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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,
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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 Wöhler’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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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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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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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. 1.4 Structure and classification of ent-kauranes [13]
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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. 1.5 Biosynthesis of ent-kauranes [14]

H3C

10
O

OH

OH

CH3
H

H

O

11
12

13

14

89

654
3
2 1

O 20

15

16
17

18 19

Eriocalyxin B

Fig. 1.6 Structure of
eriocalyxin B [15]

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

6 1 Research Background of Total Synthesis of Natural Product Maoecrystal V



Chen, Handong Sun and Saijuan Chen reported that Eriocalyxin B [15] triggered
the degradation of AML1-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.

Maoecrysta lV X-ray

O

Me
Me

O O
O

H Me
O

Fig. 1.7 Single crystal
structure of Maoecrystal V
(Reprinted with the
permission from Ref. [19].
Copyright 2004 American
Chemical Society)
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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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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

Table 1.2 Comparison of IC50 of Maoecrystal V and cis-platin (Reprinted with the permission
from Ref. [19]. Copyright 2004 American Chemical Society)

IC50 (lg/mL)

K562 A549 BGC-823 CNE HeLa

Maoecrystal V 6.43 9 104 2.63 9 105 1.47 9 104 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
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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.

S. J. Danishefsky
(Columbia Uni.)

Tetrahedron Lett. 2009, 50, 6586.

Zakarian
(UCSB)

Org. Lett. 2011, 13, 1080.

P.S. Baran
(Scripps Research Ins.)
Org. Lett. 2009, 11, 4774.

K. C. Nicolaou
(Scripps Research Ins.)

Chem. Commun. 2010, 46, 70.

R. Thomson
(Northwestern Uni.)

Org. Lett. 2010, 12, 3010.

D. Trauner
(Ludwig-Maximilians-Uni. Germany)

Org. Lett. 2010, 12, 5656.

V. Singh
(Indian Institute of Tech. Bombay)
Tetrahedron Lett. 2010, 51, 3337.
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Fig. 1.10 Current situation of synthesis of Maoecrystal V
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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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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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Nevertheless, when we tried to synthesize the starting compound 1.7.7, the
hydroxyl group at b-position of the carbonyl group would easily trigger elimi-
nation reaction under alkaline condition and yield corresponding a, b-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. 1.14), 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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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)4 was added to realize tandem oxidative dearomatization/
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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
SmI2, 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 MnO2 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 NaBH4 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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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 HCl 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 ClCH2I, 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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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 FeCl3, 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 a 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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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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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
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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 a-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 p bond systems are opened to form 2
new C–C r bonds and a new C–C p 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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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 p 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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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 PtO2 to open propane ring,
giving target compound trans-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 SN2 reaction.
They got two isomeric products with different substitutes at a-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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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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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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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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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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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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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
HCl 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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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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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 trans-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 CH2Cl2 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)4 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)4 and iodosodiacetate and its analogs was as follows: (1)
Pb(OAc)4 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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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 Rf 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 the structure of Maoecrystal V.
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As shown in Fig. 2.26, the other IMDA precursor 2.2.32 also underwent
Wessely oxidative dearomatization to create a pair of separable 2:1 products
2.2.37 and 2.2.38 with 92 % total yield. Unfortunately, the precursors could not be
transformed into IMDA products under the same conditions. It was speculated that
the steric hindrance of the bromine atom blocked the activity of the reaction.

With successfully constructed [2.2.2] bicyclic product in hand, since two IMDA
isomers were already obtained, it was inferred if IMDA product 2.2.36 could be
identified to have the same structure with another X-ray confirmed product after
several conversions, the relative configuration on molecular skeleton of the two
isomers would be same. Therefore, the two IMDA products were subjected to the
same functional group conversions (Fig. 2.27). The unsaturated double bond of
IMDA product 2.2.35 (with X-ray identification) was reduced under Pd/C
hydrogenation. The compound 2.2.41 was obtained in the yield of 90 %. Acetoxyl
group was removed through SmI2 reduction, and 2.2.43 and 2.2.44 were obtained
with 2:1 proportion in methyl position giving 68 % total yield, which could be
separated by column chromatography. On the other hand, the IMDA product
2.2.36 (without X-ray identification) could be transformed into a pair of separable
3:1 isomers with the same procedure of Pd/C hydrogenation and samarium
di-iodide reduction. Compared with the NMR of the isolated compounds, it was
found that the spectrums of the compounds from two different IMDA were the
same (two isomers of the final products could be compared separately). Therefore,
the quaternary carbon chiral centers at the key position in the basic skeleton of the
two IMDA isomers were identical. The only difference of the isomers was at the
acetyl position. Thus, the oxidative dearomatization/IMDA reaction was perfectly
applied in the model construction and appeared highly efficient in constructing the
skeleton of Maoecrystal V. The IMDA selectivity has concerned us in the early
stage since it was difficult to predict the facial selectivity of IMDA. However, the
model experiment gave us the skeleton structure identical to Maoecrystal V. There
was no clear and definite explanation for the selectivity. Computational chemistry
was also used to explain the selectivity of IMDA. Unfortunately, so far no rea-
sonable explanation has been obtained for the result.

Fig. 2.25 Single-crystal
diffraction diagram of IMDA
product 2.2.35
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A different route for removing acetyl oxygen group through SmI2 reduction is
shown in Fig. 2.28, and acetoxyl group of 2.2.41 was dislodged under the potas-
sium carbonate/methanol condition. Compound 2.2.45 was obtained with 95 %
yield; the structure was confirmed by single-crystal X-ray diffraction experiment.
The hydroxyl group of compound 2.2.45 was removed to produce 2.2.43 and
2.2.44 with 3.8:1 ratio under SmI2 reduction to give 84 % yield. The results of this
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experiment were just contrary to what Molander’s group reported. Their result
showed that acetoxyl substrate would give better yield and diastereoselectivity.
However, the a-hydroxyl carbonyl substrate 2.2.45 showed a better result, indi-
cating the reaction had a strong relationship with the substrates.

In the process of coupling reaction, as described previously, the usage of dilute
acid leads to the by-product 2.2.21. After removal of the MOM group, the newly
formed five-membered hemiketal ring was quite stable. The by-product could not
be reprotected with MOM to give the desired one. The protection would first
happen at the hemiketal hydroxyl position. At the beginning of our model syn-
thesis, this result caused great trouble because it significantly reduced the effi-
ciency of preparing the precursors. However, dearomatization can be successfully
carried on even with the removal of the MOM group and formation of hemiketal
structure. Hemiketal structure did not affect the key dearomatization, which was
proved by our research. Therefore, the structure could be used to redesign the route
(Fig. 2.29). The target was to utilize the stability of hemiketal intermediate to
protect carbonyl group in cyclohexanone from reduction and only convert ester to
primary alcohol to connect with the side chain. The synthetic route would be
significantly simplified. The coupling was handled with relatively strong acid;
thus, the coupling product was further converted to the hemiketal structure. The
hemiketal hydroxyl group of compound 2.2.46 was protected using TMSCl, which
could survive in the next DIBAL reduction of the ester. Hydrochloric acid was
added for dislodging TMS after reduction reaction, which produced diol com-
pound 2.2.47. EDCI/DMAP realized condensation of the hydroxyl group and
acrylic acid, which completed the construction of 2.2.30.

Intermediate 2.2.30 was the same as the one in early synthetic research. Com-
paring the two routes, the new synthetic method clearly showed the higher effi-
ciency. Seven steps were used in early attempts to get 2.2.30, including those strict
requirements, for example the controlling of the acid strength in coupling step and
the removal of the TBS with retro-aldol by-product. The total yield was 29 %.
Based on the analysis of the transformation, a four-step conversion was obtained
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with reasonable simplification. The two synthetic routes ultimately started from the
same material, the simplified route achieved high efficiency, easy operation, and up
to 41 % total yield, therefore maximally optimized the original route.

2.3 Experimental Section

2.3.1 Experimental Materials and Equipment

Benzene and toluene were dried by sodium metal; ether and THF were dried from
sodium and benzophenone ketone; dichloromethane and acetonitrile were dried
through CaH2; methanol and ethanol were redistilled from MgI2; if not particularly
mentioned, other solvents were analytically pure. Flash column chromatography
silica gel (200–300 mesh) was purchased from Qingdao Ocean Chemical; the
boiling point of petroleum ether is 60–90 �C; the thin layer chromatography plate
GF254 and efficient plate were purchased from Qingdao Ocean Chemical Plant in
China.

All NMR spectral data (1H-NMR and 13C-NMR) were measured by US Bruker
Avance 500 Spectrometer or US Bruker Avance 300 Spectrometer instruments,
generally using CDCl3 or CD3OD as the solvent. Tetramethylsilane (TMS) was
added as the internal standard. Coupling constant used Hz as the unit. Some of the
abbreviations used are as follows: s = singlet, d = doublet, t = triplet,
q = quartet, m = multiplet, brs = single broad peak; high-resolution mass spec-
trometry (HRMS) data were measured by the US Bruker Apex IV FTICRMS
instrument; low-resolution mass spectrometry (MS) data were measured by the
British Micromass ZAB-HS MMS instrument; specific rotation data were measured
by US Perkin Elmer 341 LC polarimeter instrument, which used Na light source,
and the data are expressed as [a]D
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CO2Me
O

Pb(OAc)4
Hg(OAc)2

Pyridine, CHCl3
then H+

70%

O
HO

O

O

O
OH

MeO O

OH

O

EDCI, DMAP
70%

B(OH)2

OMOM

Pb(OAc)3

OMOM

O
OH

HO

CHCl3
60 oC

2. DIBAL-H
CH2Cl2

-78 oC to rt

1. TMSCl
imidazole

CH2Cl2

0 oC

then HCl (3N)
85 % for 2 steps

2.2.18 2.2.19

2.2.11

2.2.46

2.2.472.2.30

Fig. 2.29 The optimized synthesis route of compound 2.2.30

48 2 Model Study of Maoecrystal V



was measured by Microprocessor melting point apparatus (Tektronix instrument
Co., Ltd). Chromatographic data (HPLC) were measured by the Hewlett-Packard
Agilent 1100 Series HPLC instrument.

2.3.2 Experimental Process and NMR Data of Model Study

OMe

Pb(OAc)3

2.2.10

Synthesis and NMR data of compound 2.2.10:

Under the protection of nitrogen, 2-bromo-anisole 2.2.8 (3.8 g, 20 mmol) was
dissolved in tetrahydrofuran (20 mL) and cooled to -78 �C. n-BuLi (10 mL,
22 mmol) was slowly added dropwise. The reaction was stirred at -78 �C for
0.5 h, and tributyltin chloride tin (7.2 mL, 24 mmol) was slowly added dropwise
within 10 min under stirring. TLC showed that the reaction was completed. Sat-
urated ammonium chloride solution (50 mL) was added to quench the reaction.
After separation, the aqueous phase was extracted with ethyl acetate (3 9 50 mL).
The organic phases were combined, washed with saturated brine (50 mL), dried
over anhydrous sodium sulfate, and filtered. The filtrate was concentrated by rotary
evaporator under reduced pressure, and the resulting crude product was isolated
and purified by flash column chromatography (PE/EA = 15:1, Rf = 0.8) to give
6.7 g colorless liquid 2.2.9, yield 85 %.

Under a nitrogen atmosphere, the compound 2.2.9 (6.7 g, 17 mmol) was dis-
solved in chloroform (40 mL) and the Pb (OAc)4 (9.1 g, 21 mmol) and Hg (OAc)2

(320 mg, 1 mmol) were added at room temperature. The reaction was heated to
40 �C and stirred for 2 h. After TLC determination, the reaction was cooled down
to room temperature. The solvent was removed by rotary evaporator under reduced
pressure, and then, n-hexane (50 mL) was added to precipitate a solid. The solids
were washed with n-hexane (3 9 10 mL) and recrystallized in chloroform and
n-hexane (10 mL:100 mL) to give 5.5 g white solid, yield 72 %.

1H NMR (500 MHz, CDCl3): d 7.81–7.79 (m, 1H), 7.49–7.46 (m, 1H),
7.23–7.19 (m, 1H), 7.07 (d, J = 8.1 Hz, 1H), 3.82 (s, 3H), 2.10 (s, 9H).

O

CO2 Me

MeO

2.2.12

Synthesis and NMR data of compound 2.2.12:
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Under the nitrogen protection, 2-oxo-cyclohexane carboxylate 2.2.11 (1.4 g,
9 mmol) was dissolved in chloroform (30 mL) at room temperature, pyridine
(2.5 mL, 31 mmol) was slowly added, and the reaction was stirred. The substrate
2.2.10 (4.5 g, 9 mmol) was dissolved in chloroform (30 mL) and added to the
reaction dropwise. The reaction was heated to 40 �C for 3 h. Then, TLC showed
that the reaction was completed. The reaction was cooled to 0 �C using the ice
water bath, and then, 2 N H2SO4 (20 mL) was slowly added. After vacuum fil-
tration through Celite and liquid separation, the aqueous phase was extracted with
chloroform (3 9 50 mL). The organic phases were combined, washed with satu-
rated brine (50 mL), dried over anhydrous sodium sulfate, and filtered. The solvent
was removed by rotary evaporator under reduced pressure, and the resulting crude
product was separated and purified by flash column chromatography (PE/
EA = 5:1), the desired product was obtained as 2.2 g white solid (Rf = 0.20 PE/
EA = 15:1), yield 95 %.

1H NMR (500 MHz, CDCl3): d 7.32–7.28 (m, 1H), 7.12–7.10 (dd, J = 7.8 Hz,
J = 1.6 Hz, 1H), 6.99–6.93 (m, 1H), 3.75 (s, 3H), 3.72 (s, 3H), 2.68–2.51 (m, 4H),
1.94–1.83 (m, 2H), 1.75–1.69 (m, 2H). 13C NMR (125 MHz, CDCl3): d 206.1,
171.9, 157.4, 128.9, 127.8, 120.9, 112.3, 64.6, 55.6, 52.4, 40.4, 35.2, 27.3, 21.8.

MeO

OH
OH

2.2.13

Synthesis and NMR data of compound 2.2.13:

Under a nitrogen atmosphere, LiAlH4 (0.97 g, 25.5 mmol) was added to anhy-
drous diethyl ether (30 mL), which had already been cooled to 0 �C. The substrate
2.2.12 (2.2 g, 8.5 mmol) was dissolved in anhydrous diethyl ether (30 mL) and
introduced into the reaction flask under stirring. The reaction was stirred for 3 h at
room temperature. TLC determined that the reaction was completed. Cooled to
0 �C, 3 N NaOH (5 mL) was added dropwise. After vacuum filtration through
Celite and liquid separation, the aqueous phase was extracted with ethyl acetate
(3 9 50 mL). The organic phases were combined, washed with saturated brine
(20 mL), dried over anhydrous sodium sulfate, and filtered. The filtrate was con-
centrated by rotary evaporator under reduced pressure. The resulting crude product
was separated and purified by flash column chromatography (PE/EA = 5:1) to give
1.6 g colorless liquid (Rf = 0.60, and PE/EA = 1:1), yield 79 %.

1H NMR (500 MHz, CDCl3): d 8.16 (dd, J = 27.7 Hz, J = 7.8 Hz, 0.85H),
7.59 (d, J = 1.5 Hz, 0.14H), 7.24–7.20 (m, 1H), 6.98–6.93 (m, 1H), 6.90–6.88 (m,
1H), 4.68 (s, 0.14H), 4.35 (d, J = 5.8 Hz, 0.88H), 4.03–4.01 (m, 1H), 3.86–3.75
(m, 1H), 3.81 (s, 3H), 2.15–2.12 (m, 1H), 1.95–1.75 (m, 2H), 1.70–1.60 (m, 2H),
1.60–1.45 (m, 2H), 1.40–1.30 (m, 2H). 13C NMR (125 MHz, CDCl3): d 158.3,
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158.1, 131.8, 131.2, 129.9, 129.1, 128.1, 127.7, 120.9, 120.8, 112.1, 111.7, 66.5,
55.1, 55.1, 49.5, 30.7, 29.4, 28.1, 21.7, 21.6, 21.5, 14.1.

