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Supervisor’s Foreword

The field of total synthesis of natural products is practiced in a scientific and artistic
way. The strategy should be balanced based on the dimensions, geometries, and
symmetries of the molecules. During the pursuit of total synthesis, the artistic taste
was exercised in the way combining chemical reactions to arrive at a strategy that
will lead to the target molecule. The powerful methodology and sophisticated
instrumentation available today have profoundly affected the way in which organic
molecules are synthesized and characterized. In spite of the great advances that have
enormously facilitated our operations, the synthesis of organic molecules even of
medium levels of complexity still faces practical, theoretical, and logical challenges.

This thesis focuses on the total synthesis of Maoecrystal V. Maoecrystal V,
a natural product with potent biological activity, is a novel diterpenoid which was
isolated from the leaves of Chinese medicinal herb, Isodon eriocalyx, by
Prof. Handong Sun and co-workers. The synthesis challenge exists in the novel
pentacyclic ring system and six chiral centers, including four continuous chiral
centers, three all quaternary carbon centers.

Many distinguished synthetic groups have carried out the total synthesis toward
Maoecrystal V due to the complexity of the structure and the importance of its
bioactivity. The thesis mainly focuses on two aspects: the first part is the stereo-
selective construction of the tetracyclic model system and the second part is the
first total synthesis of natural product Maoecrystal V. Based on the model study,
the total synthesis of Maoecrystal V is accomplished in 17 steps, 1.2 % yield.

In such an exciting field, only a tip of the iceberg in terms of molecular
diversity from nature has been just touched by the synthesis. With the development
of organic synthesis, I strongly believe that we are going to see a lot of creative
and efficient strategies for the synthesis of complex molecules. As Prof. K. C.
Nicolaou said “It’s rather complicated to even define art, science, and technology.
There is a triangle of art, which is the pursuit of something new, usually associated
with esthetics; science, the pursuit of something new, perhaps the understanding of
nature; and technology, the application of science.” Keeping ourselves busy
inventing and discovering new generations of medicine used in the pharmaceutical
and biotechnology industries will always be our unremitting pursuit.

Beijing, March 2013 Zhen Yang
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Chapter 1

Research Background of Total Synthesis
of Natural Product Maoecrystal V and Its
Family

1.1 Introduction to the Research Background of Total
Synthesis of Natural Products

Natural products refer to chemical components or metabolites produced by a living
organism inside human beings and animals, plants, insects, marine lives and
microorganisms [1]. Natural products are very important for drug discovery,
because more than one third of the drugs in current clinical use come directly from
natural products or derivatives developed with active ingredients of nature prod-
ucts as the lead compounds. China is famous for its massive land as well as its
enrichment in natural product resources. Moreover, China has thousands of years’
experience of using Chinese herbal medicine. Therefore, China has unique
advantages on natural product research. In recent years, Chinese researchers have
successfully isolated and extracted a large number of natural products, as well as
identified their structures and realized the synthesis for the first time.

Total synthesis of natural products is an important part of organic chemistry. In
principle, it starts with relatively simple small-molecule compounds through
reasonable combination and application of the existing organic synthesis reactions,
step by step to accomplish the construction of natural products with relatively
complicated structures. In the early development process of organic chemistry, the
primary mission of total synthesis was to confirm or correct the structures of
natural products, check the applicability of existing methods as well as develop
new methods for organic synthesis. Therefore, total synthesis of natural products is
a powerful tool to promote the development of organic chemistry. In the early
days, though limited by the available synthesis methods, organic chemists used
their superb wisdom to come up with numerous total synthesis works through
rigorous reasoning and clever design, these works are not only extremely high-
valued in science but also reached a very high level of logical thinking and artistic
design. Along with the development of synthetic and analytic methods and chi-
astopic fusion of various subjects, especially chemistry, biology, pharmaceutics
and medicine, the mission of total synthesis has been changed to get the rare
natural products, study the structure-activity relationship of important biological-

J. Gong, Total Synthesis of (+)-Maoecrystal V, Springer Theses, 1
DOI: 10.1007/978-3-642-54304-3_1, © Springer-Verlag Berlin Heidelberg 2014
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(o)
7,H H
H H H Me brevetoxin B (1995)

Fig. 1.1 Representative complicated natural products [1]

active natural products, and finally promote the research and development of
natural product drugs and structure similar drugs. Certainly, the contribution of
total synthesis is not only limited in the fields of chemistry and natural products, it
has been also gradually applied to the development of new materials, new drugs,
environmental science and so on. In addition, total synthesis research is able to
help us to enlarge our scope of knowledge, cultivate the skill of conducting lit-
erature survey, develop the ability of organizing and allocating resources, foster
the judgment and determination at critical moments as well as improve the anti-
pressure ability and so on.

In 1828, German chemist Wohler’s success in the synthesis of urea marked the
beginning of the modern organic synthesis [2]. Organic chemistry has made
brilliant achievement in the following 180 years, and the syntheses of lots of
complicated natural products have been conquered by organic chemists. The most
representative ones in the recent 20 years (Fig. 1.1) are Taxol, Vancomycin,
Brevetoxin A and B, palytoxin and so on.

Take palytoxin for example (Fig. 1.2), its structure has 64 chiral centers. In
1994, Kishi etc. first completed the total synthesis of this natural product [3],
which made people realize how precise and complicated can the organic synthesis
be. With outstanding wisdom and strong willpower, organic chemists showed their
amazing creativity.

E.C Kornfeld from Eli Lilly and Company first separated vancomycin from the
soil of deep forest in Borneo, which was collected by a churchman [4]. The
bacteria producing vancomycin was named Amycolatopsis orientalis. Vancomycin
was originally used to fight against the staphylococcus aureus which is resistant to
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OH
palytoxin HO

Fig. 1.2 The structure of palytoxin (Reprinted with the permission from Ref. [3]. Copyright
1994 American Chemical Society)

penicillin. With the follow-up research, people found that staphylococcus sub-
cultured on medium containing Vancomycin didn’t show obvious drug resistance
even after many generations. Although Vancomycin obtained FDA’s permission in
1958 [5], it didn’t become the first-line anti-infection drug for two obvious flaws:
(1) Isolation purity was not high enough in the early time, which led to obvious
ototoxicity and renal toxicity. (2) It cannot be taken orally but has to be injected
intravenously. However, when more and more staphylococcus developed drug
resistance to penicillin antibiotics, Vancomycin became “the last line of defense”
in fighting with infectious bacteria [4-6].

In view of the great value and potential of vancomycin in anti-infective field, it
is very meaningful to develop a total synthetic route to improve the structure of
Vancomycin (Fig. 1.3), reduce the toxicity as well as enhance the stability. So far
as we know, several groups have been involved in the total synthesis of vanco-
mycin, including K.C. Nicolaou and D. Boger from Scripps Research Institute, and
D.A. Evans from Harvard University [7].

As time went on, there appeared ‘super bacteria’ such as Vancomycin-resistant
enterococci. The activity of vancomycin against these bacteria has reduced nearly
1,000 times comparing to that in the old time. Boger discovered the analogs of
Vancomycin through reforming the total synthesis route. These analogs have
increased the anti-infective activity up to 40 times that of the ordinary vanco-
mycin, which is the best result achieved so far, and this result can only be achieved
by total synthesis. Therefore, we can say that total synthesis can make contribu-
tions to humanity in different ways in the new era.
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Fig. 1.3 The structure of

Me OH
vancomycin (Reprinted with HI-?ZN Me ©OH
the permission from Ref. [7]. o OH
Copyright 2011 American 0756
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Chemical Society)
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Nevertheless, no matter how fast the organic synthesis develops, there are still a
lot of natural products chemists cannot conquer. The complexities of natural
organisms are always beyond our imagination. The exploration of complicated
natural products always challenges the wisdom and creativity of organic chemists.
Furthermore, the cross fusion of various subjects in modern era put forward new
requirements and challenges for chemists working in the field of total synthesis of
natural products. It requires them to have not only excellent chemistry skills and
visions but also open mind in the new era. It also requires chemists to be able to
analyze problem in the views over various fields.

1.2 Terpenoids

Terpenoids, sometimes called isoprenoids, are a large and diverse class of natu-
rally occurring organic compounds. Terpenoids derived from five-carbon isoprene
units assembled and modified in thousands of ways. The word “Terpenoid” comes
from “turpentine” (Latin: balsamum terebinthinae), which means “pine oil”. Till
now, the number of isolated terpenoids has reached more than 55,000 [8].

