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1.1
Introduction

Natural products have proven to be valuable sources for the identification of new
drug candidates, and also as tools for chemical biology and medicinal chemistry re-
search [1]. In fact, if we trace back human history, many natural products have also
long been used to treat various human disorders and distinguished by their drug-like
properties [2]. To date, tens of thousands of bioactive compounds have been isolated
from plants, microbes, marine invertebrates, and other sources [3]. Consequently, these
chemical structures have been employed by chemists as references to scan the diversity
space for drug discovery efforts [4]. It is estimated that 50-70% of launched drugs
in the marketplace are either natural products themselves or natural product-derived
molecules [5].

So, what features of natural products make them effective drug candidates? Natural
products play important roles in biomedical research and drug discovery largely at-
tributable to their structural complexity and diversity, which Nature has engineered to
facilitate optimal functions of living systems. Structural complexity and diversity enable
natural products to modulate biological targets of human diseases. The drug-likeness
of natural products often possesses common factors including molecular complexity,
ability to bind to proteins, structural rigidity, and three-dimensionality [6]. Compared with
synthetic molecules, the chemical structures of natural products are more constrained,
which allows the accumulation of reliable structure—activity relationship (SAR) data for
studying protein target—chemical ligand interactions [7]. Recently, much attention has
been devoted to the natural products which are an obvious violation of “Rule-of-Five”
[8], but still possess reasonable biopharmaceutical and pharmacokinetic properties, for
example, ciclosporin A. Thus, exploitation of such types of natural products could not
only significantly broaden the chemical space beyond the “Rule-of-Five” domain for the
purpose of drug discovery, but also give us the opportunity to appreciate and investigate
how Nature selects and optimizes natural products which are able to bind to and disrupt
the function of biological targets through evolution.

We should also recognize that natural products were optimized in living systems
presumably not for the same purpose as is desired to serve in a biomedical research
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setting. Their residence in host systems determines that natural products can be
optimized to the largest extent that a balance remains within the host systems, and that
feasible biosynthetic pathways are in existence. These constraints might in theory explain
why many natural products exhibit intolerable toxicity and certain other pharmacokinetics
which are undesirable for human therapeutic use. In addition to the above deficiencies,
many natural products are scarce or difficult to obtain from natural sources. Also, many
possess highly complex structures and can hardly be synthesized in a practical fashion to
impact supply.

For those in the chemistry field who are enthusiastic toward natural products, the
complexity and diversity of natural products should mean opportunities in the search for
new strategies and methodologies to sharpen insights into natural products and also to
advance synthetic innovation.

Historically, natural product synthesis has been a very challenging area due to the
structural complexity inherent in these molecules. Although synthetic chemists have long
been fascinated by natural products, for the most part they have focused on developing
the chemistry in order to make precise replicates of the compounds purified from natural
sources. Recently, synthetic targets concerning natural products have not been limited to
precise replication of the naturally occurring compounds. The accumulation of insights
and learning in total synthesis over the last few decades should enable organic chemists
to “aim higher,” to integrate natural products more closely with advances in biomedical
research. Today, chemists can develop synthetic strategies to make both natural products
and natural product-like compounds that are comparable to true natural products in size
and complexity. The ability to synthesize in vitro complex natural products, combined
with the strategy of diversity-oriented synthesis (DOS) of natural product-like molecules,
which allows very large numbers of natural product-based compound libraries to be
made quickly, has made it possible for chemists to accelerate evolution in vitro in this
process.

For this chapter, we selected several typical examples, such as DOS, diverted total
synthesis (DTS), and function-oriented synthesis (FOS), to illustrate the impact of these
synthetic strategies on the efficient synthesis of natural product-like compounds.

1.2
Diversity-Oriented Synthesis (DOS)

DOS is aimed at the efficient synthesis of a collection of structurally complex and diverse
small molecules, which are screened for their ability to modulate a biological pathway in
cells or organisms, without regard to any particular protein target. In other words, DOS
is a means to identify simultaneously therapeutic protein targets and small molecules
that can modulate the functions of these therapeutic targets.

As a strategy, DOS is based on forward-synthetic analysis [9] to guide its library
synthesis. DOS allows many structurally complex and diverse compounds to be prepared
efficiently in a flexible and modular way for biological assays. Because compounds
generated from DOS by altering stereochemistry and skeletal arrays would display
diverse chemical information in three-dimensional space, screening of such compounds
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would likely generate more hits poised for optimization. Screening of these would
generate more hits [10].

It should be noted that DOS as a synthetic strategy was not originated specifically for
natural product synthesis. Yet it goes without saying that the DOS approach can be used
to generate analogs of natural products and thus enrich life science discovery. Therefore,
DOS can obviously maximize the value of natural products in biomedical research by
addressing unfavorable features of natural products. For instance, natural products tend
to modulate biological targets that have general functions, but do not seem to modulate
more specialized targets and processes. This challenge can perhaps be tackled by means
of DOS.

DOS is an important synthetic strategy in the light of advances in genomics studies
which have identified many biological pathways and processes as ideal points for
therapeutic intervention. Today, chemical biology still requires thousands of compounds
to be available for screening in biological assays, and DOS shows tremendous promise
in this respect.