MeO

O

O

2.2.14

Synthesis and NMR data of compound 2.2.14:

Under the protection of nitrogen, the substrate 2.2.13 (320 mg, 1.36 mmol) and
2,2-dimethoxypropane (0.34 mL, 2.72 mmol) were added to acetone (10 mL),
which was cooled to 0 �C. Monohydrate p-toluenesulfonic acid (26 mg,
0.136 mmol) was added, and the reaction was stirred at room temperature for
0.5 h. TLC showed that the reaction was completed. The reaction was cooled to
0 �C. Then, saturated NaHCO3 (5 mL) was added dropwise. The acetone solvent
was removed by vacuum rotary evaporator, and ethyl acetate (50 mL) was added.
The aqueous phase was extracted with ethyl acetate (3 9 50 mL). The organic
phases were combined, washed with saturated brine (20 mL), dried over anhy-
drous sodium sulfate, and filtered. The filtrate was concentrated by rotary evap-
orator under reduced pressure, and the resulting crude product was separated and
purified by flash column chromatography (PE/EA = 10:1). 300 mg desired
product was obtained as a white solid (Rf = 0.80, PE/EA = 5:1), yield 92 (%).

1H NMR (500 MHz, CDCl3): d 8.16 (dd, J = 7.9 Hz, J = 1.2 Hz, 1H),
7.23–7.20 (m, 1H), 6.94–6.89 (m, 2H), 4.29 (d, J = 11.1 Hz, 1H), 3.98 (dd,
J = 12.5 Hz, J = 4.0 Hz, 1H), 3.87 (s, 3H), 3.73 (d, J = 11.1 Hz, 1H), 2.91 (d,
J = 10.6 Hz, 1H), 2.29–2.26 (m, 1H), 1.78–1.71 (m, 2H), 1.78 (d, J = 13.1 Hz,
1H), 1.63 (s, 3H), 1.36 (s, 3H). 13C NMR (125 MHz, CDCl3): d 157.9, 1133.8,
127.0, 119.5, 111.7, 99.2, 78.6, 70.5, 54.7, 43.2, 30.8, 29.6, 27.9, 26.2, 21.9, 18.9.

OMOM

Br

2.2.17

Synthesis and NMR data of compound 2.2.17:

Under the protection of nitrogen, the substrate o-cresol (10.8 g, 100 mmol) and
diisopropylamine (1.4 mL, 10 mmol) were added to -78 �C dichloromethane
(100 mL). NBS (35.6 g, 200 mmol) dissolved in dichloromethane (500 mL) was
added under stirring condition. The reaction was heated to room temperature and
stirred for 1 h. TLC determination showed that the reaction was completed. After
cooled to 0� C, 1 N diluted hydrochloric acid was slowly added dropwise to adjust
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pH = 1. Dichloromethane (500 mL) was added for liquid separation, and the
aqueous phase was extracted with dichloromethane (3 9 100 mL). The organic
phases were combined, washed with saturated brine (200 mL), dried over anhy-
drous sodium sulfate, and filtered. The filtrate was concentrated by rotary evap-
orator under reduced pressure. The resulting crude product was purified by vacuum
distillation, collected the 120 �C distillate, and obtained 11.6 g 2-bromo-6-methyl
phenol as colorless liquid (Rf = 0.80, PE/EA = 5:1), yield 62 %.

1H NMR (500 MHz, CDCl3): d 7.31 (d, J = 8.0 Hz, 1H), 7.08 (d, J = 7.4 Hz,
1H), 6.74 (t, J = 7.8 Hz, 1H), 5.56 (s, 1H), 2.31 (s, 3H). 13C NMR (75 MHz,
CDCl3): d 150.3, 130.3, 129.3, 125.9, 121.2, 110.1, 16.6.

Under the protection of nitrogen, the substrate 2-bromo-6-methyl phenol
(30.0 g, 160 mmol) and diisopropyl ethyl amine (82.9 mL, 480 mmol) were added
to 0 �C dichloromethane (600 mL). Under the stirring condition, MOMCl (18.1 g,
240 mmol) was added, heated to room temperature, and reacted for 3 h. TLC
showed that the reaction was completed. 1 N diluted hydrochloric acid (200 mL)
was slowly added dropwise at 0 �C to adjust pH = 7. Dichloromethane (200 mL)
was added to the system. The aqueous phase was extracted with dichloromethane
(3 9 200 mL). The organic phases were combined, washed with saturated brine
(200 mL), dried over anhydrous sodium sulfate, and filtered. The filtrate was
concentrated under reduced pressure. The resulting crude product was separated
and purified by flash column chromatography (PE/EA = 100:1) to give 32 g
colorless liquid (Rf = 0.80, PE/EA = 10:1), 89 % yield.

1H NMR (500 MHz, CDCl3): d 7.41 (d, J = 7.1 Hz, 1H), 7.14 (d, J = 7.5 Hz,
1H), 6.92 (t, J = 7.8 Hz, 1H), 5.10 (s, 2H), 3.66 (s, 3H), 2.38 (s, 3H). 13C NMR
(125 MHz, CDCl3): d 153.2, 133.8, 131.1, 130.3, 125.4, 117.4, 99.5, 57.7, 17.3.

OMOM

(HO)2B

2.2.18

Synthesis and NMR data of compound 2.2.18:

Under the protection of nitrogen, substrate 2.2.17 (33.0 g, 140 mmol) was
cooled to -78 �C in tetrahydrofuran (150 mL), and then, n-butyl lithium
(76.0 mL, 168 mmol) was added. The reaction was stirred for 1 h, and then,
trimethyl borate (21.1 mL, 182 mmol) was slowly added dropwise at -78 �C
within 1.5 h and stirred for another 1 h. The reaction was heated to room tem-
perature for 10 h. TLC showed that the reaction was completed. Then, the solution
was cooled to 0 �C by ice water bath, slowly 1 N diluted hydrochloric acid
(150 mL) was added dropwise to adjust pH = 1. Then, ether (1 L) was added for
liquid separation. The aqueous phase was extracted with ether (3 9 200 mL). The
organic phases were combined, washed with saturated brine (200 mL), dried over
anhydrous sodium sulfate, and filtered. The filtrate was concentrated by rotary
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evaporator under reduced pressure. The resulting crude product was dissolved in
petroleum ether (150 mL) at 0 �C and stirred for 0.5 h. The solid was collected by
filtration to give 12.3 g white solid, 45 % yield.

1H NMR (500 MHz, CDCl3) d 7.73–7.60 (m, 1H), 7.31 (dd, J = 7.4, 0.8 Hz,
1H), 7.12 (t, J = 7.4 Hz, 1H), 5.06 (s, 2H), 3.56 (s, 3H), 2.31 (s, 3H). 13C NMR
(125 MHz, CDCl3) d 160.9, 134.6, 133.9, 129.7, 124.6, 100.0, 77.1, 76.9, 76.6,
57.9, 16.7.

O

CO2Me

MOMO

2.2.20 2.2.21

+
O

OH

MeO O

Synthesis and NMR data of compounds 2.2.20 and 2.2.21:

Under the protection of nitrogen, the boric acid (10.6 g, 53.8 mmol) was dis-
solved in chloroform (100 mL), and then, lead tetraacetate (26.3 g, 59.1 mmol) and
mercuric acetate (3.4 g, 10.8 mmol) were added at the temperature of 40 �C. The
reaction was heated to 60 �C and stirred for 2 h. Compound 2.2.11 (8.4 g,
53.8 mmol) was dissolved in pyridine (15.2 mL) and added at 60 �C. After stirred
for 1 h, the reaction was kept at room temperature overnight. TLC showed that the
reaction was completed. The solid was removed by filtration and washed with
chloroform (100 ml). Dilute sulfuric acid (3 N, 100 mL) was used to quench the
reaction. After liquid separation, the aqueous phase was extracted with chloroform
(3 9 100 mL). The organic phases were combined, washed with saturated brine
(100 mL), dried over anhydrous sodium sulfate, and filtered. The filtrate was con-
centrated by rotary evaporator under reduced pressure. The resulting crude product
was isolated and purified by flash column chromatography (PE/EA = 10:1) to
obtain 7.4 g white solid 2.2.20, yield 45 %, and 3.6 g white solid 2.2.21, yield 25 %.

Compound 2.2.20, white solid, Rf = 0.6 (PE/EA = 5:1), 1H NMR (500 MHz,
CDCl3) d 7.18 (dd, J = 6.7, 1.5 Hz, 1H), 7.08–7.03 (m, 2H), 4.80 (dd, J = 12.3,
5.6 Hz, 2H), 3.70 (s, 3H), 3.50 (s, 3H), 2.71–2.65 (m, 2H), 2.50–2.39 (m, 2H), 2.35
(s, 3H), 1.88–1.80 (m, 2H), 1.68–1.56 (m, 1H), 1.55–1.53 (m, 1H). 13C NMR
(125 MHz, CDCl3) d 206. 5, 172.0, 154.9, 132.3, 132.0, 131.5, 124.6, 124.2, 99.9,
64.5, 56.9, 52.2, 40.2, 35.6, 28.3, 21.3, 17.3. HRMS-ESI Calcd for C17H22O4Na
[M ? Na]+: 329.1365; found: 329.1448.

Compound 2.2.21, white solid, Rf = 0.4 (PE/EA = 5:1), 1H NMR (300 MHz,
CDCl3) d 7.01 (d, J = 7.3 Hz, 1H), 6.95–6.74 (m, 2H), 5.17 (s, 1H), 3.85 (qd,
J = 11.5, 6.1 Hz, 2H), 2.70 (dd, J = 6.9, 5.4 Hz, 1H), 2.23 (s, 3H), 2.10–1.76 (m,
3H), 1.71–1.42 (m, 4H), 1.42–1.16 (m, 1H). 13C NMR (75 MHz, CDCl3) d 155.8,
130.4, 130.0, 120.7, 120.3, 120.1, 112.4, 77.4, 77.0, 76.5, 66.6, 51.5, 33.6, 30.3,
20.2, 19.4, 15.1. HRMS-ESI Calcd for C15H18O4Na [M ? Na]+: 285.1103; found:
285.1100.
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O

CO2Me

O
OAc

2.2.22

Synthesis and NMR data of compound 2.2.22:

Under the protection of nitrogen, the compound 2.2.21 (270 mg, 1.0 mmol) was
dissolved in acetic acid (5 mL), and then, tetraacetate lead (1.3 g, 3.0 mmol) was
added at 0 �C. The reaction was heated to 60 �C and stirred for 1 h. TLC showed
that the reaction was completed. The solid was removed by filtration and washed
with ethyl acetate (20 ml). The filtrate was concentrated by rotary evaporator
under reduced pressure. The resulting crude product was purified by flash column
chromatography (PE/EA = 8:1) to obtain 300 mg white solid (Rf = 0.40, PE/
EA = 3:1) with a ratio of 2:1, yield 95 %.

1H NMR (500 MHz, CDCl3) d 6.74–6.73 (m, 1H), 6.23–6.22 (m, 2H), 3.73 (s,
1H), 3.65 (s, 2H), 2.44–2.38 (m, 3H), 2.06–2.02 (m, 4H), 1.90–1.60 (m, 4H), 1.47 (s,
2H), 1.42 (s, 1H). 13C NMR (125 MHz, CDCl3) d 205. 9, 204.8, 197.1, 196.7, 171.0,
170.7, 169.4, 169.0, 137.0, 136.7, 136.4, 135.7, 120.9, 120.8, 79.9, 64.1, 62.3, 53.3,
52.6, 52.2, 40.7, 40.5, 34.8, 34.7, 27.0, 26.2, 23.7, 23.4, 22.5, 22.0, 21.2, 20.3.

MOMO

OH
OH

2.2.24

Synthesis and NMR data of compound 2.2.24:

Under the protection of nitrogen, the compound 2.2.20 (4.7 g, 16 mmol) was
dissolved in diethyl ether (100 mL), and lithium aluminum hydride (1.8 g,
48 mmol) was then added at 0 �C. The reaction was heated to room temperature
and stirred for 1 h. TLC showed that the reaction was completed. Water (5 mL)
and saturated sodium hydroxide solution (10 mL) were slowly added to quench the
reaction. Diethyl ether (100 mL) was added for liquid separation, and the aqueous
phase was extracted with ether (3 9 100 mL). The organic phases were combined,
washed with saturated brine (100 mL), dried over anhydrous sodium sulfate, and
filtered. The solvent was removed by rotary evaporator under reduced pressure.
The resulting crude product was isolated and purified by flash column chroma-
tography (PE/EA = 3:1, Rf = 0.2) to give 3.4 g colorless liquid (Rf = 0.2, PE/
EA = 4:1), 80 % yield.
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1H NMR (500 MHz, CDCl3) d 7.48 (d, J = 7.8 Hz, 1H), 7.12 (d, J = 6.6 Hz,
1H), 7.08 (t, J = 7.7 Hz, 1H), 5.06 (dd, J = 12.7, 5.2 Hz, 2H), 4.66 (d,
J = 8.0 Hz, 1H), 4.35 (d, J = 11.2 Hz, 1H), 4.24 (d, J = 11.3 Hz, 1H), 3.60 (s,
3H), 3.28 (s, 1H), 3.08 (s, 1H), 2.34 (s, 3H), 2.13–2.08 (m, 1H), 1.88–1.79 (m, 4H),
1.65–1.55 (m, 1H), 1.45–1.39 (m, 3H), 0.89–0.84 (m, 2H). 13C NMR (125 MHz,
CDCl3) d 154.7, 136.4, 131.5, 130.4, 127.6, 124.4, 99.5, 74.1, 65.5, 57.5, 48.6,
33.3, 30.7, 23.6, 21.64, 18.1. HRMS-ESI Calcd for C16H25O4 [M ? H]+:
281.1675; found: 281.1774.

Synthesis and NMR data of compound 2.2.25:

Under the protection of nitrogen, the compound 2.2.24 (1.5 g, 5.3 mmol) and
triethylamine (1.1 mL, 7.9 mmol) were dissolved in dichloromethane (50 mL).
TBSCl (1.1 g, 6.9 mmol) was slowly added at 0 �C. The reaction was heated to
room temperature and stirred for 8 h. TLC showed that the reaction was com-
pleted. Saturated ammonium chloride solution (50 mL) was added to quench the
reaction. Dichloromethane (100 mL) was added for liquid separation. The aqueous
phase was extracted with ether (3 9 100 mL). The organic phases were combined,
washed with saturated brine (50 mL), dried over anhydrous sodium sulfate, and
filtered. The filtrate was concentrated by rotary evaporator under reduced pressure.
The resulting crude product was isolated and purified by flash column chroma-
tography (PE/EA = 10:1), to give 2.0 g colorless liquid, which is a hydroxy
monoprotected product (PE/EA = 6:1, Rf = 0.6), yield 95 %.

1H NMR (500 MHz, CDCl3) d 7.42 (d, J = 7.8 Hz, 1H), 7.08 (t, J = 7.7 Hz,
1H), 5.01 (d, J = 6.2, 1H), 4.96 (d, J = 5.2 Hz, 1H), 4.83 (br, 1H), 4.37 (t,
J = 11.4 Hz, 2H), 4.01 (d, J = 9.7, 1H), 3.63 (s, 3H), 2.33 (s, 3H), 2.30 (s, 1H),
1.82–1.80 (m, 2H), 1.71–1.70 (m, 2H), 1.48–1.47 (m, 2H), 1.35–1.35 (m, 2H), 0.91
(s, 9H), 0.06 (s, 3H), 0.01 (s, 3H). 13C NMR (125 MHz, CDCl3) d 155.5, 135.6,
131.4, 130.3, 128.0, 123.6, 99.1, 72.9, 68.3, 57.2, 47.9, 30.5, 25.7, 25.6, 21.8, 18.2,
17.9, 3.6, -5.7, -5.8. HRMS-ESI Calcd for C22H39O4SiNa [M ? Na]+: 417.2437;
found: 417.2440.