Terpenoids are widely distributed in nature; they mainly exist in plants, animals
and microorganisms. Terpenoids are used extensively with a long history. The
earliest application can be traced back to ancient Egypt, when people widely used
this kind of compound in the manufacturing of spices, medicine, pigment and
antiseptic. Many terpenoids have been proved to be the active components in
Chinese medicinal herb. At the same time, terpenoids are essential basic raw
materials in cosmetics and food industry. Even in the automobile and aircraft
industry, terpenoids have found the applications such as terpenoids rubber and so
on [9-11].

Terpenoids synthesis research made huge contributions to the development of
organic chemistry. Although all terpenoids are constituted by single or multiple
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C-20-non-oxygenated C-20-oxygenated

ent-kauranes H;C CHj3

Fig. 1.4 Structure and classification of ent-kauranes [13]

isoprene fragments, they have various skeleton structures and oxidation mecha-
nisms, therefore the synthesis route for each molecule is unique. Because of the
complexity of the synthesis, the research of terpenoids leads to the booming
development of various synthetic methods [8—11]. For instance, through the
research of terpenoids, chemists discovered and understood many skeleton rear-
rangement reactions in the early days [11], which laid a solid foundation for the
later development of this type of chemical reaction. As we can see, researches
related to terpenoids’ synthesis made great contribution to the development of
organic chemistry with immeasurable intellectual significance.

1.3 Ent-Kaurane Diterpene

Novel diterpenoids are natural products made up of 4 isoprene units. Ent-kaurane
diterpenes is a diterpene with significant biological activity. This series of
compounds include two main categories: C-20-non-oxygenated ent-kauranes and
C-20 oxidized ent-kauranediterpene (Fig. 1.4), and nine subcategories under them
[12, 13].

The biosynthesis route of ent-kauranes starting from isoprene is shown in
Fig. 1.5 [14].

The family of ent-kauranes has good biological activity, and many of them have
excellent antimicrobial activity. For example, in the antimicrobial study of Enmein
[15, 16], researchers found that enmein lost its activity after hydrogenation and
proposed that Alpha methylene cyclopentanone was the antibacterial element unit
of the compound. It is generally believed that the active mechanism is Michael
addition reaction and therefore we can conclude that the compound can interact
with enzymes containing mercaptan. The intramolecular hydrogen-bonding
interaction between C-6 hydroxyl and C-15 carbonyl is able to enhance the anti-
microbial activity. Moreover, if the molecules contain C-6, C-7, and C-14 intra-
molecular hydrogen-bonding interactions, their resistance to tumor will be
enhanced.
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Fig. 1.5 Biosynthesis of ent-kauranes [14]

Fig. 1.6 Structure of
eriocalyxin B [15]

Eriocalyxin B

Table 1.1 Antimicrobial activity of eriocalyxin B [16]

Bacteria categories Bacteria name MIC (mg/L)

Gram-positive bacterium Staphylococcus aureus 31
Staphylococcus epidermidis 62
Streptococcus sanguis 62

Gram-negative bacterium Escherichia coli 500
Enterobacter 2,000

Saccharomycetes Candida 62

Fungus Saccharomyces baillii 62.5

In this table, eriocalyxin B has good activities against most gram-positive bacterium and some of
saccharomycetes and fungus. Meanwhile, it shows weaker inhibitory activities against gram-
negative bacterium

Eriocalyxin B is one of the representatives of ent-kauranes family, which not
only has intramolecular hydrogen-bonding interaction, but also has an ideal
structure as the conjugate addition receptor (Fig. 1.6) [16] (Table 1.1).

Similarly, in the studies of these compounds, people found that the intramo-
lecular hydrogen-bonding interaction between C-6 hydroxyl and C-15 carbonyl in
alpha methylene cyclopentanone also played an important role in antitumor
activity. Take eriocalyxin B for example, it has inhibitory effects on six kinds of
human cancer cells, i.e. K562, HL-60, A549, MKN-28, HCT and CA, where
significant cell apoptosis can be observed. In 2007, Chinese academicians Zhu
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Fig. 1.7 Single crystal
structure of Maoecrystal V H
(Reprinted with the
permission from Ref. [19].
Copyright 2004 American
Chemical Society)

Maoecrysta IV X-ray

Chen, Handong Sun and Saijuan Chen reported that Eriocalyxin B [15] triggered
the degradation of AMLI1-ETO oncoprotein, which made Eriocalyxin B a potential
anti-cancer drug. The experiment result shows that acute myeloid leukemia cell
line Kasumi-1 is most sensitive to eriocalyxin B. Alpha methylene cyclopentanone
also makes eriocalyxin B a toxicant for insect growth; therefore it can be used as
pesticide.

1.4 Isolation and Structure Identification of Diterpenoid
Natural Product Maoecrystal V

Isodon is a kind of plant which can be used as traditional drug. In traditional
Chinese medicine, the processed products derived from various Isodon plants are
used in the treatment of a variety of diseases, which drives many chemists focusing
on separating and purifying the active ingredient from this kind of plants [17].
Handong Sun’s group isolated Maoecrystal V from Isodon eriocalyx as well as
other 50 Ent-kaurane compounds including 30 new natural products. At first, the
structure of Maoecrystal V was analyzed by 1D NMR, 2D NMR, MS and IR.
While the accurate structure had not been confirmed until the X-Ray single crystal
results were obtained (Fig. 1.7) [18-20].

Natural product Maoecrystal V, which belongs to the ent-kaurane family
(Fig. 1.8) [18], is one of more than 600 novel diterpenoids isolated from Isodon
found in tropical and sub-tropical areas.

Comparing to the structures of other members of its family, Maoecrystal V has
a unique bicyclic system, a spirocyclic lactone backbone, a high-tension oxygen
bridge structure, and six chiral centers, four quaternary carbon chiral centers, and
three of which are fully contiguous substituted carbon chiral centers. It is found
that Maoecrystal V has the most complicated structure compared to other members
of its family, which brings us great challenges in synthesis.
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Fig. 1.8 Natural products of maoecrystal family [18]

Fig. 1.9 Biosynthesis of
Maoecrystal V [20]

CHO

1.5 Biosynthetic Hypothesis for Maoecrystal V

As Sun and his colleagues reported, Maoecrystal V was obtained from structure
conversion of other ent-kauranoid compounds. Starting from 7,20-epoxy-
ent-kaurane [20, 21] (Fig. 1.9), aldehyde (1.5.2) is obtained after dehydrogenation
rearrangement, and finally the carbon framework of Maoecrystal V is obtained
through decarboxylation and rearrangement. Although it seems that the bio-
chemical conversion has high efficiency under enzyme catalysis, it is not so
practical in the laboratory at this moment. Hence, the design of synthetic route is
significantly different form the process of biosynthesis.

1.6 Bioactivity of Maoecrystal V

Besides the complicated structure and huge challenge in synthesis, natural product
Maoecrystal V draws scientists’ attention because of its excellent bioactivity. The
study of Sun’s group shows (Table 1.2) Maoecrystal V has highly selective
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Table 1.2 Comparison of ICs, of Maoecrystal V and cis-platin (Reprinted with the permission
from Ref. [19]. Copyright 2004 American Chemical Society)

ICso (ng/mL)

K562 A549 BGC-823 CNE HeLa
Maoecrystal V 6.43 x 104 2.63 x 105 1.47 x 104 nda 0.02
cis-Platin 0.38 1.61 0.25 2.31 0.99

K562 myelogenous leukaemia cells, A549 carcinomic human alveolar basal epithelial cells, BGC-
823 human gastric carcinoma cell, CNE human nasopharyngeal carcinoma cell, HeLa human
cervical cancer cells

cytotoxicity for human HeLa Cells. In the meantime, Maoecrystal V shows no
significant cytotoxicity for three human tumor cell lines [19].

Though Maoecrystal V does not contain alpha methylene cyclopentanone, it
still has relatively high activity and selectivity, which shows a major discrepancy
with former study of ent-kaurane compounds’ cytoactive. Consequently, the active
mechanism of Maoecrystal V should be studied further.