1.2.1
Diversity-Oriented Synthesis of Skeletally and Stereochemically Diverse Small Molecules
[10a]

A typical example in the build—couple—pair strategy [9c] developed by Schreiber and
co-workers is illustrated in Scheme 1.1. In the build phase, both R and S stereoisomers
of building blocks are readily available. The couple phase employs the diastereoselective
Petasis three-component reaction followed by propargylation to yield densely function-
alized template 1. This enables four stereoisomers to be synthesized and is regarded as
stereochemical diversification. In the pair phase from 1, a series of reagent-controlled
reactions which selectively pair the nonpolar or the polar functional groups allow skele-
tal diversification to be achieved and afford 15 structurally complex and diverse small
molecules as shown in Scheme 1.1. Appendage diversification may also be achieved by
variation of the lactol and amine building blocks.

122
Biomimetic Diversity-Oriented Synthesis of Galanthamine-Like Molecules

By application of the strategy of biomimetic solid-phase synthesis, Shair and co-workers
developed a DOS of galanthamine-like molecules inspired by biosynthesis of galan-
thamine (Figure 1.1) [10]. The chemistry developed allowed four diversity-generating
reactions to be performed.

The general transformations are shown in Figure 1.1. Accordingly, Mitsunobu reaction
was employed to introduce R! diversity. Conjugated addition of thiols was utilized for
diversification of R?. The last two diversity steps involved acylation/alkylation of the
amine and imine formation. Finally, the compounds were detached from the solid
support by desilylation. Figure 1.2 shows the building blocks used in the library synthesis
of galanthamine-based molecules, which reached a total of 2527.
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1.3
Diverted Total Synthesis (DTS)

Natural products, although highly valuable, are not optimized in a pharmaceutical sense.
First, natural products are resident in host systems, therefore they presumably can only
be optimized to the extent that a balance can still be maintained within the host systems;
second, optimization within host systems requires the existence of feasible biosynthetic
pathways. Thus, the strategy of DTS is aimed at tackling these constraints existing in
the biosynthetic setting by way of chemical synthetic methods. Relying on the “advanced
intermediate” yielded in classic total synthesis, DTS may be employed to reach chemical
space having higher or lower complexity than that of the natural product itself. In
other words, the employment of the DTS method can achieve “molecular editing” of
unnecessary or even undesirable structural features, the kind of optimization which
cannot be achieved biosynthetically. On the other hand, these diverted structures often
cannot be arrived at from the natural product, owing to chemical limitations. Hence DTS
could be used to permit the development of natural product-like biological probes and
pharmaceutical agents without recourse to the natural product itself [11].

1.3.1
Diverted Total Synthesis of the Migrastatins

Migrastatin (2), isolated from a cultured broth of Streptomyces, is a 14-membered
macrolactone that reportedly inhibits tumor cell migration [11a,b]. The first asymmetric
total synthesis of (+)-migrastatin was accomplished by Danishefsky and co-workers.

As shown in Scheme 1.2, the key step for the synthesis of intermediate 3 is a Lewis
acid-catalyzed diene aldehyde condensation (LAC-DAC) with the formation of three
contiguous stereocenters. The construction of a glutarimide-containing side chain in
intermediate 4 was achieved by an anti-selective aldol addition of Evans propionyloxa-
zolidinone to aldehyde 5, and a Horner—Wadsworth—Emmons (HWE) reaction as the
key steps. Finally, Yamaguchi esterification followed by a highly E-selective ring-closing
metathesis led to macrocyclization and afforded migrastatin (2) after desilylation.

Despite migrastatin’s rather modest inhibitory activity, Danishefsky and co-workers
attempted to apply as a lead compound to yield more potent analogs. The total synthesis
of migrastatin, which was developed efficiently in a convergent way, allows variations
of different regions of migrastatin. These variable regions are highlighted in different
colors in Figure 1.3.

The C2-C3 double bond is a potential site for deactivation by 1,4-addition of nucle-
ophiles. The lactone functionality renders the molecule susceptible to hydrolysis and
thus diminishes its stability. Furthermore, the highly functionalized C6—C12 portion of
migrastatin is regarded as biologically relevant, and the glutarimide moiety might be
indispensable for activity.

With these considerations in mind, a set of structurally simplified analogs were
designed and synthesized with variations at these regions. Such a DTS strategy takes
advantage of the advanced key intermediates 4 and 5, utilizing them as branching points
to yield a diverse set of analogs which could not easily be accessed from the natural
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1.4 Function-Oriented Synthesis (FOS)

OMe
Migrastatin (2)

;OH O

’\‘l HO_ CF3 /\/O\/\O/\/O\/\NH
"'OH ""OH HN NH
OMe OMe

Figure 1.3 Syntheses of migrastatin analogs through diverted total synthesis.

product itself. In total 15 analogs have reportedly been generated, among which 6-9 are
the most promising candidates which have demonstrated increased activities compared
with the natural product, but without the appending glutarimide moiety.

1.4
Function-Oriented Synthesis (FOS)

The aim of FOS is to address several common problems associated with natural product
leads: natural products are often too complex to be made in a practical fashion, and
many carry undesired side effects given they are not “designed” for human therapeutic
use. Use of the FOS strategy focuses on the function of a natural product, rather
than its total structure, to design structurally simplified analogs by incorporating the
activity-determining structural features (or their equivalent) of the natural product.
Employment of FOS yields natural product analogs with comparable or superior function
that could be prepared in a step-economic (i.e., cost-effective) manner. Also, by focusing
on a specific function, the FOS can be used to enhance beneficial activities and also
to minimize off-target activities better suited for biomedical research or medicinal use
[12-14].
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1.4.1
Syntheses of Novel and Highly Potent Analogs of Bryostatin

Bryostatins 1-14 are marine-sourced natural products that it is hoped to guide the
discovery of medicines to cure cancer and Alzheimer’s disease [12]. Unfortunately, their
availability from marine sources is extremely limited. Before Wender applied FOS to the
synthesis of bryostatin analogs, total syntheses of bryostatins had required more than 70
steps. Recently, Trost’s group completed a similar synthesis in 39 steps.