Under the protection of nitrogen, the hydroxy monoprotected product (1.60 g,
4.06 mmol) was dissolved in dichloromethane (50 mL) and cooled to 0 �C. DMP
(2.60 g, 6.10 mmol) was added, and the reaction was stirred for 1 h at 0 �C. TLC
showed that the reaction was completed. The reaction was quenched by adding a
saturated sodium thiosulfate (10 mL). DCM (100 mL) was added for liquid
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separation. The aqueous phase was extracted with ether (3 9 20 mL). The organic
phases were combined, washed with saturated brine (50 mL), dried over anhy-
drous sodium sulfate, and filtered. The filtrate was concentrated by rotary evap-
orator under reduced pressure. The resulting crude product was separated and
purified by flash column chromatography (PE/EA = 20:1) to give 1.56 g colorless
liquid (Rf = 0.7, PE/EA = 6:1), yield 96 %.

1H NMR (500 MHz, CDCl3) d 7.22 (d, J = 7.8 Hz, 1H), 7.12 (d, J = 7.2 Hz,
1H), 7.04 (t, J = 12.7 Hz, 1H), 4.76 (d, J = 5.5, 1H), 4.71 (d, J = 5.5 Hz, 1H),
3.86 (d, J = 10.2, 1H), 3.69 (d, J = 10.2, 1H), 3.50 (s, 3H), 2.88 (d, J = 10.9,
1H), 2.60–2.54 (m, 1H), 2.33 (s, 3H), 2.27 (d, J = 12.3, 1H), 1.92–1.90 (m, 1H),
1.64–1.51 (m, 4H), 0.78 (s, 9H), -0.14 (s, 3H), -0.24 (s, 3H). 13C NMR
(125 MHz, CDCl3) d 212.4, 153.9, 134.2, 131.1, 130.4, 127.3, 123.5, 99.5, 68.5,
57.1, 56.8, 40.5, 36.6, 29.5, 25.8, 21.4, 18.2, 17.3, -5.8, -5.8. HRMS-ESI Calcd
for C22H36O4SiNa [M ? Na]+: 415.2281; found: 415.2305

Synthesis and NMR data of compound 2.2.26:

Under the protection of nitrogen, the compound 2.2.25 (1.44 g, 3.67 mmol) was
dissolved in dichloromethane (50 mL). TBAF (11 mL, 11 mmol) was then slowly
added at 0 �C. The reaction was allowed to warm to room temperature and stirred
for 8 h. TLC showed that the reaction was completed. Saturated ammonium
chloride solution (20 mL) was added to quench the reaction. After adding diethyl
ether (100 mL) for liquid separation, the aqueous phase was extracted by ether
(3 9 50 mL). The organic phases were combined, washed with saturated brine
(50 mL), dried over anhydrous sodium sulfate, and filtered. The filtrate was
concentrated by rotary evaporator under reduced pressure. The resulting crude
product was purified by flash column chromatography (PE/EA = 5:1) to give
730 mg colorless liquid (Rf = 0.2, PE/EA = 6:1), yield 80 %.

1H NMR (500 MHz, CDCl3) d 7.11–7.10 (m, 1H), 7.08 (t, J = 7.6 Hz, 1H),
7.03 (dd, J = 7.5 Hz, J = 1.4 Hz, 1H), 4.90 (d, J = 5.6, 1H), 4.84 (d, J = 5.5 Hz,
1H), 4.20 (dd, J = 12.6 Hz, J = 5.0 Hz, 1H), 3.56 (s, 3H), 2.57–2.47 (m, 2H),
2.30 (s, 3H), 2.24–2.17 (m, 2H), 2.03–1.90 (m, 2H), 1.80–1.65 (m, 2H). 13C NMR
(125 MHz, CDCl3) d 210.2, 154.3, 132.4, 130.6, 129.8, 126.8, 124.2, 99.4, 57.1,
50.9, 42.3, 34.8, 27.7, 25.8, 16.9.
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Synthesis and NMR data of compound 2.2.27:

Under the protection of nitrogen, the compound 2.2.25 (78 mg, 0.2 mmol) was
dissolved in pyridine (2 mL) and cooled to 0 �C. HF/pyridine (0.152 mL, 1 mmol)
was added, heated to room temperature, and stirred for 7 h. TLC showed that the
reaction was completed. The reaction was quenched by adding saturated sodium
bicarbonate (1 mL), and the solution was separated by adding diethyl ether
(10 mL). The aqueous phase was extracted with ether (3 9 10 mL). The organic
phases were combined, washed with saturated brine (20 mL), dried over anhy-
drous sodium sulfate, and filtered. The filtrate was concentrated by rotary evap-
orator under reduced pressure. The resulting crude product was separated and
purified by flash column chromatography (PE/EA = 5:1), to give 49 mg colorless
liquid (Rf = 0.3, PE/EA = 4:1), yield 88 %.

1H NMR (500 MHz, CDCl3) d 7.20 (d, J = 7.8 Hz, 1H), 7.16 (d, J = 7.2 Hz,
1H), 7.11 (t, J = 7.6 Hz, 1H), 4.81 (dd, J = 12.9, J = 5.0, 2H), 3.55 (s, 3H),
3.45–3.44 (m, 1H), 3.15 (br, 1H), 2.65–2.55 (m, 1H), 2.55–2.45 (m, 1H),
2.40–2.25 (m, 1H), 2.31 (s, 3H), 2.10–2.01 (m, 1H), 1.85–1.97 (m, 1H), 1.70–1.20
(m, 6H), 0.90–0.90 (m, 3H). 13C NMR (125 MHz, CDCl3) d 214.9, 154.6, 133.7,
131.7, 131.0, 124.9, 124.6, 99.8, 69.7, 57.5, 57.3, 40.8, 35.1, 29.5, 21.1, 17.5.
HRMS-ESI Calcd for C16H22O4Na [M ? Na]+:301.1416; found: 301.1414.

Synthesis and NMR data of compound 2.2.29:

Under the protection of nitrogen, the compound 2.2.27 (180 mg, 0.65 mmol)
was dissolved in dichloromethane (10 mL) and cooled to 0 �C. DCC (402 mg,
1.95 mmol), DMAP (277 mg, 2.27 mmol), and acrylic acid (0.134 mL,
1.95 mmol) were then added, heated to room temperature, and stirred for 24 h.
TLC showed that the reaction was completed. Saturated ammonium chloride
solution (10 mL) was added to quench the reaction. DCM (10 mL) was added for
liquid separation. The aqueous phase was extracted with ether (3 9 10 mL). The

2.3 Experimental Section 57



organic phases were combined, washed with saturated brine (10 mL), dried over
anhydrous sodium sulfate, and filtered. The filtrate was concentrated by rotary
evaporator under reduced pressure. The resulting crude product was purified by
flash column chromatography (PE/EA = 10:1), to give 153 mg colorless liquid
(Rf = 0.7, PE/EA = 5:1), yield 71 %.

1H NMR (500 MHz, CDCl3) d 7.20 (d, J = 7.8 Hz, 1H), 7.16 (d, J = 7.3 Hz,
1H), 7.07 (t, J = 7.7 Hz, 1H), 6.28 (dd, J = 17.3, J = 1.3, 1H), 6.02 (dd,
J = 17.3, J = 10.5, 2H), 5.75 (dd, J = 10.3, J = 1.2, 1H), 4.83 (dd, J = 13.2,
J = 5.5, 2H), 4.45 (d, J = 11.5 Hz, 1H), 4.34 (d, J = 11.5 Hz, 1H), 3.52 (s, 3H),
2.82 (dd, J = 14.3, J = 2.9, 1H), 2.62–2.56 (m, 1H), 2.5–2.31 (m, 1H), 2.34 (s,
3H), 1.96–1.92 (m, 1H), 1.73–1.54 (m, 5H). 13C NMR (125 MHz, CDCl3) d 210.6,
165.6, 154.3, 132.7, 131.7, 131.2, 130.4, 128.2, 126.0, 124.0, 99.5, 68.9, 57.2,
55.2, 40.1, 36.5, 29.3, 21.1, 17.4. HRMS-ESI Calcd for C19H24O5Na
[M ? Na]+:355.1521; found: 355.1533.

Synthesis and NMR data of compound 2.2.30:

Under the protection of nitrogen, the compound 2.2.29 (120 mg, 0.36 mmol)
was dissolved in dichloromethane (20 mL) and cooled to -78 �C. TMSBr
(0.122 mL, 0.9 mmol) was slowly added dropwise under stirring condition. The
reaction was stirred at -78 �C for 3 h. TLC showed that the reaction was com-
pleted. Saturated sodium bicarbonate solution (10 mL) was added to quench the
reaction. DCM (10 mL) was added for liquid separation. The aqueous phase was
extracted with DCM (3 9 20 mL). The organic phases were combined, washed
with saturated brine (20 mL), dried over anhydrous sodium sulfate, and filtered.
The filtrate was concentrated by rotary evaporator under reduced pressure. The
resulting crude product was isolated and purified by flash column chromatography
(PE/EA = 3:1) to give 110 mg colorless liquid (Rf = 0.5, PE/EA = 3:1), yield
96 %.

1H NMR (500 MHz, CDCl3): d 7.01 (d, J = 7.4 Hz, 2H), 6.83 (t, J = 7.5 Hz,
1H), 6.39 (d, J = 17.3 Hz, 1H), 6.14 (dd, J = 17.4 Hz, J = 10.4 Hz, 1H), 5.86 (d,
J = 10.5 Hz, 1H), 4.51 (s, 2H), 3.52 (s, 1H), 2.23 (s, 3H), 2.19–2.08 (m, 1H),
1.99–1.88 (m, 2H), 1.70–1.62 (m, 1H), 1.61–1.46 (m. 3H), 1.44–1.32 (m, 1H). 13C
NMR (125 MHz, CDCl3): d 166.1, 155.0, 132.2, 131.1, 130.0, 128.2, 121.0, 120.6,
120.5, 110.1, 66.4, 50.5, 33.9, 32.7, 21.7, 20.5, 15.0; HRMS-ESI Calcd for
C17H20O4Na [M ? Na]+: 311.1259; found: 311.1270.
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Synthesis and NMR data of compound 2.2.31:

Under the protection of nitrogen, the compound 2.2.27 (1.39 g, 5.0 mmol) was
dissolved in dichloromethane (60 mL) and cooled to 0 �C. Under stirring condi-
tion, DCC (3.1 g, 15 mmol), DMAP (1.9 g, 2.27 mmol), and 2-bromo-acrylic acid
(2.3 g, 15 mmol) were added, then heated to room temperature, and stirred for
0.5 h. TLC showed that the reaction was completed. Saturated ammonium chlo-
ride solution (20 mL) was added to quench the reaction, and dichloromethane was
added (100 mL) for liquid separation. The aqueous phase was extracted with ether
(3 9 50 mL). The organic phases were combined, washed with saturated brine
(40 mL), dried over anhydrous sodium sulfate, and filtered. The filtrate was
concentrated by rotary evaporator under reduced pressure. The resulting crude
product was purified by flash column chromatography (PE/EA = 10:1) to give
600 mg colorless liquid (Rf = 0.6, PE/EA = 5:1), yield 29 %.

1H NMR (500 MHz, CDCl3) d 7.27 (d, J = 7.7 Hz, 1H), 7.17 (d, J = 7.2 Hz,
1H), 7.07 (t, J = 7.2 Hz, 1H), 6.81 (d, J = 1.5, 1H), 6.17 (d, J = 1.5, 1H), 4.82 (s,
2H), 4.48 (dd, J = 19.1, J = 11.4, 2H), 3.51 (s, 3H), 2.91 (dd, J = 14.2, J = 2.7,
1H), 2.60–2.53 (m, 1H), 2.33–2.29 (m, 1H), 2.33 (s, 3H), 1.95–1.92 (m, 2H),
1.80–1.54 (m, 6H). 13C NMR (125 MHz, CDCl3) d 210.6, 161.4, 154.3, 132.1,
131.7, 131.4, 130.4, 126.3, 124.0, 121.0, 99.4, 71.2, 57.2, 55.2, 39.9, 36.6, 32.3,
30.4, 29.3, 26.2, 21.1, 17.4. HRMS-ESI Calcd for C19H23O5NaBr [M ? Na]+:
433.0627; found: 433.0626.

Synthesis and NMR data of compound 2.2.32:

Under the protection of nitrogen, the compound 2.2.31 (600 mg, 1.46 mmol) was
dissolved in dichloromethane (50 mL) and cooled to -78 �C. TMSBr (0.491 mL,
3.65 mmol) was slowly added dropwise. The reaction was stirred at -78 �C for 1 h.
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TLC showed that the reaction was completed. Saturated sodium bicarbonate solu-
tion (10 mL) was added to quench the reaction, and dichloromethane (50 mL) was
added for liquid separation. The aqueous phase was extracted with DCM
(3 9 20 mL). The organic phases were combined, washed with saturated brine
(20 mL), dried over anhydrous sodium sulfate, and filtered. The filtrate was con-
centrated by rotary evaporator under reduced pressure. The resulting crude product
was purified by flash column chromatography (PE/EA = 10:1) to give 480 mg
colorless liquid (Rf = 0.5, PE/EA = 5:1), yield 90 %.

1H NMR (500 MHz, CDCl3): d 7.05 (d, J = 7.3 Hz, 1H), 7.02 (d, J = 7.5 Hz,
1H), 6.96 (s, 1H), 6.85 (t, J = 7.5 Hz, 1H), 6.96 (s, 1H), 4.60 (d, J = 11.4 Hz,
1H), 4.54 (d, J = 11.4 Hz, 1H), 3.21 (s, 1H), 2.23 (s, 3H), 2.15–2.12 (m, 1H),
2.02–1.55 (m, 8H). 13C NMR (125 MHz, CDCl3): d 161.8, 155.0, 132.0, 130.9,
130.0, 121.2, 120.8, 120.7, 120.5, 109.8, 68.6, 50.5, 33.9, 32.8, 32.3, 30.5, 26.2,
24.6, 21.6, 20.3, 15.0. HRMS-ESI Calcd for C17H19O4NaBr [M ? Na]+:
389.0364; found: 389.0354.

Synthesis and NMR data of compounds 2.2.33 and 2.2.34:

Under the protection of nitrogen, the compound 2.2.31 (2.09 g, 7.3 mmol) was
dissolved in AcOH (60 mL), and then, Pb(OAc)4 (19.3 g, 43.5 mmol) was added
at 0 �C. The reaction was stirred for 1 h. TLC showed that the reaction was
completed. The solid was filtered off and washed with ethyl acetate (250 mL), and
the retained organic phase was washed with saturated sodium bicarbonate
(3 9 100 mL). The water phase was extracted with ethyl acetate (3 9 50 mL),
and the combined organic phase was dried over anhydrous sodium sulfate. After
filtration, the solvent was removed by rotary evaporator under reduced pressure,
and the resulting crude product was isolated and purified by flash column chro-
matography (PE/EA = 5:1) to give 2.2.33 (1.53 g) and 2.2.34 (792 mg) as white
solid, total yield rate of 92 %.

Compound 2.2.33, white solid (Rf = 0.68, PE/EA = 1:1); 1H NMR (500 MHz,
CDCl3): d 7.00 (m, 1H), 6.39–6.26 (m, 3H), 6.08 (dd, J = 17.4 Hz, J = 10.5 Hz,
1H), 5.79 (d, J = 10.5 Hz, 1H), 4.53 (d, J = 11.3 Hz, 1H), 4.23 (d, J = 11.3 Hz,
1H), 2.52–2.45 (m, 1H), 2.38–2.29 (m, 1H), 2.26–2.15 (m, 1H), 2.08–1.95 (m,
5H), 1.80–1.65 (m, 5H), 1.41 (s, 3H); 13C NMR (125 MHz, CDCl3): d 209.4,
197.6, 169.2, 165.7, 142.3, 138.8, 135.9, 130.5, 128.5, 121.3, 79.0, 67.0, 54.8,
40.4, 34.9, 28.5, 23.9, 21.1, 20.2; HRMS-ESI Calcd for C19H22O6Na [M ? Na]+:
369.1314; found: 369.1315.
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Compound 2.2.34, white solid (Rf = 0.79, PE/EA = 1:1); 1H NMR (500 MHz,
CDCl3): d 6.93 (m, 1H), 6.35–6.28 (m, 2H), 6.26 (d, J = 9.45 Hz, 1H), 6.05 (dd,
J = 17.3 Hz, J = 10.5 Hz, 1H), 5.81 (d, J = 10.4 Hz, 1H), 4.59 (d, J = 11.5 Hz,
1H), 4.23 (d, J = 11.5 Hz, 1H), 2.49–2.35 (m, 2H), 2.30–2.24 (m, 1H), 2.12–1.98
(m, 5H), 1.97–1.89 (m, 1H), 1.78–1.51 (m, 6H), 1.41–1.28 (m, 3H); 13C NMR
(125 MHz, CDCl3): d 209.9, 197.4, 169.7, 165.6, 141.4, 137.6, 136.4, 130.8,
128.3, 121.5, 79.4, 67.0, 54.3, 40.4, 35.2, 28.2, 23.6, 21.0, 20.4; HRMS-ESI Calcd
for C19H22O6Na [M ? Na]+: 369.1314; found: 369.1316.