1.7 A Brief Review on Synthesis Works of Maoecrystal V

Attracted by the unique bioactivity and extremely complicated high-tension multi-
ring structure, several famous groups worldwide reported their synthesis strategies.
So far, eight groups have published their model studies of Maoecrystal V
(Fig. 1.10), including some world-known groups: Prof. K. C. Nicolaou and Prof.
P. S. Baran from Scripps Research Institute, Prof. S. J. Danishefsky from
Columbia University, Prof. E. J. Sorenson from Princeton University, Prof.
D. Trauner from German and so on [22]. Our group started the synthesis of natural
product Maoecrystal V in 2009 and first accomplished the total synthesis of this
very molecule in 2010. In the following sections, I will briefly introduce the
synthetic strategy of our group, and review the literatures related to the synthesis
of natural product Maoecrystal V.

1.7.1 The Synthetic Strategy of Our Group

Chinese organic chemists are making great efforts to push forward the develop-
ment of organic synthesis research in China and achieve world-class results. Based
on this consensus, our group is aiming at realizing the natural products’ first
isolation and extraction, first structural identification, first total synthesis in China.
Therefore Prof. Yang suggested that for my Ph.D. research I should choose a
natural product isolated by Chinese group and its total synthesis had not been
reported yet. Natural Product Maoecrystal V became a good candidate, as it was
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Fig. 1.10 Current situation of synthesis of Maoecrystal V

isolated and extracted by Sun’s group from Kunming Institute of Botany, Chinese
Academy of Sciences, and they also completed its structure identification analysis
for the first time. Considering the unique bioactivity and extremely complicated
structure of Maoecrystal V, I chose it as the target molecule for my doctoral
research.

To achieve this target, I first analyzed the structure of natural product Maoe-
crystal V from different perspectives, then designed a variety of total synthesis
strategies accordingly. Here is a brief introduction to the design ideas and synthetic
routes.

1.7.1.1 Oxidative Coupling Strategy (Synthetic Strategy 1)

Through the retrosynthetic analysis of the molecular structure of natural product
Maoecrystal V, I found it possesses a 1,4-dicarbonyl unit, therefore proposed a
synthetic strategy based on oxidative coupling and Diels—Alder reaction.
(Fig. 1.11)

As the literature shows, Prof. P.S. Baran from Scripps Research Institute
developed a methodology, which realized oxidative coupling at a-position of the
carbonyl group to form C—C bond [23-25] (oxidative coupling) and construct 1,4-
dicarbonyl compound. In the retrosynthetic analysis, we can use this methodology
to construct the C—C bond in the late stages, thus the natural product Maoecrystal
V can be transformed to compound 1.7.1 by disconnecting the C—C bond. Com-
pound 1.7.1 can be generated from substrate 1.7.2 through intramolecular Oxa-
Michael reaction, while 1.7.2 could be prepared by intermolecular esterification
reaction of substrates 1.7.3 and 1.7.4, while substrate 1.7.4 can be obtained by
intermolecular Diels—Alder reaction of compounds 1.7.5 and 1.7.6.
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However, in the report of Baran’s group, a-positions of the carbonyl group in
most substrates do not contain substituents, and they failed in the formation of
quaternary carbon (Fig. 1.12). In the design of synthetic route, considering that the
construction of quaternary carbon by oxidative coupling is the key reaction of
synthesis, it is necessary to conduct a model study to promote the efficiency of
oxidative coupling at the beginning.

Take oxidative coupling as the key reaction of model study, I tried to utilize
commercially available R-(+)-Carvone and 2,6-dimethyl cyclohexanone as starting
materials to complete intermolecular oxidative coupling reaction (Fig. 1.13). The
key of this design is to utilize oxidation reaction to form quaternary carbon center,
and I expected the result of this research could simulate the key reaction of the real
route to some extent. What surprised me is, the expected oxidation coupling
product with a yield of 40 % and d.r. ratio of 2.5:1 was achieved after the reaction.
This result showed it is feasible to construct quaternary carbon center via inter-
molecular oxidative coupling.
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Fig. 1.14 Oxidative coupling/IMDA strategy

Although it has been proved that intermolecular oxidative coupling reaction can
form quaternary carbon center, we found the synthesis of compound 1.7.1 (see also
Fig. 1.11) would be difficult, especially considering the subsequent oxidative
coupling reaction will proceed under strong basic condition, which may induce
retro-oxa-Michael reaction. Due to these reasons, I decided to put aside this route
and look for other possibilities.

Analyzing the shortcomings of the aforesaid synthesis route, we could find, first
of all, the design of oxa-Michael reaction is not rational enough; secondly, it is
much more difficult to construct quaternary carbon center in the late stage of
synthesis. For these reasons, the oxidative coupling should be arranged in the early
stage of the whole synthesis route. It not only can avoid retro-oxa-Michael reac-
tion, but also can lower the difficulty of constructing chiral quaternary carbon.

As shown in Fig. 1.14, the characteristic of this new design is to utilize
intermolecular oxidative coupling reaction to construct quaternary carbon center of
compound 1.7.9 in the early stage of the synthetic route. Compound 1.7.9 will
yield diol 1.7.10 after deprotection. The primary hydroxyl group in diol 1.7.10 can
go through selective esterification and give mixed hemiketyl under acidic condi-
tions first, and then afford intermediate 1.7.11 with elimination of methoxyl group.
Intermediate 1.7.11 will yield the core structure of natural product Maoecrystal V
after intramolecular Diels—Alder reaction.

The advantage of this synthetic strategy is its conciseness and high-efficiency.
Beginning with compound 1.7.7, the core structure of natural product Maoecrystal
V can be obtained in only six steps. Furthermore, this design proposed that the
IMDA reaction can be utilized to synthesize the core structure of Maoecrystal V
from the starting material with 6,7-bicyclic structure. This design provides us a
good guidance for the total synthesis research.
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Fig. 1.15 Tandem Wessely oxidative dearomatization/IMDA reaction (Reprinted with the
permission from Ref. [26]. Copyright 2004 American Chemical Society)

Nevertheless, when we tried to synthesize the starting compound 1.7.7, the
hydroxyl group at ff-position of the carbonyl group would easily trigger elimi-
nation reaction under alkaline condition and yield corresponding a, -unsaturated
ketone. Taking into account that oxidative coupling reaction requires strong basic
condition, we had to give up this synthesis route at this stage. Moreover, Prof.
Baran from Scripps Research Institute reported the methodology of synthetizing
natural product Maoecrystal V via oxidative coupling in the meantime [25]. In
order to avoid using the similar methodology, we began to explore other synthesis
strategies.

1.7.1.2 Tandem Wessely Oxidative Dearomatization/IMDA Strategy
(Synthetic Strategy-2)

Literature reported that phenolic compound would yield substituted ortho-quinone
compound after Wessely oxidative dearomatization reaction. The obtained com-
pound could act as a diene to trigger intramolecular or intermolecular Diels—Alder
reaction and produce [2.2.2] bicyclic compound. This synthetic methodology has
been extensively used in total synthesis [26].

In consideration of the high efficiency of oxidative coupling/IMDA strategy
shown in Fig. 1.15, we tried to utilize tandem Wessely oxidative dearomatization/
IMDA strategy to construct the core structure of Maoecrystal V. As shown in
Fig. 1.16, the key intermediate 1.7.14 can be constructed by coupling of lead
reagent [27], and this synthetic methodology has been extensively used in total
synthesis. Therefore, a tricarbonyl compound 1.7.13 was designed to form 1.7.14
together with a substituted aryl lead reagent under basic condition. The carbonyl
compound 1.7.13 was envisioned to obtain from known diketone 1.7.12.

It is obviously seen in Fig. 1.16, the synthetic strategy of tandem Wessely
oxidative dearomatization/IMDA reaction can effectively avoid the flaws of oxi-
dative coupling/IMDA strategy in synthesizing the core structure of Maoecrystal V
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Fig. 1.16 Tandem Wessely oxidative dearomatization/IMDA strategy

(Fig. 1.14), where compound 1.7.7 is eliminated under basic condition. The dif-
ficulty lies in this synthetic route is how to effectively construct intermediates
1.7.14 and 1.7.19.