Wender and co-workers believed bryostatins to be ideally suited for FOS considering
that its therapeutic activity was connected to only a subset of its structure, and that a
pharmacophore could be designed into a simplified target more readily accessed through
synthesis. It was inferred from their previous study that the C1 carbonyl, C19 and C26
alcohols, and a corresponding lipophilic region of the bryostatin were likely to be key
binding elements. Analog 10 was thus designed with simplified A- and B-rings and an
intact C-ring (Figure 1.4). Moreover, the C26 methyl group was deleted to emulate other
C1 binders and allow for closer association in the receptor binding pocket.

Bryostatin R! R2

1 all trans-OCO(CH),(CH,),CH;  Ac

2 all trans-OCO(CH),(CH,),CH; H

3 OCO n-Pr Piv

4 OAc Piv

5 OAc CO n-Pr

6 OAc Ac

7 OCO n-Pr CO n-Pr

8 OCO n-Pr Ac

9 H Piv

10 H Ac

11 all trans-OCO(CH),(CH,),CHs  CO n-Pr
Bryostatins 12 H GO n-Pr

13 OH Piv

14 all trans-OCO(CH),(CH,),CH;  Ac

U FOS

Yamaguchi o
esterification " Spacer
0¥ O domain
Macrotrans-/ X l\%o c \ * TBSO  OH
acetalization L :2: r?lrig:n
OH
Recognition
C7Hq5 0 CO,Me domain

OTBS

C7His” “0  “co,Me
12

Figure 1.4 Bryostatins and their more active analog 10 derived from FOS.
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These have met the requirements for the development of a convergent synthesis. Ret-
rosynthetic analysis of 10 led to the C1-C13 spacer domain 11 and C15-C26 recognition
domain 12, which featured Yamaguchi esterification and macrotransacetalization. The
FOS approach led to the realization of bryostatin analogs that bind to protein kinase C
(PKC) with affinities comparable, and in some cases superior, to bryostatins (K; value
of 0.3 versus 1.4nM). Moreover, these analogs can be made in 29 steps, significantly
shorter than the previous pathway for the total synthesis of bryostatins.

Further modification of bryostatins on the fragments of the A-, B-, and C-rings led to
the efficient synthesis of a library of 31 analogs. Importantly, the analogs show greater
potency than bryostatin when tested for growth inhibitory activity against the US National
Cancer Institute panel of human cancer cell lines.

In summary, FOS led to more potent analogs that can be supplied in quantity and
tuned for performance and at the same time allowed for the development of effective
methods for convergent macrolide formation. An advantage of FOS was demonstrated in
this study, namely that superior function can be achieved in fewer steps with simplified
structures while enabling synthetic innovation.

1.4.2
Discovery of Potent and Practical Antiangiogenic Agents Inspired by Cortistatin A

Among 10 related natural products of the cortistatin family, cortistatin A (13) and
cortistatin | (14) show the most promising antiangiogenic activity [14]. Rather than
embarking on the total synthesis of these natural products, Corey’s group started the
journey by designing analogs with less complexity for access while still possessing equal
or even enhanced biological activity.

After analyzing the structures of 13 and 14, they drew the conclusion that the
dimethylamino group at the C3 position and the isoquinoline appendage at C17 were
required for biological activity, whereas the hydroxyl groups at C1 and C2 were not
essential. The above information led to the design of analog 15 possessing a steroidal
core and a double bond at C16—-C17 (Figure 1.5).

By varying the C17 appendage and C3 amino group, a series of analogs were synthe-
sized, as shown in Figure 1.5. The antiangiogenic activity of these analogs was evaluated
in vitro, based on which the data indicate that the most active compounds are those
underlined.

1.5
Target-Oriented Synthesis (TOS)

Target-oriented synthesis (TOS) is an effective synthetic strategy to generate natural
products and natural product-like molecules in a concise, convergent, and systematic
manner. One major deficit in natural product-based research is the inaccessibility of
identified natural products, because they exist in only trace amounts in Nature, which
prevents biological evaluation of natural products in a systematic manner. Therefore,
accessing by way of chemical synthesis these valuable gifts of Nature derived from
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millions of years of evolution represents a sizable challenge to organic chemistry, yet
equally holds tremendous promise in biomedical research and drug discovery. TOS of
natural products, which has been fueled by the methodology of retrosynthetic analysis
since the mid-1960s, is an effective strategy to produce scarce and inaccessible natural
products in laboratories. Today, many organic chemists are passionate about the total
synthesis of newly discovered natural products and optimizing known synthetic steps.
These synthetic missions continuously generate new experimental and intellectual
challenges to organic chemists. As natural products are often biologically relevant, a
principle of biomimetic synthesis is usually applied for guidance, which allows access to
natural products with high efficiency.

1.5.1
Synthetic Studies and Biological Evaluation of Ecteinascidin 743

Ecteinascidin 743 (16) is an exceedingly potent and rare marine-derived antitumor agent
that acts by inducing DNA-protein cross-linking [15b], and is now in advanced clinical
trials (Figure 1.6) [15].

In the past 20 years, Corey’s group has made tremendous efforts to optimize the
synthetic route to ecteinascidin 743 (16). The concise and convergent route for the con-
struction of its core structure was eventually developed successfully and is summarized
in Scheme 1.3.