Synthesis and NMR data of compounds 2.2.37 and 2.2.38:

Under the protection of nitrogen, the compound 2.2.30 (500 mg, 1.36 mmol)
was dissolved in AcOH (10 mL), and then, Pb(OAc)4 (3.1 g, 6.8 mmol) was
added at 0 �C. The reaction was stirred for 1 h at 0 �C. TLC showed that the
reaction was completed. Ethylene glycol (5 mL) was added to quench the reaction.
The solid was filtered off and washed with ethyl acetate (100 mL). The organic
phase was reserved and washed with saturated sodium bicarbonate (3 9 50 mL).
The water phase was extracted with ethyl acetate (3 9 50 mL). The combined
organic phase was dried over anhydrous sodium sulfate. After filtration, the sol-
vent was removed by a rotary evaporator, and the resulting crude product was
isolated and purified by flash column chromatography (PE/EA = 5:1) to give
2.2.37 (275 mg) and 2.2.38 (135 mg) as white solid, total yield 92 %.

Compound 2.2.37, white solid (Rf = 0.20, PE/EA = 3:1); 1H NMR (500 MHz,
CDCl3): d 7.10 (d, J = 5.9 Hz, 1H), 6.91 (s, 1H), 6.38–6.30 (m, 2H), 6.19 (s, 1H),
4.52 (d, J = 11.3 Hz, 1H), 4.27 (d, J = 11.3 Hz, 1H), 2.62 (d, J = 10.0 Hz, 1H),
2.34 (d, J = 12.3 Hz, 1H), 2.23–2.17 (m, 1H), 2.02 (s, 4H), 1.80–1.60 (m, 4H), 1.41
(s, 3H). 13C NMR (125 MHz, CDCl3): d 209.4, 197.6, 169.1, 161.3, 142.3, 139.4,
134.8, 130.6, 121.3, 121.0, 78.7, 69.2, 54.6, 40.4, 35.2, 28.8, 23.8, 20.9, 20.1.
HRMS-ESI Calcd for C19H21O6NaBr [M ? Na]+: 447.0419; found: 447.0396.

Compound 2.2.38, white solid (Rf = 0.30, PE/EA = 3:1); 1H NMR (500 MHz,
CDCl3): d 7.00 (d, J = 5.4 Hz, 1H), 6.89 (s, 1H), 6.36–6.33 (m, 1H), 6.26–6.22
(m, 2H), 4.59 (d, J = 11.3 Hz, 1H), 4.35 (d, J = 11.3 Hz, 1H), 2.56 (d,
J = 11.7 Hz, 1H), 2.42 (d, J = 12.8 Hz, 1H), 2.28–2.26 (m, 1H), 2.06 (s, 4H),
1.80–1.60 (m, 5H), 1.41 (s, 3H). 13C NMR (125 MHz, CDCl3): d 209.8, 197.4,
169.7, 161.4, 141.6, 138.4, 135.2, 130.8, 121.4, 120.8, 79.2, 69.2, 54.2, 40.3, 35.3,
28.6, 23.5, 20.8, 20.3. HRMS-ESI Calcd for C19H21O6NaBr [M ? Na]+:
447.0419; found: 447.0412.
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2.2.35

Synthesis and NMR data of compound 2.2.35:

Under the protection of nitrogen, compound 2.2.33 (128 mg, 0.370 mmol) was
dissolved in toluene (40 mL) in a sealed tube, and then, the reaction was heated to
130 �C and stirred for 24 h. TLC showed that the reaction was completed. The
reaction was cooled to room temperature, the solvent was removed by rotary
evaporator, and the resulting crude product was purified by flash column chro-
matography (PE/EA = 5:1) and obtained 113 mg white solid (Rf = 0.71, PE/
EA = 1:1), yield 88 %.

1H NMR (500 MHz, CDCl3): d 6.70–6.62 (m, 1H), 6.03 (d, J = 8.4 Hz, 1H),
4.68 (d, J = 12.4 Hz, 1H), 4.35 (dd, J = 9.8 Hz, J = 6.6 Hz, 1H), 4.26 (d,
J = 12.4 Hz,1H, 3.89 (m, 1H), 2.69–2.52 (m, 2H), 2.28–2.18 (m, 2H), 2.16–2.02
(m, 4H), 2.00–1.85 (m, 4H), 1.72–1.59 (m, 1H), 1.56 (s, 3H); 13C NMR
(125 MHz, CDCl3) d: 209.4, 199.3, 172.2, 169.9, 140.5, 124.5, 79.0, 71.7, 56.3,
47.4, 39.8, 39.7, 38.1, 31.5, 26.2, 24.7, 21.8, 21.4, 21.0; HRMS-ESI Calcd for
C19H22O6Na [M ? Na]+: 369.1314; found: 369.1320.

O O

O

O
MeAcO

H

2.2.36

Synthesis and NMR data of compound 2.2.36:

Under the protection of nitrogen, the compound 2.2.34 (243 mg, 0.702 mmol)
was dissolved in toluene (20 mL) in a sealed tube, and then, the reaction was
heated to 130 �C and stirred for 24 h. TLC showed that the reaction was com-
pleted. The reaction was cooled to room temperature, the solvent was removed by
rotary evaporator, and the resulting crude product was purified by flash column
chromatography (PE/EA = 5:1) and obtained 200 mg white solid (Rf = 0.71, PE/
EA = 1:1) in 82 % yield.

1H NMR (500 MHz, CDCl3): d 6.56 (t, J = 8.2 Hz, J = 6.8 Hz, 1H), 6.02 (d,
J = 8.2 Hz, 1H), 4.61 (d, J = 12.5 Hz, 1H), .425(d, J = 12.4 Hz, 1H),
4.13–4.01(m,1H), 4.10 (dd, J = 3.1 Hz, J = 1.6 Hz, 1H), 4.61–4.46 (m, 2H),
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2.34–2.15 (m, 3H), 2.06–1.78 (m, 11H), 1.48–1.69 (m, 4H); 13C NMR (125 MHz,
CDCl3): d 210.0, 201.2, 171.9, 169.5, 139.3, 123.7, 79.1, 71.8, 56.9, 47.4, 39.7,
38.3, 37.2, 31.4, 26.7, 24.5, 21.7, 21.2, 20.1; HRMS-ESI Calcd for C19H22O6Na
[M ? Na]+: 369.1314; found: 369.1318.

O O

O

O
Me OAc

H

2.2.41

Synthesis and NMR data of compound 2.2.41:

Pd/C catalyst (13 mg) was added in methanol (5 mL), and then, the compound
2.2.35 (80 mg, 0.231 mmol) dissolved in methanol (5 mL) was added at room
temperature. The reaction was stirred for 10 min at room temperature in the H2

atmosphere. TLC showed that the reaction was completed. The reaction solution
was filtered by silica gel and washed with ethyl acetate (20 mL). The solvent was
removed by rotary evaporator, and the resulting crude product was purified by
flash column chromatography (PE/EA = 5:1) to give 74 mg white solid
(Rf = 0.71, PE/EA = 2:1), yield 92 %.

1H NMR (300 MHz, CDCl3): d 4.61 (d, J = 12.6 Hz, 1H), 4.27–4.15 (m, 2H),
2.97 (s, 1H), 2.70–2.51 (m, 2H), 2.39–2.13 (m, 3H), 2.10 (s, 3H), 2.09–1.98 (m,
3H), 1.98–1.20 (m, 7H) 1.71–1.62 (m, 2H), 1.60 (s, 3H); 13C NMR (75 MHz,
CDCl3): d 210.4, 206.2, 173.4, 169.8, 83.2, 71.3, 49.9, 49.0, 39.6, 37.8, 34.0, 31.5,
24.7, 24.1, 22.3, 21.8, 21.2, 17.5; HRMS-ESI Calcd for C19H24O6 [M ? Na]+:
371.1471; found: 371.1460.

O O

O

O
MeAcO

H

2.2.42

Synthesis and NMR data of compound 2.2.42:

Pd/C catalyst (13 mg) was added to methanol (13 mL), and then, compounds 2.2.36
(120 mg, 0.346 mmol) in methanol (5 mL) was added at room temperature. The
reaction was stirred for 10 min at room temperature in the H2 atmosphere. TLC
showed that the reaction was completed. The reaction solution was filtered by silica gel
and washed with ethyl acetate (20 mL). The solvent was removed by rotary evapo-
rator, and the resulting crude product was purified by flash column chromatography
(PE/EA = 5:1) to give 109 mg white solid (Rf = 0.75, PE/EA = 2:1), yield 90 %.
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1H NMR (300 MHz, CDCl3): d 4.59 (d, J = 12.5 Hz, 1H), 4.26 (d,
J = 12.6 Hz, 1H), 4.19–4.17 (m, 1H), 3.00–2.90 (m, 1H), 2.61–2.58 (m, 1H),
2.52–2.40 (m, 1H), 2.33–2.19 (m, 2H), 2.08–2.02 (m, 3H), 2.02–1.91 (m, 3H)
1.89–1.84 (m, 1H), 1.81–1.70 (m, 2H), 1.68–1.55 (m, 5H); 13C NMR (125 MHz,
CDCl3): d 210.4, 206.2, 173.4, 169.8, 83.3, 71.3, 49.9, 48.9, 39.6, 37.8, 34.0, 31.5,
24.7, 24.1, 22.3, 21.8, 21.2, 17.5; HRMS-ESI Calcd for C19H25O6 [M ? H]+:
349.1651; found: 349.1661.

SmI2, THF
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Synthesis and NMR data of compounds 2.2.43 and 2.2.44 (synthesis from com-
pound 2.2.41):

Under the protection of nitrogen, the compound 2.2.41 (25 mg, 0.072 mmol)
was dissolved in THF (2 mL), and tert-butanol (13 lL, 0.14 mmol) and SmI2

(0.1 M in of THF, 1.4 mL, 0.14 mmol) were added at room temperature. The
reaction was stirred at room temperature for 10 min. TLC showed that the reaction
was completed. The reaction was quenched with saturated NH4Cl (5 mL).
Dichloromethane (10 mL) was added for liquid separation, and the water phase
was extracted with dichloromethane (10 mL). The combined organic phase was
dried over Na2SO4, the solvent was removed by rotary evaporator, and the residue
was purified by flash column chromatography (PE/EA = 5:1). Compounds 2.2.43
(10.5 mg) and 2.2.44 (3.5 mg) were obtained in 65 % overall yield.

Compound 2.2.43, white solid (Rf = 0.81, PE/EA = 1:1); 1H NMR (500 MHz,
CDCl3): d 4.52 (d, J = 12.5 Hz, 1H), 4.22 (d, J = 12.5 Hz, 1H), 3.98–3.95 (m,
1H), 2.60–2.57 (m, 1H), 2.50–2.39 (m, 3H), 2.30–2.21 (m, 2H), 2.00–1.81 (m,
3H), 1.79–1.57 (m, 6H), 1.14 (d, J = 7.1 Hz, 3H). 13C NMR (125 MHz, CDCl3):
d 215.0, 211.4, 174.1, 71.5, 50.7, 49.7, 47.0, 39.8, 38.2 33.3, 31.5, 28.8, 24.6, 24.1,
21.2, 20.8, 12.7. HRMS-ESI Calcd for C17H22O4Na [M ? Na]+: 313.1416; found:
313.1410.

Compound 2.2.44, white solid (Rf = 0.79, PE/EA = 1:1); 1H NMR (500 MHz,
CDCl3): d 4.50 (d, J = 12.5 Hz,1H), 4.22 (d, J = 12.5 Hz, 1H), 4.08–4.04
(m, 1H), 2.68–2.63 (m, 1H), 2.49–2.31 (m, 2H), 2.32–2.11 (m, 5H), 2.05–1.65
(m, 8H), 1.22 (d, J = 7.6 Hz, 3H); 13C NMR (125 MHz, CDCl3): d 213.8, 211.4,
173.7, 71.9, 51.6, 48.2, 47.3, 39.9, 38.0 31.8, 31.5, 26.0, 24.1, 22.6, 22.3, 21.1,
14.4; HRMS-ESI Calcd for C17H22O4Na [M ? Na]+: 313.1416; found: 313.1422.
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Synthesis and NMR data of compounds 2.2.43 and 2.2.44 (synthesis from com-
pound 2.2.42):

Under the protection of nitrogen, the compound 2.2.42 (30 mg, 0.086 mmol)
was dissolved in THF (2 mL), and tert-butanol (25 lL, 0.26 mmol) and SmI2

(0.1 M in of THF, 2.6 mL, 0.26 mmol) were added at room temperature. The
reaction was stirred at room temperature for 10 min. TLC showed that the reaction
was completed. The reaction was quenched with saturated NH4Cl (5 mL).
Dichloromethane (10 mL) was added for liquid separation, and the water phase
was extracted with dichloromethane (10 mL). The combined organic phase was
dried over Na2SO4, the solvent was removed by rotary evaporator, and the residue
was purified by flash column chromatography (PE/EA = 5:1); compounds 2.2.43
(11.3 mg) and 2.2.44 (5.7 mg) were obtained in 68 % overall yield.

Compound 2.2.43, white solid (Rf = 0.81, PE/EA = 1:1); 1H NMR (500 MHz,
CDCl3): d 4.52 (d, J = 12.5 Hz, 1H), 4.22 (d, J = 12.5 Hz, 1H), 3.98–3.95 (m,
1H), 2.60–2.57 (m, 1H), 2.50–2.39 (m, 3H), 2.30–2.21 (m, 2H), 2.00–1.81 (m,
3H), 1.79–1.57 (m, 6H), 1.14 (d, J = 7.1 Hz, 3H). 13C NMR (125 MHz, CDCl3):
d 215.0, 211.4, 174.1, 71.5, 50.7, 49.7, 47.0, 39.8, 38.2 33.3, 31.5, 28.8, 24.6, 24.1,
21.2, 20.8, 12.7. HRMS-ESI Calcd for C17H22O4Na [M ? Na]+: 313.1416; found:
313.1410.

Compound 2.2.44, white solid (Rf = 0.79, PE/EA = 1:1); 1H NMR (500 MHz,
CDCl3): d 4.50 (d, J = 12.5 Hz, 1H), 4.22 (d, J = 12.5 Hz, 1H), 4.08–4.04 (m,
1H), 2.68–2.63 (m, 1H), 2.49–2.31 (m, 2H), 2.32–2.11 (m, 5H), 2.05–1.65 (m,
8H), 1.22 (d, J = 7.6 Hz, 3H); 13C NMR (125 MHz, CDCl3): d 213.8, 211.4,
173.7, 71.9, 51.6, 48.2, 47.3, 39.9, 38.0 31.8, 31.5, 26.0, 24.1, 22.6, 22.3, 21.1,
14.4; HRMS-ESI Calcd for C17H22O4Na [M ? Na+]: 313.1416; found: 313.1422.
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Synthesis and NMR data of compound 2.2.45:
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Under the protection of nitrogen, the compound 2.2.41 (81 mg, 0.233 mmol)
was dissolved in methanol (5 mL), and then, potassium carbonate (32 mg,
0.233 mmol) in methanol (5 mL) solution was added at room temperature. After
5 min at room temperature, TLC showed that the reaction was completed. The
solution was filtered by silica gel and washed with ethyl acetate (20 mL). The
solvent was removed by rotary evaporator, and the resulting crude product was
purified by flash column chromatography (PE/EA = 5:1) to give 68 mg white
solid (Rf = 0, PE/EA = 1:1), yield 95 %.