1.7.1.3 Tandem Aldol/Oxa-Michael/Aldol/Lactonization Strategy
(Synthetic Strategy 3)

Tandem reaction has been one of the hot topics in organic synthesis in recent
years, and Prof. Nicolaou is an outstanding representative. With his pioneering
work, it has become one of the mainstream methodologies to efficiently synthesize
natural product via tandem reaction. However, how to design and apply tandem
reaction to the complex total synthesis of natural products is still a challenge for
synthetic chemists.

Based on the concept of tandem reaction, a series of synthetic routes have been
developed, including an intramolecular Aldol/Oxa-Michael/Aldol/Lactonization
synthetic strategy (see Fig. 1.17). The retrosynthetic analysis indicated that the
synthesis starts from compound 1.7.21, which first undergoes an intramolecular
Aldol reaction then immediately intramolecular Oxa-Michael reaction to form the
tricyclic system. Finally through the intermolecular Aldol reaction and intramo-
lecular esterification reaction, the tetracyclic skeleton of Maoecrystal V can be
constructed. And 1.7.21 can be provided by the relatively simple materials 1.7.22
and 1.7.23 through Suzuki cross-coupling reaction.
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Fig. 1.17 Tandem Aldol/Oxa-Michael/Aldol/Lactonization strategy (Reprinted with the per-
mission from Ref. [28]. Copyright 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim)

Similar tandem Aldol/Oxa-Michael/Aldol/Lactonization reactions have been
reported in literatures, which include Prof. Nicolaou’s total synthesis research of
cortistatin A [28, 29].

1.7.1.4 Pyrone IMDA Strategy (Synthetic Strategy 4)

The forth synthetic strategy is to utilize pyrone structure to trigger intramolecular
Diels—Alder reaction [30]. In this strategy, we can construct the core structure of
Maoecrystal V via compound 1.7.26. As shown in Fig. 1.18, natural product
Maoecrystal V can be transformed to compound 1.7.24 via simple functional
group transformations, and compound 1.7.24 can be prepared by compound 1.7.25
via ring-opening lactonization. Compound 1.7.25 can be constructed by compound
1.7.26 via intramolecular Diels—Alder reaction of pyrone. The precursor (1.7.26)
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of Diels—Alder reaction can be synthesized by compound 1.7.27 via the reported
pyrone formation method. Compound 1.7.27 was designed to be constructed by
intramolecular Diels—Alder reaction. Considering that this strategy utilizes intra-
molecular Diels—Alder reaction twice and is lack of inventiveness, we use it for
backup.

After careful consideration and primary exploration, we decided to utilize
tandem Wessely oxidative dearomatization/IMDA strategy to construct core
structure of Maoecrystal V. Figure 1.19 shows the route of model synthesis. The
main purpose of the model research is to look for efficient method to construct two
continuous chiral centers in the molecule and quickly synthesize the [2.2.2]
ring system on the right side of the molecule structure. Pb(IV) mediated coupling
reaction was utilized to construct chiral quaternary carbon center on the right
side, and Pb(OAc), was added to realize tandem oxidative dearomatization/
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Fig. 1.20 The synthesis research of Baran’s group (Reprinted with the permission from Ref.
[31]. Copyright 2009 American Chemical Society)

intramolecular Diels—Alder reaction, which constructed the caged scaffold and
another quaternary carbon chiral center. The final compound was designed to be
obtained via functionalization.

1.7.2 The Synthesis Research of Baran’s Group

When we published our model study of natural product Maoecrystal V, Prof.
Baran from Scripps Research Institute also published their synthetic strategy at the
same time (Fig. 1.20) [31]. In their model, the Wessely oxidative dearomatization/
IMDA reaction is also employed as the key reaction.

With aldehydes and ketones substrates as the starting materials, Baran’s group
completed the coupling of two fragments using aryl Bi reagent, and obtained
hemiketyl compound. They constructed diene fragment via Wessely oxidation
first, and then constructed the core structure of Maoecrystal V via intramolecular
Diels—Alder reaction. After hydrogenation with Pd/C and removal of acetyl with
Sml,, they finally obtained the model compound of Maoecrystal V. These results
were the same as ours. Comparing the difference between the models developed by
Baran’s group and us, we found Baran’s model has relatively complete functional
groups, which allow them to carry out follow-up study targeting at the total
synthesis. Whereas our goal is to explore the molecular property, which provides
the necessary information for the exploration of total synthesis route.
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1.7.3 The Synthesis Research of Danishefsky’s Group

In 2009, Danishefsky’s group reported the model study of Maoecrystal V
(Fig. 1.21) [32]. The key reactions in their study mainly include Pd(II)-catalyzed
coupling reaction [2, 3] rearrangement reaction and intramolecular Diels—Alder
reaction. It worth mentioning that the three research groups mentioned above used
the similar synthetic strategy to complete the synthesis of core structure model of
Maoecrystal V.

Pd(II)-catalyzed coupling reaction connected the left and right fragments and
yielded compound 1.7.37, and then obtained [2, 3] rearrangement precursor via
organotin reagent’s attack. They introduced the [2, 3] rearrangement into the side
chain and thus the quaternary carbon chiral center can be obtained (1.7.40). Aryl
fragment underwent Birch reduction to achieve dearomatization and connected
dienophile fragments after several steps, and then obtained TBS protected die-
nophile structure 1.7.42. 1.7.42 underwent intramolecular Diels—Alder reaction
under sealing condition, when the side chain is acrylic structure, the target product
cannot be obtained, so does bromoacrylic acid structure. However, the esteryl
structure connected to side chain could yield the product of intramolecular Diels—
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Alder reaction. Then TBAF removed TBS and led to the hydrolysis of silyl enol
ether to release carbonyl group, finally the synthesis ended in two steps to generate
compound 1.7.44 from intramolecular Diels—Alder reaction, with a yield of 48 %.
Unfortunately, the facial selectivity given by intramolecular Diels—Alder reaction
was just opposite to the natural product.

In 2011, Danishefsky’s group reported new results of Maoecrystal research
(Figs. 1.22, 1.23) [33]. The key reaction was also intramolecularly Diels—Alder
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reaction. However, in order to solve the problems such as the undesirable facial
selectivity given by intramolecular Diels—Alder and construct the key oxa-bridge
skeleton, significant adjustments were made in the new synthetic route.

The strategy started from using the tandem Michael addition—elimination
reaction to connect fragments 1.7.45 and 1.7.46 to afford 1.7.47. The esteryl and
carbonyl groups of 1.7.47 underwent reduction to afford alcohol hydroxide under
DIBAL-H condition and then oxidized by MnO, to produce 1.7.48. After multi-
step conversion, the side chain of dienophile was connected and dienophile
structure was constructed to form the precursor (1.7.49) of intramolecular Diels—
Alder reaction. Compound 1.7.49 went through IMDA under condition of refluxed
toluene, and then obtained the product 1.7.50. It is worth mentioning that because
the structure of the precursor is meso, no matter which side of it was attacked in
Diels—Alder reaction, the same product was obtained. Furthermore, the benzene-
sulfonyl group of the dienophile can be eliminated; therefore the Endo/Exo
selectivity of Diels—Alder reaction can be ignored. This design successfully
resolved the possible issues in Diels—Alder reaction. After selective epoxidation,
compound 1.7.51 was obtained, which set the scene for constructing oxa-bridge
skeleton.

After a two-step conversion, compound 1.7.51 was transformed to tertiary
hydroxyl compound 1.7.52. Taking advantage of the inductive effect of hydroxyl
group, double bond spatially close to the hydroxyl group was selectively epoxided
and yielded compound 1.7.53. Taking 1.7.53 as the precursor for constructing the
oxa-bridge skeleton, it went through the intramolecular attack under acidic con-
ditions. Compound 1.7.54 first formed ketal protecting group for its carbonyl
group under acidic conditions and then removed the ketal group to afford saturated
alkyl group. At the same time the double bonds was reduced. DMP oxidation
converted hydroxyl group to carbonyl group. Then NaBH, was utilized to reduce
carbonyl group. The configuration of carbonyl group was reversed and gave
compound 1.7.56. MsCl protected secondary hydroxyl group and converted it into
leaving group then completed elimination reaction under DBU strong basic con-
dition to afford compound 1.7.57. Under DMDO epoxidation conditions, double
bond in compound 1.7.57 was oxidized to epoxide. Then the epoxide was treated
with boron trifluoride diethyl ether to get the rearrangement product 1.7.58. Here
the chiral center in oxa-bridge could be reversed to gain the model compound
which had the same structure as the natural product.