Key steps in this synthesis involve the following: (i) amide bond formation between
18 and 19, followed by allylation to give 20; (ii) selective reduction of lactone to its lactal
was achieved by the reduction with LiAlH,(OMe),, and 21 was obtained after desilylation
with KF—-MeOH; and (iii) the pentacyclic core was formed by treatment of 21 with
TfOH in H,O-CF;CH;OH mixed solvents in the presence of butylated hydroxytoluene
(BHT), and the formed pentacyclic lactam was first reduced with LiAlH,(OMe), to afford
the corresponding cyclic aminal, which upon exposure to HCN provided pentacyclic
aminonitrile 22 in high yield. The significance of this synthesis is its overall high yield
(57% in six steps) and its reliability in a large-scale synthesis. A critical element to the

OMe

0 H OH

Ecteinascidin 743 (16) Phthalascidin (17)

Figure 1.6 Ecteinascidin 743 (16) and phthalascidin (17).
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OMe 1. CIP (1.3 equiv)
HOAT (1.08 equiv)

o [ TBSO OTBS g\ (2.06 equiv)

y o<»\\H THF-CH,Cl, (1:2)

L+ H  0°C,18ht023°C,6h
! COzallyl ™5 Ayt bromide
o A MO (10 equiv)
Cs,CO, (1.09 equiv)
O 2 3
18 19 DMF, 23 °C, 2 h

81% (2 steps)

1. LIAIH,(OEt), | 2. KF (5.0 equiv)

(1.1 equiv) MeOH, 23 °C
1. TfOH (0.6 M) Et,0, -78 °C 30 min
OMe H0-CF3CHo0H (3:2) 15 min, 95% OMe
OH BHZé%SS:EUiV) \L HO OH
89% (2 steps) OH
Me H - WH H
N—|—CO,allyl 2. LiAHp(OMe), " HN—|—COallyl
- (4.0 equiv) -
H THF, 0 °C, 35 min H
AcOH (21.8 equiv)
OH 22 KCN (4.8 M, 6.0 equiv) 21

23°C,7h,87%

Scheme 1.3 The concise and convergent route to the core structure (22) for ecteinascidin 743

(16).
Acetoxy optimum; -H Essential
Small RO also activel q OMe
N

AcO

Me 2
e
H Opti
et y_enedloxy \/O N eN
essential
27X
{F’hthalimide optimum]

Amide also active

Figure 1.7 SAR of phthalascidin (17).

success of this synthesis was the utilization of LiAlH,(OMe), as an efficient reducing
agent, which had not been used frequently previously.

From the common intermediate 22, a series of totally synthetic molecules that are
structurally related to phthalascidin (17) were prepared and evaluated as antitumor agents
[15D] (Figure 1.7).

From this study, phthalascidin (17) was identified as the most active antitumor agent,
and is now in advanced clinical trials. Its antiproliferative activity (ICso = 0.1—1 nM) is
greater than that of the agents of paclitaxel (Taxol), camptothecin, adriamycin, mitomycin
C, cisplatin, bleomycin, and etoposide by 1-3 orders of magnitude. Because phthalascidin
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(17) is more stable than ecteinascidin 743 (16) and considerably easier to make, it could
potentially be a more practical therapeutic agent.

1.5.2
Total Synthesis and Biological Evaluation of Biyouyanagin A and Analogs

Biyouyanagin A was isolated from the Hypericum species H. chinese L. var. salicifolium and
was originally assigned as structure 24a based on NMR spectroscopic analysis (Figure 1.8)
[16].

As ambiguity about the stereocenters at C24 and around the cyclobutane ring
exists, retrosynthetic analysis featuring a photoinduced [2 + 2]-cycloaddition (a potential

Me

Me X steric
00 4 clash
—

Biyouyanagin A (24a)
originally proposed
structures

Biyouyanagin A (23a)
revised structure

0 0# clash
el
Me ||
1l (exo) IV (endo) - .
24-epi-Biyouyanagin A (23b) 24-epi-Biyouyanagin A (24b)
revised structure originally proposed structures

Figure 1.8 Biyouyanagins and their potential biosynthetic pathway.
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Pd(PPhg)4

Phl, CO
OBn CO,, EtzN
s

79%

Vi 28 hyperolactone C (26)

Scheme 1.4 Synthesis of hyperolactone C (26) through Pd-catalyzed reactions.

biosynthetic pathway) constitutes a perfect solution to this problem. Two transition states
could be envisioned in this key reaction, with the more favorable exo transition state I,
leading to 23a as the natural product.

The journey began with the construction of ent-zingiberene (25a) and hyperolactone
C (26), considering they are naturally occurring substances. Scheme 1.4 shows the
details of the synthesis of hyperolactone C (26), which could be derived from 27
through palladium-catalyzed cascade sequences to deliver 28, the stereochemistry of
which was confirmed by X-ray crystallographic analysis (Scheme 1.4). The completion of
the synthesis of hyperolactone C (26) required debenzylation (BBr3), selenenylation, and
oxidation/syn-elimination.

The key photoinduced [2 + 2]-cycloaddition of 26 with 25a proceeded with the desired
regio- and diastereoselectivity, leading to 23a (Figure 1.8). NMR spectroscopic data for
23a were consistent with those reported for the natural product biyouyanagin A, the
structure of which was further verified by X-ray crystallographic analysis.

Having established [2 + 2]-cycloaddition as an efficient and concise way to build up
the scaffold of biyouyanagin A, a further nine biyouyanagin A analogs (Figure 1.9) were
synthesized via the same synthetic strategy as illustrated in Figure 1.8, and their biological
activities were profiled.

