique structural
features, including a very dense functionality and an uncom-
mon oxidation pattern for indole alkaloids. The signature
bicyclo[2.2.0]diazaoctane ring systemand the dimeric character
of stephacidin B granted considerable potential to develop new
methodology.52 Our focus resided on the development of a
scalable route to stephacidin A (30) (Scheme 9A),53 a position
and chemoselective oxidationof30 to avrainvillamide 29,54 and
eventually its dimerization to give stephacidin B (28).54,55 The
dimerization of 29 as outlined in Scheme9Bwas proposed tobe
Nature’s pathway to 28, a prospect easily probed with a viable
route to 29. Access to large quantities of 30 relied upon an
efficient construction of the distinctive bicyclo[2.2.0]diazaoctane

SCHEME 7. Total Synthesis of Chartelline C
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ring system. The strategic bond highlighted in Scheme 9A
(structure 30) in red was thereby gained via an oxidative
enolate heterocoupling of an ester and an amide enolate
(Scheme 9C). This methodology gave good yields, could
be conducted on a preparative scale, and was completely
stereoselective.56 Furthermore, this conversion represented
a rare example of two different types of carbonyl compounds
(ester 84 and amide 85) undergoing an oxidative radical
heterocoupling. This intermolecular oxidative enolate hetero-
coupling reaction has since found use in the pharmaceuti-
cal industry for the preparation of unsymmetrical, enantio-
pure succinate building blocks.57 Oxidation of stephacidin
A to avrainvillamide was conducted with substochiomeric
amounts of selenium dioxide and hydrogen peroxide.58 A
spontaneous double-Michael addition of two molecules of
29 gave rise to the dimer stephacidin B. The numbers reveal
that, for 30, 29, and 28 (16, 17, and 18 steps, respectively), the
ideality ranges from 38% for 30, 41% for 29, to 44% for 28.
The sequence leading to stephacidin A (30) involves 16 steps,
among which are seven protecting groupmanipulations, one

nonstrategic oxidation reaction, and two functional group
interconversion.59

Haouamine

Cyclophanes are highly strained compounds with an alkyl
bridge between nonadjacent positions of an aromatic ring.60

There are very few examples of this structure motif in natural
products,61 with haouamine A (31) representing one of them.62

Its striking architectural feature comprises a [7]-azaparacyclo-
phane structure element, whichmakes it a very attractive target
for total synthesis. The aromatic ring of the p-cyclophane in 31

adopts a strained boat conformation, thereby bending out of
plane and imposing considerable ring strain (Scheme 10B). In
order to construct this natural product, one must apply a
method for ring closure that can overcome this strain. In our
first-generation approach, the method of choice was an intra-
molecular R-pyrone Diels-Alder reaction with a tethered
alkyne (depicted in Scheme 10B), the driving force of this
reaction originating from the liberation of carbon dioxide.63

SCHEME 8. Total Synthesis of Fischerindoles, Hapalindole U, and Welwitindolinone A

SCHEME 9. Total Synthesis of Stephacidins A and B and Avrainvillamide
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Our synthesis commenced with a concise eight-step synthesis
of 90 on a multigram scale.64 We were then able to access
Diels-Alder precursor 89 with the two crucial functional
groups (alkyne and R-pyrone) in gram quantities. The Diels-
Alder reaction required exposure of 89 to 250 �C in dichloro-
benzene for 10 h and provided the desired carbo-skeleton of
haouamine in a 10:1 ratio in favor of the desired atropisomer in
low yield. In accord with the isolation report, 31 was found to
exist as amixtureof rapidly interconverting isomers,whichcould
be explained either by atropisomerism or pyramidal inversion at
nitrogen.65 A collaboration with Genentech was forged to
elucidate the biological mode of action for 31’s anticancer
activity. Unfortunately, the first-generation route to 31

could only deliver small quantities that were insufficient
for extensive analysis. A second-generation route to 31

was therefore designed with the issues of scalability
and atropselectivity in mind.66 Slightly saturated versions
of 31 and atrop-31 were targeted as shown in Scheme 10
(91a/b). It was reasoned that these enones would be
susceptible to oxidation/aromatization and that atrop-
selectivity would be easily achieved by transferring their
point chirality into the planar chirality of the natural
product.