Generally speaking, Danishefsky’s group first tried to synthesize Maoecrystal V
based on Diels—Alder reaction. Unfortunately, the facial selectivity given by
intramolecular Diels—Alder reaction was not as expected. In the second route
developed by Danishefsky’s group, they utilized meso precursor for the Diels—
Alder reaction and eliminable dienophile as the side chain. Finally they succeeded
in solving the problem of facial selectivity given by the intramolecular Diels—
Alder reaction.
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Fig. 1.24 The synthesis research of K. C. Nicolaou’s group (part 1) [34]

1.7.4 The Synthesis Research of Nicolaou’s Group

Nicolaou’s group also employed intramolecular Diels—Alder reaction to construct

the core structure [34, 35]. But the dienophile they used was different from Baran’s
and Danishefsky’s groups. The dienophile of Nicolaou’s group was connected on
the oxygen atom which constructed the oxa-bridge. Therefore it was possible to
complete the intramolecular Diels—Alder reaction and at the same time construct
the oxa-bridge which was difficult to synthesize. The details of this route are
shown in Fig. 1.24 [34].

Through the decarboxylation Heck reaction catalyzed by Pd, substrate 1.7.59
and 1.7.60 were connected to form compound 1.7.61. Compound 1.7.61 underwent
multi-step conversion such as deprotection/protection then formed compound
1.7.62. Compound 1.7.62 underwent TBS protection and gave corresponding silyl
enol ether dienophile. Then the intramolecular Diels—Alder reaction gave com-
pound 1.7.63 which contains [2.2.2] structure. After removing MOM protecting
group under HCI condition and undergoing the PIFA oxidative dearomatization
reaction, compound 1.7.63 was transformed to 1.7.64. Under Pd/C hydrogenation,
the double bond of compound 1.7.64 was removed and formed compound 1.7.65.
Under NaOH conditions, compound 1.7.65 was hydrolyzed to acidolysis product
1.7.66. Under basic conditions, 1.7.66 reacted with CICH,I, underwent alkylation
reaction and elimination reaction to afford the model molecule of Maoecrystal V in
one step.
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Figure 1.25 shows the synthetic strategy [35] utilized by Nicolaous’s group
with intermediate 1.7.64. After selective reduction of the carbonyl group in [2.2.2]
ring system, intermediate 1.7.64 was converted to alcohol 1.7.68. Under the
reduction condition of Pd/C, it was converted to compound 1.7.69. After multi-
step conversion, the ketal structure of 1.7.69 could transform to double bond and
give 1.7.70. 1.7.70 underwent multi-step conversion, including cyclopropanation,
cyclopropane ring opening reaction, to afford intermediate 1.7.72. After NaOH
hydrolysis, 1.7.72 was converted to intermediate 1.7.73 and this intermediate was
used to construct model 1.7.74 after alkylation.

The functional groups of model compound 1.7.74 used by Nicolaou’s group
were comparatively complete and the key oxa-bridge was successfully con-
structed. However, structure identification showed that, the chiral center in the
oxa-bridge of this model was opposite to the chiral center in the natural product.
Moreover, the position of carbonyl group on the caged scaffold was also different
from the natural product. Through reviewing the research of Nicoloau’s group we
realized that their synthetic route was very effective for the oxa-bridge construc-
tion via intramolecular Diels—Alder reaction. This research laid a solid foundation
for the development of the total synthesis route.

1.7.5 The Synthesis Research of Singh’s Group

In 2010, Singh’s group utilized the tandem oxidative dearomatization-IMDA
reaction to construct the model molecule of Maoecrystal V [36] 1.7.81 (Fig. 1.26).
Starting from compound 1.7.76, they utilized oxidative dearomatization-IMDA
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Fig. 1.26 The synthesis research of Singh’s group [36]

reaction to obtain the core structure. Then after several steps such as epoxy ring
opening, Jones oxidation and Pd/C reduction, they eliminated the functional
groups and finally obtained the model structure similar to the right side of natural
product Maoecrystal V.

By comparing the synthesis strategies of Singh’s group and Baran’s group, we
can find that there have been three groups utilizing tandem oxidative dearomati-
zation-IMDA strategy to synthesize natural product Maoecrystal V. It embodies
the fierce competition worldwide in the field of total synthesis of natural product.

1.7.6 The Synthesis Research of Thomson’s Group

In 2010, Thomson’s group utilized Nazarov reaction as the key reaction to con-
struct the quaternary carbon chiral center [37]. In their design, Thomson’s group
expected to construct tetrahydrofuran ring of Maoecrystal V in the late stages of
synthesis. They also adopted Diels—Alder reaction to construct the core [1.2]
structure. However, Thomson’s group utilized intermolecular Diels—Alder reac-
tion, which is different from the strategies used by previous groups. As Fig. 1.27
shows, precursor 1.7.82 underwent multi-step conversion and yielded condensa-
tion product 1.7.83. In the Nazarov cyclization process with FeCls, because of the
steric effect of TBS protective group, spiro-compound 1.7.84 was obtained ste-
reoselectively. In intermolecular Diels—Alder reaction, endo was the major prod-
uct. Thus, after nitro configuration inverse, hydrogenation reduction and Jone’s
oxidation, intermediate 1.7.86 was obtained effectively. Finally, compound 1.7.86
underwent Rubottom oxidation, which introduced hydroxyl group to the « position
of ketone, then gave compound 1.7.87. Unfortunately, they failed to convert
compound 1.7.87 to natural product Maoecrystal V.

To construct the core structure of Maoecrystal V, Thomson’s group utilized
1.7.58 as the starting material to carry out the new synthetic strategy (Fig. 1.28).
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Fig. 1.28 The synthesis research of Thomson’s group (part 2) [37]

Firstly the nitro configuration in compound 1.7.85 was inversed under the base
condition. Then the hydroxyl compound was oxidized by Jones antioxidant to
afford ketone 1.7.88. After compound 1.7.89 generated from 1.7.88 under
Rubottom oxidation, a side reaction was triggered under the hydrogenation con-
ditions and it formed three-member ring product 1.7.90. Although the a-hydroxyl
ketone part of compound 1.7.90 could be cleaved by periodic acid and reduced to
lactone structure, this synthesis route was not feasible for the total synthesis of
natural product.

The advantage of the synthesis strategy of Thomson’s group is that they utilized
Nazarov reaction to construct the key quaternary carbon center of Maoecrystal V.
Also it is very ingenious to use the substrate conformation to control the selectivity
of intermolecular Diels—Alder. However, in the late stages of the synthesis, the
formation of three-member ring during the construction of oxa-bridge made this
route unable to be used for the total synthesis of Maoecrystal V.
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1.7.7 The Synthesis Research of Trauner’s Group

In 2010, Dirk Trauner’s group took aldol reaction as the key reaction to construct
the core structure of Maoecrystal V [38]. This is the only group who did not use
Diels—Alder reaction in the synthesis of [2.2.2] core structure of Maoecrystal V.
They took compound 1.7.92 as the raw material, and after several condensation
reactions they constructed compound 1.7.97. In this way, after ozone cleaved the
unsaturated double bond of intermediate 1.7.97, it formed aldehyde which reacted
with hydroxyl of the side chain to form acetal structure and yielded compound
1.7.98.

Though the strategy developed by Trauner’s group has some unique features in
the construction of the core structure of the molecule, it is still difficult to realize
the total synthesis of Maoecrystal V starting from intermediate 1.7.98, because
ring system of the left side of the molecule has a relatively high tension
(Fig. 1.29).

1.7.8 The Synthesis Research of Zakarian’s Group

The synthetic strategy of Zakarian’s group had some similarities with Nicolaou’s
group [39]. They both completed the construction of oxa-bridge in the early stage.
The difference is, Nicolaou’s group constructed the [2.2.2] ring system and built
the oxa-bridge at the same time, while Zakarian’s group firstly constructed the
tetrahydrofuran ring frame and then utilized intramolecular Diels—Alder reaction
to construct bicyclo [2.2.2] octane structure (Fig. 1.30).