Accordingly, all the newly synthesized compounds 23b (Figure 1.8) and analogs in
Figure 1.9 displayed similar activities against HIV-1 replication and cytotoxicities against
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Figure 1.9 Synthesis of additional analogs of biyouyanagin A.
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one pot reaction

)\ (4 C-C bonds, 3 rings

and 6 stereocenters)

R
Me COzMe
29
[4+2] (Inverse Electron Demand
Diels-Alder Reaction)

(+)-N-Methylaspido- (+)-4-Desacetoxy- (+)-4-Desacetoxy-  Minovine (-)-Vindorosine
spermidine 6,7-dihydrovindorosine vindorosine

(-DOZMe CO,Me

. ) (+)-4-Desacetoxy- (+)-4-Desacetoxy- (+)-6,7-Dihydro-
(-)-Vindoline  (33) 6,7-dihydrovindoline vindoline vindoline

Figure 1.10 Synthesis of vindoline-related natural products via a [4 + 2]/[3 + 2]-cycloaddition
cascade.

the MT-2 lymphocytes, with the two underlined analogs being the most potent against
HIV-1.

1.5.3
Total Synthesis of Vindoline, Related Natural Products, and Structural Analogs

Boger’s group developed a tandem intramolecular [4 + 2]/[3 + 2]-cycloaddition cascade
of a 1,3,4-oxadiazole (29) to construct the vindoline skeleton (30), in which three
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MeO,C ‘R

- MeO N

R, Me CO,Me
Type A, 19 compounds Type B, 17 compounds Type C
Ry = H, OH, TEMPO Ry =H, OH, TEMPO, NO, NH,, N3 R =H, Me, Pr, CCH, CHO
R =H, OMe R = H, OMe CH,OH, CH(OH)CH,OH
R3 = H, Me, CHO Ry = H, Me 2OH, CHORICH,
R4 = CO,Me, CONH,, CONHNH, R, = CO,Me
Rs=H, Et Rs=H, Et
Rg = H, OH, OAc Rg = H, OH, OAc
C6-C7:C=C, C-C C6-C7:C=C,C-C

Figure 1.11 Design of structural analogs.

rings, four C—C bonds, and six stereocenters are formed in a single step (Figure 1.10)
[17].

The success of this cascade was based on the precise design of reacting partners, in
which the electron-rich enol ether is matched with the electron-deficient oxadiazole in
the inverse electron demand Diels-Alder reaction. Loss of N in intermediate 31 provides
the 1,3-dipole product 32, which is stabilized by the electron-deficient substituent. A
diastereoselective endo [3 4 2]-cycloaddition then takes place at the less hindered face to
deliver 30.

[4 + 2]-and [3 + 2]-cycloadditions belong to the type of pericylic reactions, which usually
proceed selectively. As a result, the asymmetric syntheses of nine naturally occurring
products were achieved as a single isomer, which allowed their stereochemistry to be
established (Figure 1.10).

The chemistry developed eventually led to the synthesis of a compound library of more
than 40 members based on the scaffolds of vinblastine and leurosidine (Figure 1.11).

Vinblastine (35) and leurosidine (36) are bisindole alkaloids, and are believed to be made
through direct coupling of catharanthine (34) with vindoline (33) under oxy-reduction
conditions (Scheme 1.5). In this event, when catharanthine amine was oxidatively
treated with FeCl;, radical cation A could be generated, which then underwent further
oxidation, followed by biomimetic coupling with vindoline (33) to give intermediate C,
a single diastereoisomer. Intermediate C was subjected to reduction with NaBH, to
give anhydrovinblastine, which was then oxidatively converted to vinblastine (35) and
leurosidine (36) in 12 steps.

1.5.4
Total Synthesis of Eudesmane Terpenes by Site-Selective C—H Oxidations

The total synthesis of eudesmane terpenes by Baran’s group was inspired by the
biosynthesis of terpenes, which often comprise a “two-phase” process (cyclase phase and
oxidase phase) [18]. Among the eudesmane family, dihydrojuenol (37) constitutes one of
the lowest oxidized members.
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Scheme 1.5 Biomimetic synthesis of vinblastine (35) and leurosidine (36).

Starting from 37, terpenes possessing different levels of oxidation state can be accessed
by sequential, site-selective C—H oxidations (Figure 1.12). A simple and superior route to
37 (corresponding to the cyclase phase) has been developed which involves a nine-step
sequence and allows enantioselective and gram-scale preparation.

To plan a biomimetic synthesis, the trifluoroethyl carbamate directing group
was introduced to deliver 43. Its electron-withdrawing property renders H1 and
H5 most prone to be oxidized. Thus, site-specific oxidation and halogenation were
realized to afford intermediates 43 and 44, respectively, which finally gave 4-epiajanol
(38) and dihydroxyeudesmane (39), the structures of which were verified by X-ray
crystallography.

To access the higher oxidized targets in the retrosynthesis pyramid diagram, 43
was converted into bromide 46 via the similar site-specific halogenation (Figure 1.13).
Subsequent silver-assisted cyclization to carbonate 48 and hydrolysis afforded pygmol
(40). Alternatively, 46 was subjected to basic elimination conditions to deliver the
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Figure 1.12 Pyramid diagram for the retrosynthetic planning of terpene synthesis using a
“two-phase’” approach.

alkene 47. As the direct dihydroxylation of 47 proved ineffective, the neighboring group
participate oxybromination followed by hydrolysis generated 48, which was exposed to
dilute acid to afford eudesmantetraol (42) by net inversion.