1H NMR (300 MHz, CDCl3): 1H NMR (500 MHz, CDCl3): d 4.62 (d,
J = 12.6 Hz, 1H), 4.26 (d, J = 12.6 Hz, 1H), 3.93–3.84 (m, 1H), 2.79 (s, 1H),
2.58–2.41 (m, 3H), 2.39–2.28 (m, 1H), 2.18–2.11 (m, 1H), 2.10–2.02 (m, 3H),
1.95–1.55 (m, 8H), 1.44 (s, 3H). 13C NMR (125 MHz, CDCl3): d 216.6, 210.8,
173.4, 76.5, 71.4, 50.2, 49.8, 39.6, 37.6, 37.2, 31.7, 25.3, 25.2, 24.6, 23.7, 21.2,
20.6; HRMS-ESI Calcd for C17H22O5Na [M ? Na]+: 329.1365; found: 329.1351.
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Synthesis and NMR data of compounds 2.2.43 and 2.2.44 (synthesis from com-
pounds 2.2.45):

Under the protection of nitrogen, the compound 2.2.45 (60 mg, 0.196 mmol)
was dissolved in THF (2 mL), and then, tert-butanol (37 lL, 0.39 mmol) and SmI2

(0.1 M in of THF, 3.9 mL, 0.39 mmol) were added at room temperature. The
reaction was stirred at room temperature for 5 min. TLC showed that the reaction
was completed. The reaction was quenched with saturated NH4Cl (5 mL).
Dichloromethane (10 mL) was added for liquid separation, and the water phase
was extracted with dichloromethane (10 mL). The combined organic phase was
dried over Na2SO4, the solvent was removed by rotary evaporator, and the residue
was purified by flash column chromatography (PE/EA = 5:1). Compounds 2.2.43
(38 mg) and 2.2.44 (10 mg) were obtained in 84 % overall yield.

Compound 2.2.43, white solid (Rf = 0.81, PE/EA = 1:1); 1H NMR (500 MHz,
CDCl3): d 4.52 (d, J = 12.5 Hz, 1H), 4.22 (d, J = 12.5 Hz, 1H), 3.98–3.95 (m,
1H), 2.60–2.57 (m, 1H), 2.50–2.39 (m, 3H), 2.30–2.21 (m, 2H), 2.00–1.81 (m,
3H), 1.79–1.57 (m, 6H), 1.14 (d, J = 7.1 Hz, 3H). 13C NMR (125 MHz, CDCl3):
d 215.0, 211.4, 174.1, 71.5, 50.7, 49.7, 47.0, 39.8, 38.2 33.3, 31.5, 28.8, 24.6, 24.1,
21.2, 20.8, 12.7. HRMS-ESI Calcd for C17H22O4Na [M ? Na]+: 313.1416; found:
313.1410.

Compound 2.2.44, white solid (Rf = 0.79, PE/EA = 1:1); 1H NMR (500 MHz,
CDCl3): d 4.50 (d, J = 12.5 Hz,1H), 4.22 (d, J = 12.5 Hz, 1H), 4.08–4.04 (m,
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1H), 2.68–2.63 (m, 1H), 2.49–2.31 (m, 2H), 2.32–2.11 (m, 5H), 2.05–1.65 (m,
8H), 1.22 (d, J = 7.6 Hz, 3H); 13C NMR (125 MHz, CDCl3): d 213.8, 211.4,
173.7, 71.9, 51.6, 48.2, 47.3, 39.9, 38.0 31.8, 31.5, 26.0, 24.1, 22.6, 22.3, 21.1,
14.4; HRMS-ESI Calcd for C17H22O4Na [M ? Na]+: 313.1416; found: 313.1422.

O
OH

MeO O

2.2.46

Synthesis and NMR data of compound 2.2.46:

Under the protection of nitrogen, the boric acid compound (10.6 g, 53.8 mmol)
was dissolved in chloroform (100 mL), and then, lead tetraacetate (26.3 g,
59.1 mmol) and mercuric acetate (3.4 g, 10.8 mmol) were added at 40 �C. The
reaction was heated to 60 �C and stirred for 2 h. Compound 2.2.11 (8.4 g,
53.8 mmol) dissolved in pyridine (30 mL) was added under constant stirring at
60 �C for 1 h. The reaction was stirred overnight. The TLC showed that the
reaction was completed. The solid was removed by filtration and washed with
chloroform (100 ml). Dilute sulfuric acid (3 N, 500 mL) was added to quench the
reaction. After liquid separation, the aqueous phase was extracted with chloroform
(2 9 150 mL). The organic phases were combined. The solvent was removed
under reduced pressure, and the residue was dissolved in ether (200 ml). Diluted
sodium hydroxide solution (3 N, 250 mL) was added at 0 �C, then washed with
saturated brine (200 mL), dried over anhydrous sodium sulfate, and filtered. The
filtrate was concentrated by rotary evaporator under reduced pressure, and the
resulting crude product was purified by flash column chromatography (PE/
EA = 10:1) to obtain 9.9 g colorless liquid (Rf = 0.6, PE/EA = 5:1), yield 70 %.

1H NMR (500 MHz, CDCl3): d 7.13 (d, J = 7.4 Hz, 1H), 7.02 (d, J = 7.5 Hz,
1H), 6.85 (t, J = 7.5, Hz, 1H), 5.28 (s, 1H), 3.75 (s, 3H), 2.23 (s, 3H), 2.19–2.14
(m, 1H), 2.07–1.99 (m, 2H), 1.89–1.83 (m, 1H), 1.69–1.63 (m, 2H), 1.61–1.53 (m,
1H), 1.35–1.45 (m, 1H); 13C NMR (125 MHz, CDCl3): d174.1, 155.3, 130.4,
129.5, 122.0, 121.0, 109.6, 57.2, 52.4, 33.6, 21.6, 20.8, 15.0; HRMS-ESI Calcd for
C15H18O4Na [M ? Na]+: 285.1103; found: 285.1100.

O
OH
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2.2.47

Synthesis and NMR data of compound 2.2.47:
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Under the protection of nitrogen, the compound 2.2.46 (9.01 g, 34.4 mmol) was
dissolved in dichloromethane (100 mL), and then, imidazole (3.51 g, 51.5 mmol) and
TMSCl (5.2 mL, 41.3 mmol) were added at 0 �C. The reaction was allowed to warm
to room temperature and stirred for 1 h. TLC showed that the reaction was completed,
and saturated ammonium chloride solution (40 mL) was slowly added. After liquid
separation, the aqueous phase was extracted with ethyl acetate (3 9 60 mL). The
organic phases were combined, washed with saturated brine (100 mL), dried over
anhydrous sodium sulfate, and filtered. The filtrate was concentrated by rotary
evaporator under reduced pressure, and the resulting crude product was isolated and
purified by flash column chromatography (PE/EA = 30:1) to give TMS-protected
product as 10.57 g colorless liquid (Rf = 0.8, PE/EA = 10:1), yield 92 %.

1H NMR (500 MHz, CDCl3): d 7.19 (d, J = 7.4 Hz, 1H), 7.01 (d, J = 7.5 Hz,
1H), 6.87 (t, J = 7.5 Hz, 1H), 3.74 (s, 3H), 2.36–2.26 (m, 5H), 2.14–2.07 (m, 1H),
1.77–1.75 (m, 2H), 1.50–1.48 (m, 1H), 1.39–1.30 (m, 2H); 13C NMR (125 MHz,
CDCl3): d 172.3, 155.2, 131.7, 129.3, 122.7, 121.0, 119.8, 109.5, 60.6, 51.4, 36.1,
33.6, 21.3, 19.5, 15.1, 1.2; HRMS-ESI Calcd for C18H26O4Si [M ? Na]+:
357.1498; found: 357.1513.

Under the protection of nitrogen, the TMS-protected product (6.78 g,
20.3 mmol) was dissolved in dichloromethane (100 mL), and DIBAL (44, 0.7 mL,
44.7 mmol) was added at -78 �C under stirring over 5 min and then stirred for 2 h.
Saturated sodium potassium tartrate solution (100 mL) was slowly added to quench
the reaction. The aqueous phase was extracted with ether (3 9 100 mL). The
solvent was removed by rotary evaporator under reduced pressure, and diethyl ether
(100 mL) was added to dissolve the residue. Hydrochloric acid solution (3 N,
70 mL) was added to dilute the mixture. The aqueous phase was extracted with
ether (3 9 60 mL). The organic phases were combined, washed with saturated
brine (100 mL), dried over anhydrous sodium sulfate, and filtered. The filtrate was
concentrated by rotary evaporator under reduced pressure, and the resulting crude
product was separated and purified by flash column chromatography (PE/
EA = 10:1), to give 4.39 g colorless liquid (Rf = 0.4, PE/EA = 3:1), yield 93 %.

1H NMR (300 MHz, CDCl3): d 7.01 (d, J = 7.5 Hz, 1H), 6.90 (d, J = 6.3 Hz,
1H), 6.84 (t, J = 7.5 Hz, 1H), 5.17 (s, 1H), 3.92–3.778 (m, 2H), 2.70 (dd,
J = 6.9 Hz, J = 5.4 Hz, 1H), 2.23 (s, 3H), 2.00–1.81 (m, 3H), 1.58–1.41 (m, 4H),
1.35–1.19 (m, 1H); 13C NMR (75 MHz, CDCl3): d 155.8, 130.5, 130.1, 120.8,
120.4, 120.1, 112.5, 66.6, 51.5, 33.6, 30.3, 20.2, 19.5, 15.2; HRMS-ESI Calcd for
C14H18O3Na [M ? Na]+: 257.1154; found: 257.1155.

O
HO

O

O

2.2.30

Synthesis and NMR data of compound 2.2.30:
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Under the protection of nitrogen, compound 2.2.47 (3.23 g, 13.8 mmol) was
dissolved in dichloromethane (60 mL) at 0 �C, then DMAP (2.02 g, 16.6 mmol)
and EDCI (3.18 g, 16.6 mmol) were added, and then, acrylic acid (1.4 mL,
20.7 mmol) was added. The reaction was then allowed to warm to room tem-
perature and stirred for 24 h. TLC showed that the reaction was completed. The
reaction was quenched with saturated NH4Cl (30 mL) and then extracted with
EtOAc (3 9 40 mL). The organic phases were combined and dried with anhy-
drous Na2SO4. The organic phase was removed by rotary evaporator, and the
resulting crude product was isolated and purified by flash column chromatography
(PE/EA = 15:1) to give 2.80 g colorless liquid (Rf = 0.65, PE/EA = 5:1), yield
70 %.

1H NMR (500 MHz, CDCl3): d 7.01 (d, J = 7.4 Hz, 2H), 6.83 (t, J = 7.5 Hz,
1H), 6.39 (d, J = 17.3 Hz, 1H), 6.14 (dd, J = 17.4 Hz, J = 10.4 Hz, 1H), 5.86 (d,
J = 10.5 Hz, 1H), 4.51 (s, 2H), 3.52 (s, 1H), 223 (s, 3H), 2.19–2.08 (m, 1H),
1.99–1.88 (m, 2H), 1.70–1.62 (m, 1H), 1.61–1.46 (m. 3H), 1.44–1.32 (m, 1H); 13C
NMR (125 MHz, CDCl3): d 166.1, 155.0, 132.2, 131.1, 130.0, 128.2, 121.0, 120.6,
120.5, 110.1, 66.4, 50.5, 33.9, 32.7, 21.7, 20.5, 15.0; HRMS-ESI Calcd for
C17H20O4Na [M ? Na]+: 311.1259; found: 311.1270.

2.4 Summary

In this chapter, we completed the model study of Maoecrystal V. The synthesis
route is shown briefly in Fig. 2.30.

Model study constructed four rings of the pentacyclic system of natural prod-
ucts Maoecrystal V (Fig. 2.31) and laid the foundation for the future total synthesis
work. The major progresses made in our model study are as follows:

1. We developed the synthesis strategy for a convergence model and successfully
synthesized the core structure of natural product Maoecrystal V.

2. Arylation of organolead reagents to 1,3-keto ester, oxidative dearomatization
reaction, and intramolecular Diels–Alder reaction were applied as the key
reactions to successfully construct the tetracyclic structure of natural product
Maoecrystal V and two consecutive quaternary carbons.

3. The model study is highly efficient, and the route is short with only 8 steps in
total. The total yield is 20 %.

4. Compared the structure of the model compound 2.2.43 with the natural product,
we found the most significant difference between them was the tetrahydrofuran
oxa-bridge. Therefore, stereoselectively construction of tetrahydrofuran
oxa-bridge structure would be the most difficult problem in later total synthesis
study.
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Chapter 3
Total Synthesis of Maoecrystal V

3.1 Retro-synthetic Analysis of Maoecrystal V

In model study of Maoecrystal V, the skeleton of the natural product was suc-
cessfully established, and three contiguous chiral centers, C8, C9, C10, were also
built. Based on the information supplied by model research, the total synthesis of
Maoecrystal V was developed. The retro-synthetic analysis is shown in Fig. 3.1.

The key point of the total synthesis is the stereoselective construction of the
high-congested tetrahydrofuran ring. The synthetic route is shown in the retro-
synthetic analysis. There are two synthetic routes: (1) directly construct a seven-
membered ring then followed by an IMDA reaction to construct the natural
product’s skeleton with tetrahydrofuran ring in one single step; (2) modify the
product of IMDA reaction to obtain compound 2. Both of these two strategies can
be connected to the key intermediate 5, which could be obtained by reduction of
1,3-keto esters 6.

Based on the retro-synthetic analysis, the problems to be solved in total syn-
thesis were proposed as following:

1. Exploring a simple and efficient synthesis route to construct tetrahydrofuran
ring.

2. Utilizing the key reactions in model research to realize the real total synthesis;
3. Completing the total synthesis of Maoecrystal V.

3.2 Strategy 1 of Total Synthesis: DA/Oxa-bridge
Formation

3.2.1 Retro-synthetic Analysis

Since the intramolecular Diels–Alder reaction and subsequent removal of acetoxyl
group by SmI2 reduction have been successfully explored in the model study, we
hoped to make full use of these findings in the total synthesis. Here, the strategy

J. Gong, Total Synthesis of (±)-Maoecrystal V, Springer Theses,
DOI: 10.1007/978-3-642-54304-3_3, � Springer-Verlag Berlin Heidelberg 2014
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constructing the oxa-bridge after the Diels–Alder reaction was first proposed. The
retro-synthetic analysis is shown in Fig. 3.2. The natural product Maoecrystal V
was disconnected to compound 3.2, which could be obtained from the Diels–Alder
product 3.3 through functional group conversion. The Diels–Alder precursor
compound 3.4 was the acrylic acid derivative studied in model study, which could
be obtained by a simple esterification of cis-diol 3.5. C-diol 3.5 could be produced
by 1,3-keto ester 3.6 through the reduction of the bi-carbonyl substrate. 1,3-keto
ester compound 3.6 was obtained from the lead reagent coupling reaction explored
by previous study, i.e., from the coupling of the 1,3-keto ester compound 3.8
together with organic lead compound 3.9 in one step.

The advantage of this total synthetic strategy was the use of the key reactions
explored in the previous model study, such as the coupling reaction of lead
reagent, the intramolecular Diels–Alder reaction constructing a continuous qua-
ternary carbon center and multi-ring system, and subsequently possible removal of
acetyl oxygen group through SmI2 reduction reaction. The difficulty of this syn-
thetic strategy was the construction of the tetrahydrofuran oxa-bridge on Diels–
Alder product. The following sections discuss the process of exploring the syn-
thetic strategy in detail.