The synthesis route of Zakarian’s group was: taking sesamol as the raw material
to react with neopentyl alcohol under the Mitsunobu conditions to get compound
1.7.99. After multi-step conversion, 1.7.100 was obtained with tetrahydrofuran
ring structure. LAH reduced the ester group of 1.7.100 to afford alcohol 1.7.101.
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[39]. Copyright 2011 American Chemical Society)

With the format reagent, it underwent ring-open reaction to get 1.7.102. Oxidative
dearomatization constructed the Diene fragment. After screening different dieno-
phile, the product being able to trigger Diels—Alder reaction was obtained. Finally,
the model compound with core structure of Maoecrystal V can be constructed.

Observing the key reaction of the synthetic strategy of Zakarian’s group, we can
find that they also utilized oxidative dearomatization and intramolecular Diels—
Alder reaction to construct [2.2.2] bicyclic system.

1.8 Brief Summary

In conclusion, eight research groups have been involved in the total synthesis
research of Maoecrystal V. In most occasions, Diels—Alder reaction was used to
construct the core structure of Maoecrystal V, in which oxidative dearomatization
and IMDA played a crucial role in the construction of the core structure. Based on
the analysis of previous synthesis strategies, it can be confirmed that, Diels—Alder
reaction as the ancient and classical reaction plays a very important role in the total
synthesis. It also has incomparable superiority in constructing quaternary carbon
center stereoselectively.

At the same time, with its unique antitumor activity, Maoecrystal V draws the
attention of synthetic chemists worldwide as well as brings the fierce competition
in synthesis research. On the road leading to the successful total synthesis of
Maoecrystal V, we are greatly challenged.
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Chapter 2
Model Study of Maoecrystal V

2.1 Model Study of Maoecrystal V: Synthesis Strategy

Maoecrystal V is a C-19 diterpenoid natural product with rare caged skeleton. The
main difficulties of synthesis were forecasted through structure analysis: (1) con-
struction of highly compact five-membered ring; (2) installing continuous qua-
ternary carbon chiral center; and (3) construction of [2.2.2] bridge ring. For these
reasons, total synthesis of Maoecrystal V should conquer enormous challenges in
both strategic design and practical reaction exploration. Exploring meritorious
methods for basic skeleton construction of Maoecrystal V is the foundation of total
synthesis. It is necessary to build up a model in order to provide worthy infor-
mation for further total synthesis study.

We decided to omit the oxa-bridge subunit in model study. Introducing oxa-
bridge is the most challenging step of the total synthesis of Maoecrystal V, we
planned to solve this problem in the late stages of total synthesis. Although the
similar cycloalkene ketone fragment (right side) has been reported in the literature,
the methyl groups, double bond, and ketone group were deleted in our final
scheme, which means the replacement of right synthetic fragment with commer-
cially available cyclohexanone. The efficiency would be significantly improved by
the simplification. Cyclohexanone kept the oxygen atom of oxa-bridge, which
maintained the feasibility of constructing oxa-bridge structure. Based on the
analysis, natural product Maoecrystal V was simplified to model compound 2.1.1
(Fig. 2.1) for early study.

2.2 The Model Synthesis of Maoecrystal V

Figure 2.2 depicts the retro-synthesis analysis of Maoecrystal V. Intramolecular
Diels—Alder (IMDA) reaction was utilized as a key reaction in our retro-synthesis
of Maoecrystal V to construct the main skeleton [2.2.2] caged scaffold. The IMDA

J. Gong, Total Synthesis of (£)-Maoecrystal V, Springer Theses, 29
DOI: 10.1007/978-3-642-54304-3_2, © Springer-Verlag Berlin Heidelberg 2014
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Fig. 2.2 The retro-synthetic analysis of Maoecrystal V

precursor could be disconnected to diol 2.5, which could be obtained by 2.6 after
several conversion steps. The construction of 2.6 was based on the arylation
reaction of 1,3-dicarbonyl substrate 2.7 and organic lead compound 2.8. The
design and key reactions will be briefly introduced in the following sections.
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2.2.1 Pinhey Arylation

In the retro-synthetic analysis of Maoecrystal V, a-arylation reaction was used in
1,3-dicarbonyl compound. The conversion could be achieved through the Pinhey
arylation reaction (Fig. 2.3). Pinhey reaction was found and developed by Pinhey’s
group in the 1970s. The w«-arylation reaction occurred between a tetravalent
organic lead reagent and 1,3-dicarbonyl compound. Although its mechanism was
still not fully understood, Pinhey speculated that it might be a process of reductive
elimination. It could realize the coupling of soft carbon nucleophilic reagent and
strong aryl lead reagent.

2.2.2 The Development and Synthetic Application of Diels—
Alder Reaction

2.2.2.1 A Brief Introduction to Diels—Alder Reaction

Diels—Alder reaction [1, 2] (Fig. 2.4) happens between conjugated dienes and
double bond substrates to form substituted cyclohexene system. Even if the atoms
in some positions are non-carbon heteroatoms, the reaction still can occur nor-
mally. The reaction was first discovered by Otto Paul Hermann Diels and Kurt
Alder in 1928. They won the 1950 Nobel Prize for chemistry because of this
discovery.

Diels—Alder reaction has several significant features [1, 2]: First of all, Diels—
Alder reaction is a thermal driving reaction, usually triggered by heating. Sec-
ondly, the reaction is widely used in constructing a new six-membered ring
structure. In the process of the conversion, 3 © bond systems are opened to form 2
new C-C ¢ bonds and a new C—C = bond. All the fractures and formations of
chemical bonds are finished in one-step transformation.

The dienes of Diels—Alder reaction: Dienes can be either chain or circular
structure and may contain different substituent groups. The limitation is that diene
must contain s-cis configuration. Bulky substituent groups may affect the most
stable conformation of diene, which leads to the failure of the reaction. For cricoid
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Fig. 2.4 Mechanism of Diels—Alder reaction [1, 2]

dienes, most of them are s-cis configurations. Chemist developed various Diels—
Alder reactions by artful designs, which produced a series of dienes with unique
characteristics, such as the famous Danishefsky’s diene and dendralenes [1, 2].

Dienophile: In a typical Diels—Alder reaction, dienophile (double bond) has to
connect electrophilic functional groups. The strong electron-withdrawing ability of
the substituent, and the quantity of substitutional groups, both have positive effect
on Diels—Alder reaction. In some cases, Diels—Alder reaction cannot be triggered.
It means that Lewis acid was needed to activate the reaction [1, 2].

Reaction rules: (1) Syn-addition principle: Diels—Alder reaction is triggered by
overlapping dienophile and the p track of 7 bond in diene. Therefore, Diels—Alder
reaction is a stereospecific reaction, and the initial latent chiral center substituent
remains unchanged. (2) Endo-addition principle: In the cycloaddition reaction, the
electron-withdrawing group of dienophile heads to the internal direction of diene.
It can be explained by the secondary track overlap, but there are some limitations,
so this rule is not suitable for all cases [1, 2].

The regioselectivity of Diels—Alder reaction [1, 2]: If the diene contains strong
electronic group in the normal Diels—Alder reaction, and dienophile contains strong
electron-withdrawing group, the product will obtain high regioselectivity (Fig. 2.5).

2.2.2.2 Intramolecular Diels—Alder Reaction

Intramolecular Diels—Alder (IMDA) reaction is a common type of Diels—Alder
reaction. This is one of the powerful methods in the synthesis of polycyclic
compounds and has been widely applied in the synthesis of complex natural
products.

Intramolecular Diels—Alder is an important method to construct bicyclic sys-
tem. Because IMDA can construct two rings in one-step conversion, it is a highly
efficient method.
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Fig. 2.6 Ent-fusarisetin A construction from Ang Li’s group via IMDA [3]

In 2011, Prof. Ang Li from SIOC finished the first total synthesis of the
enantiomer of fusarisetin A [3] (Fig. 2.6). In their report, intramolecular Diels—
Alder was used as a key reaction to construct 6,6-bicyclic system. After several
steps, they successfully obtained the enantiomer of the natural product and thereby
corrected the absolute configuration of natural product.