1.5.5
Total Synthesis of Bipinnatin ], Rubifolide, and Coralloidolides A, B, C, and E

The furanocembranoids are a family of diterpenoid natural products with a diverse level
of oxidation states [19]. As bipinnatin ] (49) was identified as a key precursor in the
biomimetic synthesis, its first total synthesis was targeted as shown in Scheme 1.6.
It features a ruthenium-catalyzed Alder—ene reaction, a Stille cross-coupling, and an
intramolecular Nozaki—Hiyama—Kishi allylation as key steps.

With bipinnatin ] (49) in hand, biomimetic transformations of it into other natural
products were examined (Scheme 1.7). Luckily, reductive deoxygenation of the hydroxyl
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Figure 1.13 Biomimetic synthesis of eudesmantetraol.

group in bipinnatin | (49) delivered rubifolide (50), which was subjected to m-CPBA
oxidative cleavage of the furan ring to yield isoepilophodione B (51) smoothly. Alter-
natively, Achmatowicz oxidation of bipinnatin | (49) proceeded cleanly to afford the
sensitive hydroxypyranone 56 as a single stereoisomer which was then protected as
its acetate followed by elimination of acetic acid to undergo 1,3-dipolar cycloaddition
to afford intricarene (57). Rubifolide (50) could also be selectively epoxidized to afford
coralloidolide A (52). Subsequent oxidative cleavage of the furan ring generated coral-
loidolide E (53) with dienedione functionality. Upon treatment with scandium triflate
hydrate, it was ultimately converted into coralloidolide B (54). A transannular aldol re-
action employing N,N’-dibutylurea (DBU) as the base generated coralloidolide C (55) in
modest yield. Hence the total syntheses of natural products of furanocembranoids were
realized in no more than 13 steps through this biomimetic synthesis without protecting
groups.
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Scheme 1.6 Total synthesis of (+)-bipinnatin | (49).

1.5.6
Total Synthesis of Diverse Carbogenic Complexity Within the Resveratrol Class from a
Common Building Block

The resveratrol family represents an important group of natural products with potential
clinical applications [20]. However, owing to the structural complexity and liability, most
members of the family could not be accessed in large quantities, either through synthesis
or from natural resources.

To probe a biosynthetic pathway, Snyder’s group identified a common building block,
58, distinct from Nature’s monomers. With alteration of the substituents in the aromatic
rings, and careful control of the reaction conditions, cascade sequences initiated by
relatively simple reagents could deliver one of the natural products selectively, as
delineated in Scheme 1.8.

Exposure of 58 to acid initiated a proton-induced cyclization followed by capture
with a thiol nucleophile to give intermediate 59, which could be converted smoothly
to 60. Utilizing the skeleton of 60 as a branching point, a halogen electrophile-based
cascade involving bromination and Friedel-Crafts alkylation delivered two new types
of skeletons after dehalogenation [including natural products ampelopsin F (61)
and pallidol (62)]. If 58 is first oxidized to ketone before cyclization, subsequent
Friedel-Crafts alkylation induced by bromonium or dioxirane would lead to the
seven-membered ring as represented by 63-65. Alternatively, treatment with acid
triggered a Friedel-Crafts/retro Friedel-Crafts sequence to deliver 66. Subsequent

o)
bipinnatin J (49)
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Scheme 1.7 Biomimetic synthesis of furanocembranoids.

reduction followed by acidic quenching allows a second Friedel-Crafts reaction to
provide the [3.2.2]-bicycle (67). Overall, a series of natural products and analogs have
been synthesized on a relatively large scale and in fewer than 10 steps, including 11
natural products (nine of which were synthesized for the first time) and 14 natural
product-like analogs.

1.6
Conclusion and Perspectives

The need to identify fast and efficient synthetic methodologies and strategies for the
generation of both natural products and natural product-like compounds has revolution-
ized the state-of-the-art of synthetic chemistry, demonstrating organic chemists’ tireless
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efforts to design and synthesize compound collections more efficiently, practically, and
with a greater chance of further optimization at a later research stage, compared with
previous approaches. Among those efforts, the synthesis of natural products remains of
great value in providing teaching and inspiration traceable to their biological activities,
structural complexity and diversity for organic chemists to advance synthetic strategies
and methodologies.

Synthetic targets concerning natural products are not limited to the precise replication
of the naturally occurring compounds. The accumulation of insights and learning in total
synthesis over the last few decades should enable organic chemists to “aim higher,” to
integrate natural products more closely with advances in life science discovery. During
that process, synthetic chemists will aim to find a new paradise to refine continuously
the beauty of synthetic art.
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Commentary Part

Comment 1

Michael Foley

Ling-min Xu, Yu-Fan Liang, Qin-da Ye, and Zhen
Yang present an excellent overview of strategies
developed by modern synthetic organic chemists
to create natural products and collections of
compounds that are natural product-like. The
strategies include DOS, DTS, FOS, and TOS.
Natural products have been an important source
of new drugs and continue to be an inspiration
to chemists charged with creating collections of
compounds that will be used for drug discov-
ery. Despite their proven value in drug discovery,
large collections of discrete purified natural prod-
ucts are not widely available for high-throughput
screening (HTS) because the structural complex-
ity of natural products makes it very difficult to
replicate their structure precisely on a scale that
is useful for drug discovery even for a single com-
pound, much less for thousands of compounds.
However, as the authors point out, it is struc-
tural complexity that makes natural products so
useful in drug discovery. Until recently, it has
been difficult to describe structural complexity
in a straightforward way that can be coupled to
the strategies described in this review. There is a
great need for new chemical matter to modulate
the function of the new biological targets emerg-
ing from modern biology and perhaps structural
complexity is the key to success.