3.2.2 The Preparation of 1,3-Keto Ester

Large-scale preparation of starting materials is one of the key factors for the
success of total synthesis. 1,3-keto ester compound 3.8 was made from known
compound 2,2-dimethyl-1,3-cyclohexanedione after six steps (Fig. 3.3). Firstly,
the ketone carbonyl group of 2,2-dimethyl-1,3-cyclohexanedione was selectively
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protected by diol and ketal was obtained in a yield of 85 %. The bare carbonyl
group was later reduced to the hydroxyl by LiAlH4 and underwent Ts protection to
gain compound 3.11; the overall yield of the two steps was 85 %. In the elimi-
nation reaction, the olefin compound 3.12 was obtained under sodium ethoxide
reflux condition with 72 % yield. Under acidic condition, diol protecting group
was removed to gain ketone 3.13 with 95 % yield. This compound has been
reported in the literature before. Through the reaction of dimethyl carbonate and
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sodium hydride, 1,3-keto ester compound 3.8 was obtained in a yield of 92 %,
which could be used for the total synthesis. This route is inexpensive and concise
for starting material preparation. Every step of the reaction could be done on five-
hundred-gram level, laying a foundation for large-scale preparation of starting
materials for total synthesis.

3.2.3 Diastereoselective Reduction of Ketone Carbonyl
Group of 1,3-Keto Ester

Coupling reaction between 1,3-keto ester 3.8 and lead reagents followed the same
procedure as in the model research. To our delight, the conversion was as efficient
as in the simple system of model study and created the desired product 3.6 in 88 %
yield. After completely reducing the two carbonyl groups by LiAlH4, a pair of
diastereoisomers, cis-diol 3.5a and trans-diol 3.5b, was produced from compound
3.6 with a ratio of 1:6 and a total yield of 84 %. However, the main product was
the trans-diol 3.5b whose structure was confirmed by single-crystal X-ray dif-
fraction analysis.

In the retro-synthetic analysis shown in Fig. 3.4, the designed total synthetic
route requires cis-diol 3.5a. However, the major product of direct reduction was
trans-diol. It was necessary to find a suitable condition to selectively reduce the
ketone carbonyl of 1,3-keto ester compound and obtain cis-intermediate.

Compound 3.6 was used as the substrate to carry out the screening test of
different reduction conditions by controlling the temperature, solvent, and a variety
of commonly used reducing agent. The screening results are listed in Table 3.1.
For the ketone carbonyl group of compound 3.6 in the middle of the two qua-
ternary carbon centers, its steric hindrance was obviously huge. Some reducing
agent with high hindrance such as the CBS and L-Selectride could not reduce this
ketone carbonyl group no matter at low or room temperature, and the relatively
weak reducing agents such as borane dimethyl sulfide could not reduce the car-
bonyl group as well even at 50 �C. When DIBAL-H was used as the reducing
agent, after warming to room temperature, 3.14a and 3.14b were obtained with the
ratio 1:5 and 85 % yield. However, the main product was still trans-alcohol 3.14b.
Using LiEt3BH as a reducing agent, it could only obtain 30 % of the product at
low temperature and room temperature. The trans-product 3.14b was the major
product, and the E:Z was 1:3. When trying sodium borohydride reduction, it was
surprisingly discovered that 1,3-keto ester compound 3.6 was transformed into
alcohol 3.14a and 3.14b in 2:3 ratio and 90 % yield.

Professor Fraga reported the study of diastereoselective reduction In cyclic 1,3-
keto ester substrates in 2004 [1], using CaCl2 as additive to form complexation with
1,3-keto esters substrates to control the reduction. Sodium borohydride was added to
the mixture and the selective reduction of ketone carbonyl group happened with
90 % diastereoselectivity. The transition state proposed is shown in Fig. 3.5.
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Table 3.1 Condition screening for the diastereoselective reduction of 1,3-keto ester

Conditions

O
Me Me

OMOM

Me

MeOOC

OH
Me Me

OMOM

Me

MeOOC

OH
Me Me

OMOM

Me

MeOOC

3.6 3.14b 3.14a

+

Entry Solvent Reagent Temperature Yield Ratio of 3.14a and 3.14b

1 CH2CI2 DIBAL-H -78 �C to
r.t.

85 % 3.14b:3.14a = 5:1

2 THF L-Selectride -78 �C to
r.t.

– SM recovery

3 THF LiEt3BH -78 �C to
r.t.

30 % 3.14b:3.14a = 3:1

4 THF BH3 in Me2S r.t. to 50 �C – SM recovery
5 THF CBS r.t. – SM recovery
6 MeOH NaBH4 r.t. 90 % 3.14b:3.14a = 3:2
7 MeOH CaCl2 and

NaBH4

r.t. 95 % 3.14b : 3.14a > 30: 1

8 MeOH/THF n-Bu4NBH4 40 �C 65 % (89 % brsm) 3.14a (Single isomer)
9 MeOH/THF Me4NBH4 r.t. 81 % (95 % brsm) 3.14a (Single isomer)
10 MeOH/THF Me4NBH4 50 �C 86 % (92 % brsm) 3.14b : 3.14a = 1 : 6
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However, when our substrate 1,3-keto ester was studied under the same con-
dition, the contrary diastereoselectivity was obtained. In the presence of CaCl2,
substrate 3.17 reacted with sodium borohydride and generated the cis-product
3.18a and trans-product 3.18b in 1:4 ratio and 85 % yield, the trans-product was
the major product (Fig. 3.6).

Fraga et al. [1] studied the reduction effect of another uncommonly used
reductive agent tetrabutylammonium borohydride (NBu4BH4) on similar sub-
strates as well. They found that substrate 3.19 was converted to cis-product 3.20b
and trans-product 3.20a under tetrabutylammonium borohydride with 89 % yield
(Fig. 3.7). The proportion was 8.2:1. The cis-product was the main product.

In order to explain this unexpected diastereoselectivity, Fraga’s group carried
out a more detailed experimental and theoretical research. Finally, they used the
Felkin Ahn model to explain that the hydrogen negative ions attacked the carbonyl
group from the surface with small steric hindrance and obtained cis-product 3.20b
as the major product (Fig. 3.8).

After carefully analyzing Fraga’s work, we introduced their reduction system to
our synthesis work. The results are shown in Table 3.1, when 1,3-keto ester
compound 3.6 and CaCl2 were mixed for 0.5 h then reduced by sodium borohy-
dride at room temperature, we surprisingly obtained the trans-product 3.14b in
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95 % yield with more than 30:1 dr ratio, which overmatched the direct reduction
reaction using LiAlH4 with the trans-product in 6:1 dr ratio. When tetrabutyl-
ammonium borohydride was used as the reducing agent and reacted in the mixture
of methanol and tetrahydrofuran, the single cis-product 3.14a was obtained after
separation. However, the conversion rate was not high. Continuously heating to
40 �C, the separation yield of the cis-product 3.14a was 65 %, and the yield based
on the recovery of starting materials was 89 %. When using tetramethylammo-
nium borohydride with smaller steric hindrance as the reducing agent, better
results were obtained under milder conditions. The reaction could be carried out at
room temperature and obtained the single cis-product 3.14a at 80 % isolation
yield. The yield based on the recovery of starting materials ran up to 95 %. When
raising the temperature to 40 �C under the same condition, the cis-product 3.14a
and trans-product 3.14b were isolated with the ratio 6:1 and 86 % total yield.

To explain the mechanism of (nBu)4NBH4 reduction giving a single cis-product
on our substrate, a possible mechanism that positive ion interacts with electron-
rich aromatic ring p-electron (cation–p interaction) [2, 3] was proposed. As shown
in Fig. 3.9, due to the electronic MOM group and the methyl group on benzene
substrate 3.6, the benzene ring is remarkably electron-rich. (n-Bu)4NBH4 was used
as reducing agent, the electron-deficient quaternary ammonium ion might have an
electronic interaction force with the electron-rich aromatic ring, which made the
positive ammonium ion reduce the ketone from the same surface near the aromatic
ring, then obtained a new secondary hydroxyl group, producing the cis-product
3.14a, whose ester group was at the same side.

So far, the diastereoselective reduction of 1,3-the keto ester was successfully
realized to form compound 3.6. The same substrate with different experimental
conditions can obtain cis-product and trans-product with high diastereoselectivity,
respectively, which lays the foundation for the further development of various
strategies for total synthesis.

3.2.4 Intramolecular Diels–Alder/Oxa-bridge Strategy

With cis-product 3.14a in hand, the first total synthetic strategy constructing the
tetrahydrofuran oxa-bridge was carried out to test the key reactions of the total
synthesis. The primary goal of this stage is to form the IMDA product and
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Fig. 3.8 The explanation of
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Felkin Ahn model [1]
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successfully construct consecutive quaternary carbon and multi-ring system.
Reducing compound 3.14a with Lithium aluminum hydride gave cis-diol 3.5 with
a yield of 88 % (Fig. 3.10).

As shown in Fig. 3.11, starting from the cis-diol 3.5a together with acrylic acid
went an esterification reaction under the presence of DMAP and DCC, which
selectively introduced the acrylic acid fragment to primary hydroxyl group, fol-
lowed by acetyl protection to give compound 3.21 with a yield of 53 % in two
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steps. MOM was removed from Compound 3.21 under the condition of 3N sulfuric
acid. Lead tetraacetate solvent was added, and a pair of diastereoisomers of Diels–
Alder precursor 3.22 was produced under Wessely oxidative dearomatization.
Using toluene as solvent, Diels–Alder precursor reacted overnight in a sealed tube,
which could obtain the expected intramolecular Diels–Alder product 3.23. Though
single crystal was not obtained at this stage, by comparing to the spectrum of
Diels–Alder product obtained in model study, the stereo configuration of the 3.23
was preliminarily determined to be ideal. The next step was to remove the acetyl
protecting group. However, the two acetyl groups on Diels–Alder product 3.23
brought lots of difficulties in the removing process. We only obtained the mixture
of the C16 deacetylated product 3.25 and product 3.24 with both of the two acetyl
groups removed in low-yield under potassium carbonate-methanol conditions,
most of the starting materials were decomposed under alkaline conditions. The
expected acetyl on the secondary hydroxyl group was not selectively removed. So
a suitable protecting group must be screened out in the early stage, or a direct
IMDA reaction without protecting transformation should be applied as an attempt
to solve this problem.

Due to the difficulty of removing the acetyl group of the two hydroxyl groups
on the Diels–Alder product 3.23, this substrate was used to explore the reactions in
the subsequent stages of the total synthesis. Because there are two double bonds in
Diels–Alder product 3.23 (C2–C3 and C11–C12) while natural product has only one
double bond C2–C3, selectively removing the C11–C12 double bond was necessary.
As shown in Fig. 3.12, starting from 3.23, a selective hydrogenation on C2–C3

position under palladium-carbon catalysis happened to give compound 3.26, which
indicated that the steric hindrance on the double bonds in the six-membered ring
system was smaller than that on [2.2.2] bicyclic ring. Because the expected
selective hydrogenation was not realized, the only choice was to continue the
catalytic hydrogenation on the C11–C12 unsaturated bond and 3.27 was obtained in
88 % yield. Another important reaction for the total synthesis is the reduction and
cleavage of acetoxyl group on C16. The reaction can be carried out very mildly in
the model study under samarium diiodide conditions. Substrate 3.27 reacted for
15 min under the same conditions, successfully created the desired compound 3.28
in 84 % yield, and the diastereoselectivity on C16 is 3:1. The reaction of removing
the acetyl group was also tried, but only obtained the desired product 3.29 in a
low-yield under a series of basic conditions; the major product was a rearrange-
ment compound 3.30. The possible mechanism of rearrangement is shown in
Fig. 3.13.

As the acetyl protection of secondary hydroxyl group is difficult to remove after
Diels–Alder reaction, we considered not to use the strategy of protecting the
secondary hydroxyl group in the early stage. As shown in Fig. 3.14, starting from
the cis-diol 3.5a and acrylic acid, an esterification reaction was triggered under the
DCC/DMAP condition, which selectively introduced the acrylic acid fragment into
the primary hydroxyl group and was isolated to get the alcohol 3.31 in 58 % yield.
Cryogenically removing the MOM protecting group in compound 3.31 under
TMSBr, followed by the Wessely oxidative dearomatization, a pair of
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diastereoisomers 3.32 can be obtained with the ratio of 2:1. And the mixed Diels–
Alder precursor reacted overnight in toluene within a sealed tube, obtaining the
expected intramolecular Diels–Alder product 3.3.3. The relative stereochemistry
of the intramolecular Diels–Alder product 3.33 was confirmed by a single-crystal
X-ray diffraction experiment. So far we have successfully applied the key reaction
in the model study to the total synthesis system and constructed four rings of the
natural product. The critical problem of this route is how to construct the tetra-
hydrofuran ring.

After successfully managed the intramolecular Diels–Alder reaction to obtain
3.33, tetrahydrofuran oxa-bridge was our next target as shown in Fig. 3.15. The
reaction between substrate 3.33, lead tetraacetate and iodine under toluene reflux
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conditions did not supply the intramolecular remote free radical to close the ring,
only a three-membered ring converted from the double bond was isolated.

In addition, intramolecular SN2 was also considered to form oxa-bridge on
substrate 3.33. It was expected to form silyl enol ether under TMSOTf condition
on the six-membered lactone in order to form a bromine onium three-membered
ring with NBS oxidation; then, SN2 attacked three-membered ring to construct
tetrahydrofuran oxa-bridge within the secondary hydroxyl group. However, it was
disappointing that only two hydroxyl TMS-protected acetyl mono-bromo and di-
bromo products 3.36 and 3.37 were isolated with the yields of 32 and 35 %,
respectively (Fig. 3.16). When we tried to protect the secondary hydroxyl group
with TBS, compound 3.73 was obtained in 82 % yield. The structure of this
compound was formed by the condensation of secondary hydroxyl with ester
group, and then, TBS protected the newly formed tertiary hydroxyl group.
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At this point, the strategy of trying to construct the tetrahydrofuran oxa-bridge
after the intramolecular Diels–Alder reaction ended in failure, the main reason
might be the tension to the molecular skeleton caused by the construction of the
tetrahydrofuran ring on the Diels–Alder product. Therefore, introducing the oxa-
bridge before IMDA reaction would be the next attempt.

3.3 Oxa-bridge/IMDA: Intramolecular SN2 to Form
Oxa-bridge

Because the attempts to construct the tetrahydrofuran oxa-bridge after the intra-
molecular Diels–Alder reaction encountered difficulties, introducing oxa-bridge
fragment before intramolecular Diels–Alder reaction was naturally considered to
achieve the total synthesis of Maoecrystal V. The proposed strategy for total
synthesis is shown in Fig. 3.17. Maoecrystal V could be disconnected to key
Diels–Alder precursor compound 3.38, which could be obtained under different
conditions following several strategies. Firstly, intramolecular SN2 reaction was
tested to construct the enol ether of the compound 3.38 via introducing the
pyruvate fragment on the primary hydroxyl group of the trans-diol 3.5b. Under
alkaline conditions, ketone on pyruvic acid was transformed with enolization and
gave an enolate anion, it was deduced that the newly formed oxygen anion could
construct six or seven bicyclic structure of compound 3.38 via SN2 attacking the
Ms leaving group.

The intramolecular SN2 attacking strategy is shown in Fig. 3.18. With trans-
diol 3.5b and pyruvic acid chloride in pyridine, hydroxypyruvate compound 3.42
was obtained in 68 % yield selectively. Secondary hydroxyl group on the six-
membered ring could be protected with methanesulfonyl chloride compound to
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produce 3.39. With 3.39 as the substrate of intramolecular SN2 attacking, a variety
of base conditions were tried. However, it was disappointing that no desired
product 3.38 was formed in all these attempts. In addition, different crown ethers
were also used as additive to capture the countering cations of enol anion. How-
ever, these trials were not successful either.

So another circuitous intramolecular SN2 attack strategy was proposed as
shown in Fig. 3.19. The cis-diol 3.5a and 2-bromoacetyl bromide reacted in
pyridine to obtain product 3.43 with primary hydroxyl group selectively converted
to pyruvate in a yield of 65 % using DCM as a solvent. The hydroxyl group on
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secondary six-membered ring reacted with sodium hydride to form an oxygen
anion. Then, we expected that the oxygen anion in the molecule could attack the
leaving group (bromide) to construct a seven-membered ring. However, the
experimental result showed that the ester-hydrolysis product cis-diol 3.5a (yield
20 %) and the compound 3.45 (yield 40 %) with acyl group transferred to the
secondary hydroxyl group were separated.