Atropisomers 91a and 91bwere generated through a high-
yielding macro-alkylation and separated by column chro-
matography. Chemoselective aromatization was achieved
with N-tert-butylbenzenesulfinimidoyl chloride67 to yield

haouamine A (31) and tentative “atrop”-haouamine A,
respectively. With both atropisomers in hand, we were able
to prove that the isomeric mixture of 31 stems from nitrogen
inversion and concomitant conformational tetrahydropyri-
dine rearrangement rather than atropisomerism. As a result
of this work, the supply of haouamine for extensive biologi-
cal evaluation is no longer an issue (samples freely available
on request). Both (first- and second-generation) routes were
carried out in racemic and enantioselective68 forms. The
racemic first-generation approach is eight steps, with 1%
overall yield, and exhibits 50% ideality, whereas the enan-
tioselective first-generation approach consists of 12 steps
with 0.6% overall yield and 50% ideality. The racemic
second-generation approach includes nine steps with 5%
overall yield and 44% ideality versus 13 steps for its en-
antioselective version with 3% overall yield and 38% ide-
ality. Application and refinement of this strategy to other
chiral and strained cyclophanes are underway.69

Cortistatin A

The cortistatins constitute an unusual family of 9-(9,10)-
abeo-androstane steroids and were isolated from a marine
sponge.70 They feature very potent inhibition of human
umbilical endothelial vein cells—with cortistatin A (32) as
themost potentmember (HUVECs, IC50=1.8 nM)without
exhibiting any cytotoxicity toward either healthy or cancer-
ous cells. Cortistatin A is a high-affinity ligand for a small set

SCHEME 10. Total Synthesis of Haouamine A
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of protein kinases including ROCK, CDK8, and CDK11.71

Its outstanding biological activity combined with an unusual
array of functionality attracted our attention and led us
to pursue a practical semisynthesis given the historical
success in the commercialization of steroids through such
strategies.72 Prednisone 100 appeared to be a versatile starter
unit to us, as it is inexpensive ($1.2/g) and already contained
70% of the carboskeleton of 32. The principle highlights
of our approach include the construction of a “heteroada-
mantane” core in ring A (see structure 99, Scheme 11A),
the first example of an alcohol-directed geminal-dihalogena-
tion (Scheme 11B), and an isohypsic ring expansion
(Scheme 11C) to establish the B-ring with its correct oxida-
tion state.73 Cortistatinone (98) was accessed on multigram
scale in 7% overall yield from prednisone in nine steps. This
critical intermediate could be used to access cortistatinA (32)
and myriad of related analogues.

The overall yield was 3% for 32, with a total of 15 steps, with
fourconstructionstepsand four strategicoxidationscontributing
to the75%idealityof the synthesis.Althoughthe sequence isvery
short, there is room for improvement. All together five conces-
sion steps had to be carried out, one of which was a nonstrategic
oxidation, two functional group interconversions, and two
protecting group manipulations. Full details of our second-
generation route to 32 will be reported in the near future.70d,74

Vinigrol

The total synthesis of vinigrol 33 stood as a major chal-
lenge in terpene chemistry over the last two decades.75 The
extreme difficulty in preparing this diterpenoid stems from
its unprecedented decahydro-1,5-butanonaphthalene ring
system, which bears eight contiguous stereogenic centers.
Vinigrol can be viewed as a cis-octalin system bridged by a
four-carbon-atom handle.76 This makes the structure very
rigid and renders any kind of ring closure disfavorable. We
therefore envisaged the construction of another readily
accessible ring system 109 that could then be fragmented into
the vinigrol carboskeleton.77 This progenitor ring system was
accessed via two Diels-Alder reactions (111f 110f 109) as
shown in Scheme 12A. Grob fragmentation78 was planned to
occur along the highlighted bonds in 109, according to the
mechanism being depicted in Scheme 12C. For comparison
(Scheme 12B), one can see that the stereoelectronic require-
ments for the Grob fragmentation are perfectly fulfilled, and
indeed, the desired transformation proceeded smoothly to
give the desired vinigrol skeleton.