New insights into how genomic changes con-
tribute to disease have rapidly expanded the list
of important targets and pathways that are rel-
evant to drug discovery. Although the strength
of the evidence is increasing that transcription
factors, regulatory RNAs, protein—protein, and
protein—DNA interactions are involved in disease
processes, such targets are often described as
“undruggable” because when they are screened
against current HTS compound collections few,
if any, hits are found. These new targets rep-
resent a great opportunity for the treatment of
disease, but can the chemistry community pro-
vide high-quality hits, leads, and drugs against
them to improve treatment outcomes for patients
in the future?

Unfortunately, the initial results do not look
very promising. A particularly striking example
of the failure of a screening collection to

provide high-quality hits in genomics-derived,
target-based, HTS was published by researchers
at GSK in 2007 [C1]. GSK screened its entire com-
pound collection in an effort to find hits against
70 separate antibacterial targets derived from their
genomic information. Disappointingly, this effort
delivered few leads and, remarkably, most screens
failed to produce any hits at all. The authors cited
the need for new chemical matter and new ap-
proaches to attack undruggable targets in order to
overcome these lackluster results.

In order to modulate the function of new biologi-
cal targets with small molecules, HTS compound
collections must be updated regularly with new
chemical matter. Screening compounds can come
from a variety of sources, including medici-
nal chemistry programs, commercial vendor
libraries commercial vendor library (CVLs) and
natural products. Although most synthetic com-
pounds created for use in HTS obey Lipinski’s
“Rule-of-Five” [C2], many of the most important
natural product drugs do not obey this rule [C3].
Since the “Rule-of-Five” was published, medici-
nal chemists have looked for correlations between
the physical properties of their compounds and
success in transitioning through the various
steps of the drug discovery process. In parallel
with the development of the “Rule-of-Five,” new
technologies that allowed the creation of large col-
lections of compounds for HTS emerged. These
technologies, coupled with a strict focus on the
“Rule-of-Five,” produced achiral aromatic com-
pounds that were high in sp?-hybridized carbon
content and lacked the complexity of natural prod-
ucts. The majority of compounds used in HTS
are purchased from CVLs, and produced with the
new technologies and with strict adherence to the
“Rule-of-Five,” so it should not be surprising that
they have failed to deliver high-quality hits against
the important targets and pathways illuminated
by modern biology because they are so dissimilar
to natural products in terms of their complexity.
Complexity can be quantified by the fraction of
sp-hybridized carbons (Fsp®), where Fsp® =
number of sp*-hybridized carbons/total carbon
count. Interestingly, compounds with a greater
sp® carbon content have higher success rates
in progressing from screening to drug approval
[C4]. We applied this measure of complexity to
five different compound collections used in HTS
and compared the average Fsp® for the Analyti-
Con Discovery Natural Product collection, Broad
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Institute DOS collection, Approved Drug collec-
tion from Drug Bank, NIH Molecular Libraries
Small Molecule Repository (MLSMR) collection,
and the Broad Institute CVL collection (Figure
C1). The results revealed that natural products,
DOS compounds, and drugs share a similar de-
gree of complexity, with natural products being
the most complex. The MLSMR collection and the
CVL, which are most similar to typical HTS col-
lections used in pharmaceutical companies and
major academic screening centers, were signifi-
cantly less complex and predicted by this analysis
to be less likely to succeed in drug discovery.
We speculate that if a similar analysis were per-
formed on compounds emerging from the DTS,
FOS, and TOS strategies described in this review,
those compounds would look more like natural
products, drugs, and DOS compounds in their
Fsp3.

The clear correlation between complexity and suc-
cess in the drug discovery process demands that
modern synthetic chemists strive to increase the
efficiency with which they can prepare both natu-
ral products and natural product-like compounds.
The strategies described in this review provide
tools for chemists to begin to create collections
of compounds with both the complexity and de-
sirable physicochemical properties not only to
modulate the function of the new targets emerg-
ing from modern biology but also to become
drugs.

Comment 2

Scott A. Snyder

If organic chemists are to play a role in addressing
the largest biomedical challenges facing society,
our ability both to identify and to create functional
small molecules rapidly with unique properties
must improve dramatically. The question, of
course, is how best to achieve this lofty objective, a
problem with which the field has been grappling
for many years, particularly over the course of
the past two decades as new and more ominous
health threats such as drug-resistant strains of bac-
teria and HIV have been identified. One avenue
that has attracted much attention is the structural
modification of natural products. Given that the
architectures of these materials have been honed
over millennia to achieve specific biochemical ac-
tivity, they afford highly attractive starting points
for investigations to improve upon their potency,
selectivity, and pharmacology within humans.

The problem is the overall time and effort required
for these investigations to reach fruition. Although
simple adjustment of the natural product itself
through derivatization of outlying functional han-
dles sometimes succeeds, such as was the case for
the creation of aspirin from salicylic acid in 1897
[C5], recent clinical leads by altering the side-chain
of Taxol [C6], and converting an epoxide linkage
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within the epothilones to an aziridine [C7], these
outcomes are unfortunately all too rare. Instead,
fully fledged medicinal chemistry efforts involv-
ing the synthesis of hundreds, if not thousands,
of analogs with major structural modifications
over the course of many years are typically needed
to identify suitable properties. Medicines such as
Lipitor (atorvastatin) is a recent example of highly
successful programs along these lines [C8], one
that has saved thousands of lives. The goal for
the future, however, has to be far more of these
success stories achieved in a much shorter period
of time.