The result showed that, compared with the intramolecular SN2 attacking to
construct a seven-membered ring, acyl transferring from primary to secondary
hydroxyl through a six-membered ring transition state (Fig. 3.20) was more favor
in dynamic and thermodynamic pathway. Thus, the intramolecular SN2 strategy
was difficult to realize.

3.4 Oxa-bridge/IMDA Strategy: Intramolecular
Oxa-Michael Reaction

After the failure of the intramolecular SN2 attack strategy, intramolecular oxa-
Michael strategy was used to test the seven-membered ring formation. The retro-
synthetic analysis is shown in Fig. 3.21. Key intermediate 3.38 was inversed to its
analog 3.46 while compound 3.46 could be synthesized from compound 3.47
through an intramolecular oxa-Michael addition reaction.

The intramolecular oxa-Michael strategy is shown in Fig. 3.22. Using pyridine
as a solvent, the cis-diol 3.5a and triphosgene could react to create a carbonate
product 3.48 in 85 % yield. The alkynyl lithium intermediate attacked the carbonyl
group of 3.48, obtained a pair of diastereoisomer 3.47 and 3.49 which were pro-
duced depending on the different ring opening site. The main product was the
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desired product 3.47 (yield 58 %), and the byproduct 3.49 can be hydrolyzed back
to cis-diol 3.5a under alkaline condition.

With intramolecular oxa-Michael precursor 3.47, constructing the six–seven
bicyclic structure directly through the oxygen Michael addition reaction was
carried out under the alkaline condition. However, only the starting materials were
recovered. Thus, MOM group was first removed to obtain the free phenol 3.50
under sulfuric acid. After Wessely oxidative dearomatization, we got a pair of
diastereomeric isomers 3.51 with the ratio 3:1, which was considered as the Diels–
Alder precursor. The expected IMDA reaction did not happen in a sealed tube. No
desired 3.52 or IMDA product 3.53 was separated. Starting materials were par-
tially recycled, but most of the precursors were decomposed (Fig. 3.23).

In intramolecular oxa-Michael strategy, it was unexpected that (shown in
Fig. 3.24) carbonate substrate 3.48 reacted with (3-ethoxy-3-oxoprop-1-
ynyl)lithium at 0 �C overnight could give compound 3.54, which might be formed
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by ethoxy anion under oxa-Michael addiction. The ethoxy anion might be formed
through the attacking of acetylenic lithium reagent to the ester of ethyl acrylate.
After removing the MOM group and undergoing Wessely oxidative dearomati-
zation, a pair of separable diastereoisomers of 3.55 was obtained in the ratio of 2:1.
These two separable diastereoisomers were used in IMDA reaction, respectively,
under toluene reflux conditions. Surprisingly, the two diastereoisomers were
converted to the same product 3.56. We speculated that the high steric hindrance
of the precursor made it difficult to go through IMDA pathway, instead the
intramolecular SN0 reaction was triggered through intermediate 3.57 (Fig. 3.24).
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3.5 Oxa-bridge/IMDA Strategy: Rh(II)-catalyzed
Intramolecular O–H Insertion

Since the strategies above to construct oxa-bridge before IMDA were failed, new
reaction systems should be built up via literature survey. a-Diazo carbonyl com-
pounds could be catalyzed by Rh (II) to form carbene species, which would trigger
the intramolecular O–H bond insertion reaction [4–6]. The background of the
reaction will be introduced in the following part.

Carbene contains divalent neutral carbon [7]. It is formed by one carbon and
two other groups with covalent bond. There are two free electrons on the carbon.
Due to the unpaired electrons and the unsaturated central carbon atom, carbene has
high reactivity, which can trigger nucleophilic reaction and electrophilic reaction.
Metal carbene refers to a reactive intermediate named carbenoid formed by
coordination of carbene and metal. Because the metal [e.g., Rh (II)] coordination
decreases the activity of divalent carbon intermediates, the chemical selectivity of
the reaction is improved, and metal carbene can trigger electrophilic reaction with
the electron-rich substrates [4–6].

In 2009, Prof. Yu’s group from Peking University concluded the generally
accepted O–H bond insertion mechanism of metal carbene [8], as shown in
Fig. 3.25.

Prof. Yu summarized that the metal carbene O–H bond insertion mechanism
includes three steps. Step a is that transition metal catalyst decomposes the a-diazo
carbonyl compound A and releases nitrogen to form the metal carbene product B;
Step b is that metal carbene product B and the substrate R2OH form metal-
associated oxonium ylide C; Step c is that metal-associated oxonium ylide (C or
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D) or free oxonium ylide E triggers [1,2]-hydrogen shift to form the product F with
regeneration of the metal catalyst. They calculated that, for the Rh (II)-catalyzed
O–H bond insertion reaction, the product F was formed through the metal-free
oxonium ylide E. For Cu (I)-catalyzed O–H bond insertion reaction, product F
tended to be formed via oxonium ylide coordinated by monovalent copper ion.

The metal carbene insertion to O–H bond has the unique advantage in con-
structing a compound containing carbon–oxygen bond, and this prestigious reac-
tion has been widely used in organic synthesis. Here are two examples of
constructing seven-membered ring system with this reaction.

In 1989, the Moody’s group from UK reported the construction of seven-
membered cyclic ethers (Fig. 3.26) [9] via Rh (II)-catalyzed intramolecular O–H
insertion reaction. With the catalyst of rhodium acetate dimer, the catenulate a-
diazo carbonyl substrate containing secondary hydroxyl reacted to obtain seven-
membered cyclic ethers under toluene reflux conditions with the yield of 88 %.

Professor Zhou’s group from Nankai University reported that chiral spiro
ligands developed in their laboratory cooperated with monovalent copper can
catalyze intramolecular asymmetric O–H bond insertion, which could be used to
construct various ring systems, including five-, six- and seven-membered ring [10].
Catalyzed by copper(I), the a-diazo carbonyl compounds containing primary
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hydroxyl groups could supply the product of controlled absolute configuration
using chiral spiro ligands, generating seven-membered ether ring system in 70 %
yield and 83 % ee (Fig. 3.27).

Based on the high reactivity of metal carbene and the successful examples on
building seven-membered ring, as well as other reported examples of constructing
five- or six-membered ring [11–14], the final total synthetic strategy was proposed
as shown in Fig. 3.28. Maoecrystal V could be obtained from compound 2 after
conversion of several functional groups. Compound 2 could be constructed by
precursor 3.38 through Wessely oxidative dearomatization and intramolecular
Diels–Alder reaction. The key intermediate 3.38 can be obtained from phosphate
compounds 3.58 via Horner–Wadsworth–Emmons reaction. Compound 3.58 can
be constructed by a-diazo carbonyl compound 3.59 via Rh (II)-catalyzed intra-
molecular O–H bond insertion and 3.59 could be prepared from cis-diol.

Figure 3.29 shows the total synthesis route of natural product Maoecrystal V
starting from cis-diol 3.5a. With EDCI and DMAP, cis-diol 3.5a reacted with diethyl
phosphono acetate and obtained primary hydroxyl monoesterification product with
82 % yield. The product continued to react with toluenesulfonyl azide under DBU
and generated a-diazo carbonyl compound 3.59 in a yield of 82 %. Catalyzed by
rhodium acetate (II) dimer, compound 3.59 was converted to compound 3.58 by
heating at 80 �C in anhydrous benzene solvent with 60 % yield. Under basic
condition, compound 3.58 went through Horner–Wadsworth–Emmons reaction
[15–17] with paraformaldehyde and formed the key intermediate 3.38 in 95 %
yield. Compound 3.38 is a highly reactive product, when a conventional method
(such as previously used 3N sulfuric acid and TMSBr) was used to remove the
MOM protecting group, the starting materials were all decomposed. After screening
the conditions, trifluoroacetic acid could mildly remove MOM protecting group in
anhydrous DCM and give phenol 3.60 with 90 % yield.
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With compound 3.60 in hand, the key Wessely oxidative dearomatization and
IMDA reaction succeeded in the model study could be used to construct the real
natural product Maoecrystal V (Fig. 3.30). After forming the o-Benzoquinone
acetate through the oxidative dearomatization in Pb(OAc)4, the obtained product
was directly dissolved in toluene and heated to 145 �C in a sealed tube for 24 h
and generated three products. Fortunately, the target product 2 (yield 36 %) was
the main product and the structure could be corroborated by single-crystal X-ray
diffraction. Surprisingly, the diastereoisomer of product 2 was not generated on the
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site of C16. Diastereoisomers 3.61 and 3.62 were obtained with the yields of 12 and
24 %, which had different facial selectivity compared with the desired one. The
structure of compound 3.61 was also examined by single-crystal X-ray diffraction.
In previous IMDA reactions (as shown in Fig. 3.14), Diels–Alder product 3.33 was
obtained from substrate 3.32, and the reaction condition was 120 �C for 24 h in a
sealed tube in toluene. While for the substrate of total synthesis, the reaction
temperature needed to be increased to 145 �C. The starting materials were not
fully converted after 48 h at 120 �C. It proved that this substrate required higher
energy to trigger IMDA reaction. The steric hindrance of the Diels–Alder pre-
cursor and the high tension of the pentacyclic system of Diels–Alder product might
lead to the unsatisfied selectivity of the intramolecular Diels–Alder reaction.

With compound 2 in hand, various conditions were tried for direct C1 allylic
oxidation, but none was successful. Thus, a circuitous route (Fig. 3.31) was devel-
oped. Using CCl4 as solvent, taking benzoyl peroxide as the radical initiator, NBS
allylic bromination of compound 2 was triggered to obtain compound 3.63 with 90 %
yield. Heteronuclear multiple-bond correlation spectroscopy (HMBC) confirmed the
bromination happened at the C1 position without rearrangement. However, when
compound 3.63 reacted with sodium bicarbonate and 4-methoxylpyridine N-oxide,

Fig. 3.30 Wessely oxidative dearomatization and intramolecular Diels–Alder reaction
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double bond migration product 3.64 was obtained in refluxing toluene. The position of
the carbonyl was confirmed by HMBC. HMBC showed that the C18, C19 methyl was
relevant to allylic carbonylate, which proved the carbonyl group was at C3 position. A
possible mechanism of forming product 3.64 is shown in Fig. 3.32. Due to large steric
effect in C1-position, the pyridine N-oxide could not directly trigger SN2 attack to the
C1 position. Instead, it triggers an SN0 reaction to attack C3 position and leads to
double bond isomerization. Then, bromine atom was removed, forming the inter-
mediate 3.67. Under basic conditions, the hydrogen atom at the C3 position and one
molecule pyridine were removed. The final product was 3.64.

Because the position of carbonyl group of the compound 3.64 deviated from the
natural product, selectively hydrogenation was necessary for further conversion.
However, compound 3.65 was the only product obtained under the palladium-
carbon catalytic hydrogenation condition, whose double bond was hydrogenated
(90 % yield). Compound 3.65 was separated to obtain 3.66 in 70 % yield via IBX
oxidizing.

As shown in Fig. 3.33, starting from the Diels–Alder product, reduction for
removal of acetoxyl group by samarium diiodide was first tried. Compound 3.68
was obtained in 90 % yield. Using CCl4 as the solvent and benzoyl peroxide as the
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radical initiator, compound 3.68 was transformed via NBS allylic bromination to
obtain dibromides product 3.69 with 44 % yield. Since the bromination reaction
could happen at the a-position of carbonyl group, the removal of acetoxyl group
was left to the late stages of total synthesis.

The final stage toward the total synthesis of Maoecrystal V is shown in
Fig. 3.34. Allylic brominated product 3.63 formed an allylic radical under the
action of tributylstannane. The radical was captured by 2,2,6,6-tetramethyl
piperidine nitrogen oxide (TEMPO) and formed product 3.70. Compound 3.70
underwent N–O bond cleavage via zinc/acetate reduction to form the allyl alcohol-
type compound 3.71, yield 70 %. Compound 3.71 was isolated to get the acetoxyl
group removed product in the samarium diiodide reaction with 88 % yield.
Selectively catalyzing and hydrogenating the double bond at C2–C3 with Lindlar
catalyst could obtain compound 3.72 with 92 % yield. After the DMP oxidation of
hydroxyl group in compound 3.72, C16-epi-Maoecrystal V was formed, and the
relative stereoscopic configuration of the compound was confirmed by the spectra
of natural product. Finally, under the conditions of heating toluene solvent to
100 �C with DBU, the methyl group on C16 in C16-epi-Maoecrystal V was
isomerized to obtain racemic natural product Maoecrystal V with 48 % yield
(90 % based on the raw material recovery).
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3.6 The Experimental Process and NMR Data of Total
Synthesis

O

O

O

3.10

Synthesis and NMR data of compound 3.10:

Under nitrogen protection, 2,2-dimethyl-1,3-propanediol (8.9 g, 85.7 mmol)
and 2,2-dimethyl-1,3-cyclohexdione (4.0 g, 28.6 mmol) were dissolved in
dichloromethane (60 mL). Then, p-toluenesulfonic acid monohydrate (82 mg,
0.43 mmol) was added at room temperature under stirring conditions. The reaction
was heated to 40 �C and refluxed for 7 h. The reaction was quenched with satu-
rated sodium bicarbonate solution (30 mL), the aqueous phase was extracted with
dichloromethane (3 9 500 mL). The organic phases were combined, washed with
saturated brine (100 mL), and dried over anhydrous Na2SO4. The organic phase
was removed by rotary evaporator, and the resulting crude product was purified by
flash column chromatography (PE/EA = 100:1) to give 5.0 g white solid
(Rf = 0.95, PE/EA = 2:1), yield 70 %.

1H NMR (500 MHz, CDCl3) d 3.60 (d, J = 11.3 Hz, 2H), 3.30 (d,
J = 11.6 Hz, 2H), 2.38 (t, J = 7.0 Hz, 2H), 2.23–2.15 (m, 2H), 1.70–1.58 (m,
2H), 1.17 (s, 6H), 1.13 (s, 3H), 0.69 (s, 3H). 13C NMR (125 MHz, CDCl3) d 213.1,
101.8, 77.2, 77.0, 76.7, 70.0, 55.3, 36.3, 29.7, 23.1, 22.2, 20.6, 19.3, 18.5.

TsO

O

O

3.11

Synthesis and NMR data of compound 3.11:

Under the protection of nitrogen, compound 3.10 (5.0 g, 22 mmol) was dis-
solved in tetrahydrofuran (100 mL) and stirred under the condition of 0 �C, and
then, lithium aluminum hydride (1.67 g, 44 mmol) was added. The reaction was
stirred for 0.15 h at 0 �C. TLC showed that the reaction was complete. The
reaction was carefully washed with saturated sodium hydroxide solution (10 mL),
filtered and washed with ethyl acetate (200 mL) and then dried with anhydrous
Na2SO4. Under reduced pressure, the organic phase was concentrated, and the
resulting crude product was purified by flash column chromatography (PE/
EA = 10:1) to obtain the desired product as 4.0 g colorless liquid (Rf = 0.6, PE/
EA = 2:1), 80 % yield.
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1H NMR (500 MHz, CDCl3) d 3.64 (dd, J = 11.3, 5.2 Hz, 2H), 3.48 (dd,
J = 6.9, 4.1 Hz, 1H), 3.33 (dd, J = 11.2, 2.6 Hz, 1H), 3.25 (dd, J = 11.4, 2.7 Hz,
1H), 1.83–1.66 (m, 1H), 1.56 (dt, J = 14.4, 5.5 Hz, 3H), 1.49–1.37 (m, 1H), 1.16
(s, 3H), 1.11 (s, 3H), 1.01 (s, 3H), 0.69 (s, 3H). 13C NMR (125 MHz, CDCl3) d
101.5, 77.2, 77.0, 76.7, 69.7, 69.1, 29.9, 28.8, 23.2, 22.2, 21.1, 17.2.