With the backbone set in place, the main obstacle to
complete the total synthesis of 33 became the installation
of the 1,2-syn-hydroxymethyl system (shown in 107). After
extensive experimentation, the reaction of in situ generated

SCHEME 11. Total Synthesis of Cortistatin A

SCHEME 12. Total Synthesis of Vinigrol
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bromonitrile oxide with bis-olefin 108 and concomitant
functional group interconversions afforded desired 107. Up
to this point, all reactions were carried out on gram scale,
demonstrating the robustness and scalability of the synthetic
route. Shapiro reaction of 107 and trapping of the inter-
mediate trianion (double alkoxy plus vinylic anion) with
formaldehyde successfully concluded the synthesis of 33. The
synthesis of vinigrol comprises 23 total steps with overall 3%
yield.79 The route suffers from four nonstrategic redox
reactions and eight functional group interconversions, but
only one protecting group manipulation was carried out.
These concession steps are opposed by only seven construc-
tion steps and three strategic redox reactions, which results in
the relatively low ideality of 43%.75a,80 Indeed, as will be seen
in the following section, our work in the vinigrol arena
prompted us to take a step back and question whether there
might be a more efficient general strategy for assembling
complex terpenes in the laboratory.

Chemo- and Site-Selective C-H Oxidation To Access Poly-

hydroxylated Terpenoids

On January 12, 2007, we were invited by the editor of
Nature Chemical Biology to write a review on modern
approaches to terpene synthesis.81 This puzzling invitation
(we had only published alkaloid syntheses at that point) was
eagerly accepted with the hopes of entering this area and
learning about recent trends in the synthesis of such mole-
cules. After pouring through the literature, it became quite
clear that the overall modus operandi that chemists use
to plan and execute terpene syntheses has not changed over
the past several decades. To be sure, organic chemists have
become quite adept at building up molecular skeletons
but fall short of ideality when functional groups need to
be installed. On the other hand, Nature constructs terpenes
in two distinct “phases”, referred to as the cyclase and oxi-
dase phases by enzymologists.82 Inspired by the general
biosynthetic terpene pathway, we envisaged a similar two-
phase strategic plan, namely the synthesis of a nonoxidized
polycyclic precursor, or “cyclase-phase”, and the subsequent
selective oxidation of this polycycle, or “oxidase phase”
(Scheme 13). As a prelude to more complex terpenes
(ingenol and paclitaxel, for instance), we chose the eudes-
mane terpene family as a proof of principle. In the labora-
tory, the cyclase phase would take advantage of decades of
advances in carbogen construction, whereas the oxidase
phase gives one the opportunity to explore fundamental

reactivity and invent new methods for selective functionali-
zation of C-H bonds.

Starting from inexpensive and commercially available
starting materials (118a and 118b), the enantioselective
synthesis of dihydrojunenol 117 was accomplished in nine
steps on a gram scale (Scheme 14A).83,84 4-epi-Ajanol (34)
and dihydroxyeudesmane (35) were targeted first. Both
natural products have the same oxidation state (redox
isomers), but the position of oxidation differs on the carbo-
skeleton, making them ideal test systems for site-selective
C-H functionalization. After the trifluoroethyl carbamate
directing group was appended onto 117,85 adduct 119 was
evaluated by X-ray crystallography and NMR spectroscopy
to predict the most likely sites of C-H oxidation. Both
techniques combined with literature precedence for rapid
equatorial C-H oxidation (vide infra) pointed to H1 being
oxidized more rapidly with an intermolecular oxidant and
H5 being oxidized under the direction of the trifluoroethyl
carbamate group (intramolecular). In accord with this
prediction, reaction of methyl(trifluoromethyl)dioxirane
(TFDO)86 with 119 selectively produced compound 120 in
very good yields on a gram scale. In contrast, dihydroxyeu-
desmane (35) was accessed by reaction of 119 with acetyl
hypobromite, which gave exclusive functionalization of the
side chain (H5). Conversion of bromide 121 to 35 completed
the synthesis. Our NMR data of 35 perfectly matched the
isolated material, requiring a structural reassignment of 35a
to 35, which was supported by single-crystal X-ray analysis.

The synthesis of trihydroxylated pygmol (36) required an
additional C-H-functionalization reaction, which was con-
ducted on 4-epi-ajanol precursor 120 using acetyl hypobro-
mite to yield 122 (see Scheme 14B). Conversion to 123 and
hydrolysis gave 36 in good yields. For the synthesis of
tetrahydroxylated 11-epi-eudesamantetraol (37a) and eudes-
manetetraol (37), epoxide 126 was generated as outlined in
Scheme 14B. By either acidic or basic opening of 126, both
natural products were accessed from the same intermediate. It
is worth noting that the transformation of 120 to olefin 124

represents a unique example of a formal remote dehydrogena-
tion process. Additionally, if olefin 124 is exposed to Sharpless
AD-mix R or β, a 1:1.5 mixture of 37a/37 is obtained, further
strengthening the tactical advantage of using a directing group.