Taber’s group [4] also used IMDA (Fig. 2.7) in the construction of natural
product trans-dihydroconfertifolin. Through heating the inseparable E/Z isomer
2.2.1, the IMDA reaction was triggered and gave target compounds 2.2.2 and
2.2.3, which could be separated through the column chromatography and recrys-
tallized with the proportion of 4:1. Taber and his colleagues constructed the key
6,6-bicyclic systems with IMDA. From the transition-state analysis (2.2.6 and
2.2.7), the target product should be obtained from E type. Double bond in com-
pound 2.2.2 was transformed into propane structure under Simmons—Smith reac-
tion, and the yielded 2.2.4 was hydrogenated with PtO, to open propane ring,
giving target compound frans-dihydroconfertifolin 2.2.5. Accordingly, the usage
of IMDA reaction to construct bicyclic system can significantly improve the
efficiency and quickly construct the target structure.

Transannular Diels—Alder reaction is also one of the most prominent synthetic
methods of intramolecular Diels—Alder reaction. The applications of transannular
Diels—Alder reaction are mostly found in biomimetic synthesis. The reasonable use
of transannular Diels—Alder strategy can significantly simplify the synthesis route
and improve the artistic quality of synthesis, and at the same time, it can also
provide a meaningful reference for the speculation of the routes of biosynthetic
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transformation. One of the representative synthesis works was from Evans [5, 6],
that is, the synthesis of molecular FR182877 (Fig. 2.8). They utilized Suzuki
coupling reaction, firstly connected (E)-vinylboronic acid fragment and vinyl
dibromide, and then closed the macro-ring using intramolecular SN, reaction.
They got two isomeric products with different substitutes at o-position of ester.
Without separation, they put the mixture into the next reaction of constructing the
double bond and got transannular Diels—Alder product in one single step.

The multiple conversions, including a configured double bond, a carbon Diels—
Alder reaction, and a hetero-Diels—Alder reaction, were completed in one step, and
the basic molecular skeleton was completed efficiently. Later, Evans et al. com-
pleted the total synthesis of FR182877 through a simple transformation of func-
tional groups. Interestingly, Sorensen group [7, 8] also completed the total
synthesis of the same molecule, and the strategy they used shows almost no
difference compared with that used by Evans. It shows that chemists have
remarkably similar understanding toward this molecule [9].

2.2.2.3 Construction of [2.2.2] System via Diels—Alder Reaction

Another application of Diels—Alder reaction is to construct [2.2.2] system. Gen-
erally speaking, the [2.2.2] ring system is either the core structure of target
molecular or one important precursor, which undergoes a series of rearrangement
and ring opening reaction to construct the target skeleton.

A typical example is the construction of vinigrol, which was done by Professor
Baran [10] from Scripps Research Institute, San Diego.
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Fig. 2.8 The application of transannular Diels—Alder reaction in total synthesis (Reprinted with
the permission from Ref. [6]. Copyright 2003 American Chemical Society)

As shown in Fig. 2.9, in their total synthesis of vinigrol, Baran used Diels—
Alder reaction to construct [2.2.2] system at the first step and then successfully
completed the synthesis of vinigrol via functionalization and rearrangement. The
[2.2.2] bridge ring that was constructed by Diels—Alder reaction was used in the
rearrangement process. It played an important role in the construction of octatomic
ring, which had large ring tension in vinigrol skeleton.

In the synthesis of natural product connatusin A, Banwell and his colleagues [11]
also used Diels—Alder reaction to construct [2.2.2] ring system at the initial steps in
the preparation of starting material (Fig. 2.10). After getting the caged scaffold
precursor, they successfully obtained the target product connatusin A via multiple
transformations such as rearrangement. Therefore, after constructing [2.2.2] ring
system by Diels—Alder reaction, we can use rearrangement to significantly improve
the synthesis efficiency and quickly obtain the desired natural product.

2.2.3 Construction of [2.2.2] System via Sequential Oxidative
Dearomatization/IMDA Reaction

Oxidative dearomatization reaction can start from ortho-substituted phenol and
quickly construct dienes structure after oxidation. It is often used to design Diels—
Alder reaction.
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Fig. 2.9 The construction of [2.2.2] ring system by Baran’s group via Diels—Alder reaction
(Reprinted with the permission from Ref. [10]. Copyright 2008 Wiley—VCH Verlag GmbH & Co.
KGaA, Weinheim)
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Fig. 2.10 The construction of [2.2.2] ring system by Banwell’s group via Diels—Alder reaction
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Fig. 2.11 Synthesis of atisine by Prof. Fengpeng Wang

Prof. Fengpeng Wang from Sichuan University utilized oxidative dearomati-
zation reaction to construct the precursor of intramolecular Diels—Alder reaction in
the synthesis of atisine [12]. As shown in Fig. 2.11, after Diels—Alder reaction, the
core structure of atisine could be obtained. After several steps of functional group
conversion, they obtained the common precursor of the synthesis used by Prof.
Pelletier and completed the formal total synthesis.

Danishefsky’s group [13] utilized sequential oxidative dearomatization/IMDA
reaction to finish the total synthesis of natural product 11-O-debenzoyltashironin.
As shown in Fig. 2.12, after undergoing oxidative dearomatization, the phenol
substrate formed ten-membered ring skeleton. Under microwave heating, the core
structure of natural product was obtained. This step could also be seen as trans-
annular Diels—Alder reaction. After several conversions, Danishefsky’s group
obtained the natural product 11-O-debenzoyltashironin.
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Fig. 2.12 The synthetic research of 11-O-debenzoyltashironin from Danishefsky’s group
(Reprinted with the permission from Ref. [13]. Copyright 2006 American Chemical Society)
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Fig. 2.13 The synthesis of coronafacic acid by Macas’s group

Macas also utilized sequential oxidative dearomatization/IMDA reaction
strategy in the synthesis of coronafacic acid [14]. As shown in Fig. 2.13, first of
all, it triggered oxidative dearomatization of phenol substrate as well as connected
the side chains, and then, it underwent intramolecular Diels—Alder reaction and
obtained the intermediate containing [2.2.2] structure. After several conversions
such as rearrangement, they obtained the target natural product coronafacic acid.
Interestingly, the final products existed as tautomers.

Liao’s group [15] used the masked benzoquinone to trigger intramolecular
Diels—Alder reaction and completed a series of total synthesis (Fig. 2.14). In the
total synthesis of bilosespenes A and bilosespenes B, they used oxidative dearo-
matization to construct masked benzoquinone. With the allyl alcohol, they trig-
gered oxidative dearomatization of the phenol substrate using iodosobenzene
diacetate. At the same time, they completed the allyl alcohol protection to
benzoquinone. And the intramolecular Diels—Alder reaction happened between the
double bond of side chain and the diene in bone structure, and [2.2.2] caged
scaffold system was constructed.
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Fig. 2.14 The application of oxidative dearomatization and Diels—Alder reaction in total
synthesis (Reprinted with the permission from Ref. [15]. Copyright 2003 American Chemical
Society)

2.2.4 The Model Study of Maoecrystal V

The investigation and survey of the literature hinted us that the application of
intramolecular Diels—Alder to construct the core structure of Maoecrystal V was a
wise choice. By analyzing the structure of the target molecule, we found the
[2.2.2] system was especially suitable to be constructed using IMDA. The usage of
Diels—Alder reaction was powerful to introduce the quaternary carbon on [2.2.2]
bridge. According to Liao’s work [15], we found that the carbonyl structure
existing on the caged scaffold of Maoecrystal V was suitable to be constructed by
oxidative dearomatization. Thus, the molecule was disconnected to compound 2.3,
and the intermediate could be obtained through 2.6. Intermediate 2.6 can be
obtained through the Pinhey arylation (Fig. 2.15).

Model compound 2.1.1 was designed to test key reactions, which may be
applied to the total synthesis, such as intramolecular Diels—Alder reaction,
Wessely oxidative dearomatization reaction, and Pinhey arylation. The synthetic
strategy of model research is shown in Fig. 2.16; compound 2.1.1 could be con-
structed from the precursor 2.1.2 after IMDA. Compound 2.1.2 could be prepared
from compound 2.1.3 through esterification. Compound 2.1.3 could be obtained
from 2.1.4 by reduction. Compound 2.1.4 was designed to be obtained by Pinhey
arylation between 1,3-keto ester compounds 2.1.5 and organic lead compound
2.1.6. The advantage of this model system is that it contains three key reactions in
total synthesis design, which can effectively supply the synthetic information for
the total synthesis.