This chapter by Zhen Yang and co-workers ex-
plores efforts to achieve that goal through alternate
paradigms for natural product structure alteration.
Through seven examples encompassing concepts
from DOS, DTS, and FOS, and efforts to divert or
co-opt biogenetic pathways to achieve much struc-
tural diversity from a single starting material, the
authors provide a compelling array of potential
approaches that could convert natural products
more quickly into clinical agents. Rather than of-
fer any recap of the stories they provide, in which I
am honored to have some of my group’s work in-
cluded, I just wish to note a couple other examples
along these lines that have proven inspirational
to me in my thinking on natural product synthe-
sis within a drug discovery paradigm. The first is
the Corey group’s identification of phthalascidin
[C9], a derivative of the large and highly complex
natural product ecteinascidin 743 [C10], which is
now in advanced clinical trials. The second is the
recent rapid assembly of vinblastine and related
molecules by Boger’s group through a cascade of
pericyclic reaction processes [C11], efforts which
not only afford an expedient synthesis of the drug
itself, but also provide a number of analogs that
may well lead to unique activity and new thoughts
on the biogenesis of this important material. In
my opinion, the main message of these, and also
all the endeavors mentioned in this chapter, is
that the process of identifying clinical agents can
likely be accelerated, given that each of these pro-
grams was achieved in a relatively short period of
time by only a few researchers. It is hoped that
the fruits of these, and other, approaches will be
harvested in the near future. I am, however, left
with some questions for the future, and I will
close my commentary with these queries:

1) Despite the promise shown for these ap-
proaches, they are all dependent at the most

basic level on the existence of a unique nat-
ural product architecture to serve as a fo-
rum for exploration. Given the reluctance
of major pharmaceutical companies to con-
tinue investment in natural product isola-
tion efforts, together with a decrease in the
ease of federal funding for such programs
and the increasing challenge of structural
elucidation for materials of increasing com-
plexity found in ever more minute scales,
how can the future of natural products in
the drug discovery process be secured?

To what extent can China potentially lead
in this endeavor, not only because of en-
hanced governmental and private sector
funding, but also because of the rich his-
tory of traditional medicines which are only
now beginning to be thoroughly explored?
How should synthetic chemists, natu-

ral product isolation scientists, and those

at the frontiers of biosynthetic engineer-
ing best work together to achieve shared
goals in identifying clinical candidates?

N
—

2

Comment 3

Da-Wei Ma

For a long time, synthetic chemists in academia
have focused their attention on how to construct
the complex structures of natural products and
how to complete the total synthesis of these
molecules. The achievements within this chal-
lenging area during the last century have been
astonishing. These efforts are well recognized as
the driving force for organic chemistry develop-
ment because during the total synthesis numer-
ous new synthetic reactions and methods have
been discovered. However, in addition to its in-
herent beauty, total synthesis also opens the gates
widely to a better understanding of biological pro-
cesses and the development of pharmaceutically
interesting substances. Indeed, natural products
have been proven to be a rich source for the devel-
opment of therapeutic agents and pharmaceutical
tools, as is evident from the fact that over 50% of
clinically used drugs came from natural products
themselves, natural product derivatives, and nat-
ural product mimics. In recent years, more and
more synthetic chemists have realized that they
could combine their synthetic efforts with biolog-
ical studies to make total synthesis more valuable.



This trend has stimulated the birth of concepts
such as diversity-oriented organic synthesis, DTS,
FOS, and, TOS, although the differences between
some of them are not very obvious.

In this chapter, Zhen Yang and co-workers give a
comprehensive summary of recent achievements
in this emerging field. Through these results one
can find three remarkable characters. The first
is that via synthetic efforts, accessible derivatives
can be used to modify the biological activity of the
natural products and to shed light on their role in
biological systems, as exampled by Danishefsky’s
DTS of the tumor cell migration inhibitor migras-
tatin that delivered several migrastatin mimics
with increased activities, and Wender’s FOS of
the PKC activator bryostatin that provided potent
analogs with simplified structures. The second
is that cycloaddition methods are powerful tools
for quickly generating natural product mimics,
as indicated by Nicolaou’s TOS of the HIV-1
replication inhibitor biyouyanagin A via [4 + 2]-
and [2 + 2] cycloadditions, and Boger’s total syn-
thesis of the antitumor agent vindoline and its
analogs viaa [4 + 2]/[3 + 2]-cycloaddition cascade.
The third is that biomimetic transformations are
frequently considered in the DOS of natural prod-
ucts, as demonstrated by Shair’s synthesis of
galanthamine-like molecules, Baran’s total syn-
thesis of eudesmane terpenes by site-selective
C-H oxidation, Trauner’s biomimetic syntheses of
furanocembranoids from the natural product bip-
innatin J, and Snyder’s syntheses of the resveratrol
family from a common building block.

Authors’ Response to the Commentaries

We greatly appreciate the reviewers’ comments
and are very encouraged by their support of the
work presented. We have revised the text based
on the reviewers’ comments. Following Prof. Sny-
der’s comments, we have added Corey’s group’s
identification of phthalascidin in the text. Since
the synthesis of vinblastine by Boger was already
included, we have provided additional references
recommended by Prof. Snyder. We believe that

Commentary Part

these revisions, as suggested by the reviewers, im-
prove the quality of our chapter and thanks are
due for their efforts.
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