To the best of our knowledge, this represents the first
example of the use of multiple C-H activation processes to
install carbon-oxygen bonds in total synthesis. To summar-
ize, 4-epi-ajanol (34), dihydroxyeudesmane (35), pygmol
(36), and eudesmanetetraols (37) were synthesized in 12,

SCHEME 13. Two-Stage Retrosynthesis for Terpene Total Synthesis
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12, 13, and 15 steps, with overall yields of 17, 9, 9, and 4%,
respectively. As a testament to the underlying logic of this
approach, the ideality increased with increasing number of
steps starting from 58% ideality for 34 and 35, 62% ideality
for 36, and 66% ideality for 37 and 37a. This counterintuitive

increase provides some evidence that C-H activation meth-
odology can indeed contribute to the “economies” of terpene
synthesis.

In fact, it has long been appreciated that terpenes, with their
diverse oxidation patterns, constitute an ideal playground for

SCHEME 14. Total Synthesis of Eudesmane Terpenoids Using Site-Selective C-H-Activation Methodology
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the testing of new selective C-H activation methods.87 Yet, in
order to apply multiple site-selective C-H activation reactions
in a synthesis, profound understanding of reactivity trends is
required. For instance, the selective oxidation of equatorial
C-H bonds over their axial counterparts has been observed
for decades, but explanations remain somewhat ambiguous.88

The eudesmane synthesis prompted us to take a careful look at
this phenomenon, specifically the conversion of 119 to 120

(Scheme 14A). On the basis of steric and electronic arguments
alone, one might propose that H5 would react in preference to
H1, yet the opposite is observed. In our 2009 report, itwas hypo-
thesized83 that such selectivitywas due to strain release effects in
the transition state during oxidation. As shown in Scheme 14C,
a developing positive charge or radical character is observed in
the transition state of the TFDO oxidation (this occurs in any
reaction of a C-H bond with an electrophilic oxidant).89 This
leads to a bending of the carbon center toward planarity and
thus alleviates 1,3 diaxial interactions in the transition state. In
collaboration with Professor Albert Eschenmoser, a model
system was designed that would provide nearly “unassailable”
evidence for a strain-release effect leading to rate acceleration
(Scheme 14D).90 Indeed, model system 127 reacted slower than
119 due to lower ground-state destabilization. Thus, studies on
the eudesmanesbrought to light strain release as anewreactivity

factor to be considered in planning and understanding the
selectivity of C-H activation reactions in complex settings in
addition to thewell-known effects of steric hindrance andC-H
bond nucleophilicity. Time will tell whether the two-phase
approach to terpene synthesiswill succeed in evenmore complex
settings, and those studies are ongoing in our laboratory.

Conclusion

“Ideal beauty is a fugitive which is never located.”
Marquise de Sevigne, Marie de Rabutin-Chantal

Can the same be said for synthesis? Perhaps, but the future
of organic synthesis must be in constant search of the ideal
synthesis. Efficiency and practicality are the “yardsticks” by
which beauty and ideality in synthesis will be judged. The
means bywhich practitioners aim for this goal will differ, but
innovation will invariably be the result. “Ideality” in synth-
esis is only one variable of several that should be considered.
It is a useful tool for the purposes of self-reflection and
evaluation but NOT an ultimate measure of a synthesis.
Although the pursuit of an ideal synthesis may naturally lead
to a better route inmany instances, certain situations (ease of
purifications, inexpensive reagents, higher atom economy,

TABLE 1. Overview of the Ideality of the Syntheses Described
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higher overall yield, etc.) might dictate choosing a path with
lower ideality.

In this perspective, we have summarized the past seven
years of our own efforts toward ideality in total synthesis (see
Table 1 for a numerical summary). Table 1 aims to provide
the reader with an overview for estimating the extent that the
Hendrickson ideal has been fulfilled for the specific target
structures in question. However, as stated previously, it does
not provide a method for comparison of syntheses of differ-
ent target structures because of the strong divergence in
their molecular complexity. While attempting to adhere to
Hendrickson’s vision of an ideal synthesis, we have completed
several practical syntheses of complex natural products, along
with the discovery of interesting methods, strategies, and
fundamental insights into reactivity. We may never achieve
a total synthesis characterized by 100% ideality, but such a
pursuit serves as a constant source of inspiration.
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