The feasibility of Pinhey arylation (Fig. 2.17) was tested in the initial stage.
Starting from the o-methoxy bromobenzene 2.2.8, under the condition of butyl
lithium, quenched with tributyltin chloride, organic tin compound 2.2.9 was
obtained with 85 % yield. Compound 2.2.9 under lead(IV) acetate/mercuriacetate
condition gave Pb(IV) compound 2.2.10 with 72 % yield. According to the
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Fig. 2.16 The model synthetic strategy of Maoecrystal V

literature, Pinhey arylation triggered by organic lead reagent 2.2.10 and
1,3-dicarbonyl compound 2.2.10 can give coupling product 2.2.12 with 95 %
yield. We made this progress at the early stage of research, which proved the
feasibility of Pinhey arylation. More importantly, Pinhey arylation can be scaled
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Fig. 2.18 Attempt to remove the methoxyl group on phenol

up to a few hundred grams, which is advantageous for the future preparation of
starting material for total synthesis.

After obtaining 2.2.12 from coupling reaction, lithium aluminum hydride was
used to reduce carbonyl and ester group simultaneously to give diol 2.2.13 as a
mixture with the proportion 6:1 and 79 % yield. Then, 2,2-dimethoxypropane was
used to protect 1,3-diol and gave 2.2.14 with 92 % yield (Fig. 2.18). The choice of
protecting group was extremely critical. The removal of methoxyl group was
firstly tested in the model. The deprotection product could not be obtained from
compound 2.2.14 with excess boron trichloride, and only diol 2.2.13 was pro-
duced. Methoxyl group in diol 2.2.13 could not be removed to give phenolic
hydroxyl group, so the methyl protection was not a good choice for this substrate.

MOM was considered as an excellent protecting group for phenol according to
the literature. MOM group has the following advantages: (1) The conditions of
removing or protecting are relatively mild; (2) MOM is resistant to alkali, and it is
stable under strong basic conditions; (3) MOM can also act as the directing group
to functionalize the ortho position of benzene.

As shown in Fig. 2.19, starting from o-cresol 2.2.16, with NBS ortho-bro-
mination and then MOM protection of phenolic hydroxyl group, compound 2.2.17
was obtained in two steps with 55 % overall yield. Reacted in butyl lithium and
then quenched with trimethyl borate, arylboronic acid ester was obtained. The
boric acid ester was in situ hydrolyzed to boric acid compound 2.2.18 with diluted
HCI to give 45 % yield. Compound 2.2.18 was reacted with lead (IV) acetate/
mercury (II) acetate to convert the boric acid into lead reagent 2.2.19. Without
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Fig. 2.19 The utilization of MOM group as Pinhey arylation substrate

further separation and directly added pyridine and dicarbonyl fragment 2.2.11,
2.2.20 was obtained as a coupling product with 45 % yield. The coupling process
was not stable to repeat the yield. MOM deprivation was always observed after
quenching to produce 2.2.21. And a hemiketal structure was formed between
phenolic hydroxyl group and adjacent carbonyl group on the cyclohexanone
fragment. A large amount of concentrated sulfuric acid was needed in the
quenching step to precipitate divalent lead, but MOM was easily removed under
this strong acid condition. The quenching process should be handled carefully. The
usage of acid, the stirring time, and temperature should be strictly controlled to
avoid the removal of MOM group under acid conditions.

Though MOM deprivation product 2.2.21 was accidentally obtained, it was still
useful to test two key reactions for total synthesis: Wessely oxidative dearoma-
tization reaction and intramolecular Diels—Alder reaction (Fig. 2.20). A pair of
diethyl phthalate derivative 2.2.22 with the ratio of 2:1 and 95 % yield could be
obtained from phenol 2.2.21 in acetic acid solvent with the presence of lead
tetraacetate at room temperature after 5 min. Then, we tried intermolecular Diels—
Alder reaction. Unfortunately, both substrate 2.2.22 and dimethyl acetylene
dicarboxylate were not producing Diels—Alder product 2.2.23 under toluene
refluxing or sealing tube heating conditions, only gave the results of raw material
recovery.

Although intermolecular Diels—Alder reaction was failed, Wessely oxidative
dearomatization was satisfactorily successful. Thus, functionalizing the coupling
product 2.2.20 with side chain and trying intramolecular Diels—Alder reaction
were necessary. As shown in Fig. 2.21, intermediate 2.2.20 was dissolved in THF.
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Fig. 2.21 The possible mechanism for retro-aldol condensation

Ketone and ester in the substrate were reduced with excess lithium aluminum
hydride. Then, a pair of diol product 2.2.24 was generated at 6:1 ratio with 80 %
yield. The diol compounds were solid, and the crystal was obtained. The X-ray
structure confirmed that the side chain of primary hydroxyl group and secondary
hydroxyl group were in different positions of cyclohexane six-membered ring. The
main product had frans-diol structure. TBSCl/pyridine selectively protected pri-
mary hydroxyl group, Dess—Martin oxidized the secondary hydroxyl group, and
then transformed it into ketone to get 2.2.25. The overall yield of the two steps was
91 %. The following step was to remove TBS protecting group.

In order to get the target compounds, we tried various methods (Fig. 2.22),
including diluting reaction concentration, using anhydrous TBAF, etc., but all of
them were not good enough. Finally, we fortunately found that the substrate 2.2.25
could be transformed to de-TBS product 2.2.27 under TBAF/AcOH condition with
55 % yield. Using HF/pyridine to react in CH,Cl, solvent, the reaction gave
product 2.2.27 with 35 % yield, together with the main MOM-removed product
hemiketal 2.2.28 (48 % yield). If taking pyridine as the solvent and adding HF/
pyridine as the reagent to remove TBS, TBS was specifically removed and retro-
aldol reaction did not happen (88 % yield). The inference was that TBAF was
strong alkaline and the specificity of the target product structure might easily
trigger retro-aldol reaction. The condition of HF/pyridine was acid, which actively
suppress retro-aldol process.
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After the removal of TBS group, the primary hydroxyl group in compound
2.2.27 was connected with acrylic side chain through the condensation with EDC/
DMAP and gave compound 2.2.29 with 71 % yield. TMSBr was used for the
removal of the MOM group and could get the target product at —78 °C with a
good yield. However, the product was different from what we expected. After
careful analysis, it was shown that once the MOM group was removed, the phe-
nolic hydroxyl and ketone carbonyl group on cyclohexanone formed hemiketal
structure (95 % yield), giving the [6-5-6] bicyclic product 2.2.30. Under similar
conditions, compound 2.2.27 was reacted with bromo-acrylic ester derivatives
2.2.31, giving 29 % yield. MOM protection group was removed by TMSBr, which
produced hemiketal 2.2.32 with 95 % yield. A bromine atom was introduced on
the dienophile side chain in order to keep an active site for constructing tetrahy-
drofuran oxa-bridge after IMDA (Fig. 2.23).

There were no examples of aryl ketal compounds’ oxidative dearomatization
could be found in the literature of earlier research, so it was unknown whether it
could be converted successfully to give the desired oxidative dearomatization.
Iodobenzene diacetate analogs were first used as the antioxidant; unfortunately,
this type of oxidizing agent could not gain the expected target product. However,
when Pb(OAc), was used as the oxidizing agent, the oxidative aromatization
products 2.2.33 and 2.2.34 could be obtained with a high yield and good regi-
oselectivity (Fig. 2.24). After comparison, we believed that the difference
between Pb(OAc), and iodosodiacetate and its analogs was as follows: (1)
Pb(OAc), reacted in an acidic system; hence, a certain proportion of the ketal
could exist in the form of opening intermediate; (2) Pb(OAc)4 had a better oxi-
dation performance; therefore, it could effectively capture the raw materials in
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Fig. 2.24 Wessely oxidation and intramolecular Diels—Alder reaction of model study

ketal opening form, pulling the reaction equilibrium to the target product until it
was fully converted.

Via separation and identification, it was found that the oxidative dearomati-
zation did not supply sole product; instead, it obtained a pair of isomers at acetyl
position. If the two isomers underwent the key IMDA reaction separately, two
IMDA products 2.2.35 and 2.2.36 were obtained. The structure of the product with
smaller Ry value was confirmed by single-crystal X-ray diffraction experiments
(Fig. 2.25). The stereochemistry of resulting quaternary carbon center was iden-
tical to target natural product. This was the most relevant information in terms of
the total synthesis. However, we were still concerned whether the IMDA result of
the other isomer 2.2.35 was consistent with 