Under nitrogen protection, resulting product from the previous step (4.0 g,
17.5 mmol) was dissolved in pyridine (40 mL) solution and was stirred under
the condition of 0 �C; then, TsCI (4.0 g, 35 mmol) was added. The reaction was
heated to room temperature and stirred for 24 h. TLC showed that the reaction was
complete. Pyridine was removed under reduced pressure; ice water (20 mL)
was added, and then, the reaction was extracted with ethyl acetate (3 9 300 mL).
The organic phases were combined, washed with saturated brine (50 mL), dried
over anhydrous Na2SO4. The organic phase was concentrated by rotary evaporator,
and the resulting crude product was purified by flash column chromatography (PE/
EA = 10:1) to give 6.1 g colorless liquid (Rf = 0.9, PE/EA = 2:1), yield 91 %.

1H NMR (500 MHz, CDCl3) d 7.78 (dd, J = 6.6, 1.7 Hz, 2H), 7.31 (d, J = 7.6 Hz,
2H), 4.71–4.54 (m, 1H), 3.62 (d, J = 11.4 Hz, 1H), 3.48 (d, J = 11.4 Hz, 1H),
3.34–3.19 (m, 2H), 2.43 (s, 4H), 1.84–1.76 (m, 1H), 1.62 (d, J = 12.2 Hz, 1H), 1.50
(dd, J = 15.9, 8.6 Hz, 1H), 1.26 (ddd, J = 9.9, 8.0, 6.9 Hz, 3H), 1.12 (s, 3H), 0.95 (s,
4H), 0.91 (s, 4H), 0.68 (s, 3H). 13C NMR (125 MHz, CDCl3) d 144.1, 129.5, 127.6,
100.66, 86.3, 77.2, 77.0, 76.7, 70.0, 69.3, 44.7, 29.7, 27.8, 23.2, 22.2, 21.5, 20.3, 19.0,
18.2, 16.0.

O

O

3.12

Synthesis and NMR data of compound 3.12:

Under the protection of nitrogen, the compound 3.11 (75.0 g, 195 mmol) was
dissolved in ethanol (600 mL), ethanol sodium (108 g, 1.57 mol) was added in
batches under stirring condition. The reaction was stirred under reflux conditions for
48 h. The reaction mixture was poured into ice water (1,000 mL) carefully in bat-
ches. The reaction was filtered and extracted with ethyl acetate (2,000 mL) and then
washed with saturated brine (100 mL). The organic phase was concentrated by
rotary evaporator and dried with anhydrous Na2SO4. The resulting crude product
was isolated and purified by flash column chromatography (PE/EA = 100:1), to
give 36.0 g colorless liquid (Rf = 0.9, PE/EA = 6:1), yield 87 %.

1H NMR (500 MHz, CDCl3) d 5.50 (dt, J = 9.7, 3.1 Hz, 1H), 5.35 (dd,
J = 10.0, 1.7 Hz, 1H), 3.71 (d, J = 11.1 Hz, 2H), 3.37 (dd, J = 10.3, 1.2 Hz,
2H), 2.11–1.99 (m, 4H), 1.19 (s, 3H), 1.09 (s, 6H), 0.73 (s, 3H). 13C NMR
(125 MHz, CDCl3) d 136.7, 122.7, 99.9, 77.2, 77.0, 76.7, 70.1, 41.0, 29.8, 24.3,
23.8, 23.0, 22.2, 18.67.
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O

3.13

Synthesis and NMR data of compound 3.13:

Under nitrogen protection, compound 3.12 (36.0 g, 171 mmol) was dissolved in
acetone (300 mL) at 0 �C; then, a hydrated p-toluenesulfonic acid (3.2 g,
17 mmol) was added. The reaction was allowed to heat to room temperature and
stirred for 4 h. The reaction was quenched with saturated sodium bicarbonate
solution (30 mL). After removing the organic phase under reduced pressure,
diethyl ether (500 mL) was added, and the solution was separated. The aqueous
phase was extracted with ether (3 9 300 mL) and washed with saturated brine
(100 mL). The organic phases were combined and dried over anhydrous Na2SO4.
The organic phase was removed by rotary evaporator, and the resulting crude
product was isolated and purified by flash column chromatography (PE/
EA = 100:1) to give 21.0 g colorless liquid (Rf = 0.6, PE/EA = 15:1), yield
95 %.

1H NMR (500 MHz, CDCl3) d 5.73 (dt, J = 9.5, 3.8 Hz, 1H), 5.55 (d,
J = 9.8 Hz, 1H), 3.50 (s, 1H), 2.54 (t, J = 6.7 Hz, 2H), 2.46 (dt, J = 7.9, 5.5 Hz,
2H), 1.16 (s, 7H). 13C NMR (125 MHz, CDCl3) d 215.1, 136.7, 124.2, 77.2, 76.9,
76.7, 70.6, 45.0, 36.13, 26.3, 26.2.

O

OMe

O

3.8

Synthesis and NMR data of compound 3.8:

Under nitrogen protection, compound 3.13 (21.2 g, 171.0 mmol) was dissolved
in tetrahydrofuran (500 mL). Then, hydrogenated sodium (20.6 g, 80 % in mineral
oil, 686 mmol) was added in batches at 0 �C within 1 h. The reaction was carried
out at 0 �C and stirred continuously for 10 min, and dimethyl carbonate (115 mL,
1.37 mol) was slowly added within 30 min to the system. The reaction was
refluxed for 4 h. TLC showed that the reaction was complete. 3 M dilute hydro-
chloric acid solution was slowly added to quench the reaction and pH was adjusted
to 6. The aqueous layer was extracted with ethyl acetate (3 9 150 mL), and the
combined organic phase was washed with saturated brine (100 mL), dried over
Na2SO4, then filtered. The solvent was removed by rotary evaporator; the resulting
crude product was purified by silica gel column chromatography (PE/EA = 10:1),
to give an oil compound 28.6 g (Rf = 0.81, PE/EA = 20:1), yield 92 %.
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1H NMR (500 MHz, CDCl3) d 12.41 (s, 1H), 5.59 (dt, J = 10.0, 3.5 Hz, 1H),
5.39 (dt, J = 10.1, 1.7 Hz, 1H), 3.77 (s, 3H), 2.90 (dd, J = 3.5, 2.0 Hz, 2H), 1.25
(s, 7H). 13C NMR (125 MHz, CDCl3) d 175.8, 172.9, 133.8, 120.8, 93.6, 77.2,
77.0, 76.7, 51.4, 36.7, 27.5, 25.4. HRMS-ESI Calcd for C10H15O3 [M ? H]+:
183.1021; Found: 183.1019.

O
Me Me

OMOM

MeOOC

3.6

Me

Synthesis and NMR data of compound 3.6:

Under the protection of nitrogen, the compound 3.13 (2.2 g, 12 mmol) and
pyridine (4.8 mL, 60 mmol) were dissolved in chloroform (50 mL) and then
heated to 60 �C. The compound 3.9 (8.1 g, 15 mmol) was added portion-wise
within 15 min. The reaction was stirred for 12 h at 60 �C. TLC showed that the
reaction was completed. The reaction was quenched by 3N sulfuric acid solution
(10 mL), stirred vigorously, and filtered through silica gel, washed by CHCl3
(150 mL). The aqueous phase was extracted with chloroform (2 9 150 mL); the
combined chloroform solution was dried over Na2SO4 and filtered, and the solvent
was removed by rotary evaporator. The residue was dissolved in diethyl ether
(200 mL), and ice water solution of NaOH (3N, 50 mL) then was vigorously
shaked and washed with water (100 mL) and, finally, washed by saturated brine
(100 mL). The ether solution was dried (Na2SO4). The solvent was removed by
rotary evaporator. The resulting crude product was purified by chromatography
using a flash silica gel column (EtOAc/hexane = 1:10) to give 3.5 g white solid
(Rf = 0.52, silica gel, EtOAc/hexanes = 1:6), yield 88 %.

1H NMR (500 MHz, CDCl3) d 7.16 (d, J = 7.4 Hz, 1H), 6.99 (dd, J = 9.6,
5.8 Hz, 1H), 6.83 (d, J = 7.8 Hz, 1H), 5.88 (ddd, J = 9.5, 6.2, 2.9 Hz, 1H), 5.74
(dd, J = 9.9, 2.5 Hz, 1H), 4.87 (d, J = 5.9 Hz, 1H), 4.80 (d, J = 5.9 Hz, 1H),
3.75 (s, 3H), 3.53 (s, 3H), 3.18 (dt, J = 16.3, 2.7 Hz, 1H), 3.00 (dd, J = 16.3,
6.2 Hz, 1H), 2.37 (s, 3H), 1.33 (s, 3H), 1.25 (s, 3H). 13C NMR (125 MHz, CDCl3)
d 210.4, 171.4, 154.8, 137.1, 132.3, 131.6, 131.2, 125.5, 123.6, 123.0, 99.7, 77.2,
77.0, 76.7, 62.9, 56.9, 52.2, 45.9, 32.8, 27.9, 27.7, 17.7. HRMS-ESI Calcd for
C19H24O5Na [M ? Na]+: 335.1521; Found: 335.1527.
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HO

OH
Me Me

OMOM

Me

HO

3.5a 3.5b

Synthesis and NMR data of compounds 3.5a and 3.5b:

Under the protection of nitrogen, the compound 3.6 (800 mg, 2.4 mmol) was
dissolved in tetrahydrofuran (20 mL), and then, lithium aluminum hydride
(365 mg, 9.6 mmol) was added at 0 �C. The reaction was stirred at room tem-
perature for 24 h. TLC showed that the reaction was completed. The water (4 mL)
was slowly added to quench the reaction at 0 �C. The reaction system was filtered
and diluted with ethyl acetate (200 mL), washed with saturated sodium bicar-
bonate (3 9 50 mL), and the aqueous phase was extracted with ethyl acetate
(300 mL) and washed with saturated brine (100 mL). The combined organic
phases were dried over Na2SO4 and filtered, and the solvent was removed by
rotary evaporator; the crude product was purified by column chromatography
using silica gel (EtOAc/hexane = 1:10) to give a total yield of 84 % of the
compound 3.5a (89 mg) and 3.5b (530 mg).

Compound 3.5 a (12 %), white solid, Rf = 0.32(silica gel, EtOAc/hexanes = 1/
2); 1H NMR (500 MHz, CDCl3) d 7.42 (dd, J = 8.0, 1.2 Hz, 1H), 7.11 (dd,
J = 7.3, 0.8 Hz, 1H), 7.02 (t, J = 7.7 Hz, 1H), 5.61 (dt, J = 10.1, 3.8 Hz, 1H),
5.40 (dt, J = 10.1, 1.9 Hz, 1H), 5.13–5.00 (m, 2H), 4.59 (d, J = 4.4 Hz, 1H), 4.28
(dd, J = 11.6, 4.2 Hz, 1H), 4.19 (dd, J = 11.7, 2.9 Hz, 1H), 3.62 (s, 3H), 3.30 (s,
1H), 2.82 (d, J = 5.4 Hz, 1H), 2.65 (ddd, J = 18.3, 3.5, 2.1 Hz, 1H), 2.37 (ddd,
J = 18.4, 3.9, 1.9 Hz, 1H), 2.32 (s, 3H), 1.15 (s, 3H), 0.78 (s, 3H). 13C NMR
(125 MHz, CDCl3) d 155.3, 135.8, 135.4, 131.1, 130.8, 128.2, 124.2, 121.8, 99.6,
79.5, 77.2, 76.9, 76.7, 67.8, 57.5, 48.0, 37.8, 32.6, 29.4, 24.3, 18.3. HRMS-ESI
Calcd for C18H27O4 [M ? H]+: 307.1909; Found: 307.1908.

Compound 3.5 b (72 %), white solid, Rf = 0.28 (silica gel, EtOAc/hex-
anes = 1/2);1H NMR (500 MHz, CDCl3) d 7.15 (d, J = 8.0 Hz, 1H), 7.14–7.09
(m, 1H), 6.99 (t, J = 7.7 Hz, 1H), 5.66 (ddd, J = 9.9, 5.2, 2.5 Hz, 1H), 5.32 (dd,
J = 10.0, 2.5 Hz, 1H), 5.17 (d, J = 5.3 Hz, 1H), 5.08 (d, J = 5.2 Hz, 1H), 4.66
(d, J = 8.4 Hz, 1H), 4.24 (dd, J = 11.1, 6.5 Hz, 1H), 4.05 (dd, J = 11.1, 6.1 Hz,
1H), 3.95 (d, J = 8.4 Hz, 1H), 3.67 (s, 3H), 2.80 (dd, J = 17.8, 5.2 Hz, 1H), 2.56
(dt, J = 17.7, 2.6 Hz, 1H), 2.34 (s, 3H), 1.91 (t, J = 6.5 Hz, 1H), 1.76 (s, 1H),
1.04 (s, 3H), 0.27 (s, 3H). 13C NMR (125 MHz, CDCl3) d 154.7, 137.4, 132.7,
131.2, 131.0, 130.2, 124.5, 121.4, 99.9, 79.7, 77.2, 77.0, 76.7, 68.3, 58.0, 49.7,
38.3, 35.5, 29.8, 20.0, 18.3. HRMS-ESI Calcd for C18H27O4Na [M ? Na]+:
329.1729; Found: 329.1731.
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3.14b

Synthesis and data of compound 3.14b:

Under the protection of nitrogen, the compound 3.6 (166 mg, 0.5 mmol) was
dissolved in methanol (5 mL), and then, calcium chloride (222 mg, 2 mmol) was
added at room temperature. The reaction was stirred at room temperature for 0.5 h
and then cooled to 0 �C. Sodium boron hydride (46 mg, 1.2 mmol) was added, and
the reaction was stirred for 1.5 h at 0 �C. TLC showed that the reaction was
completed. Water (2 mL) was added slowly at 0 �C to quench the reaction. The
reaction system was filtered and diluted with ethyl acetate (50 mL), washed with
saturated sodium bicarbonate (3 9 50 mL), and the aqueous phase was extracted
with ethyl acetate (100 mL), washed with saturated brine (40 mL). The combined
organic phase was dried over Na2SO4 and filtered; and the solvent was removed by
rotary evaporator. The resulting crude product was purified by flash silica gel
column chromatography (EtOAc/hexane = 1:3) to give 160 mg colorless liquid
(Rf = 0.50, EA/HA = 1:4), yield 95 %.

1H NMR (500 MHz, CDCl3) d 7.33 (dd, J = 7.9, 1.2 Hz, 1H), 7.10 (dd,
J = 7.4, 0.6 Hz, 1H), 6.96 (t, J = 7.7 Hz, 1H), 5.67 (ddd, J = 10.0, 5.3, 2.1 Hz,
1H), 5.46 (dd, J = 10.0, 2.7 Hz, 1H), 4.97 (q, J = 4.9 Hz, 2H), 4.42 (d,
J = 3.3 Hz, 1H), 4.32 (d, J = 3.2 Hz, 1H), 3.73 (s, 3H), 3.61 (s, 3H), 2.77 (dd,
J = 18.1, 5.3 Hz, 1H), 2.58–2.48 (m, 1H), 2.32 (s, 3H), 1.11 (s, 3H), 0.33 (s, 3H).
13C NMR (125 MHz, CDCl3) d 177.1, 154.8, 138.6, 132.3, 131.2, 129.9, 128.5,
123.4, 120.0, 99.2, 77.7, 77.2, 77.2, 77.0, 76.7, 57.5, 52.5, 52.0, 37.0, 36.8, 30.6,
19.1, 18.5. HRMS-ESI Calcd for C19H27O5 [M ? H]+: 335.1858; Found:
335.1857.

O
Me Me

OMOM

Me

MeOOC

OH
Me Me

OMOM

Me

MeOOC

3.6 3.14a

n-Bu4NBH4

MeOH/THF

40 oC
65%(89% brsm)

Synthesis and NMR data of compound 3.14a:

Under the protection of nitrogen, the compound 3.6 (4.0 g, 12.0 mmol) was
dissolved in methanol (90 mL) and tetrahydrofuran (30 mL) and cooled to 0 �C,

3.6 The Experimental Process and NMR Data of Total Synthesis 101



borohydride tetrabutylammonium bromide (9.3 mg, 36.0 mmol) was then added.
After being heated to 40 �C and stirred for 48 h, the reaction was cooled to room
temperature. Saturated ammonium chloride solution (30 mL) was slowly added to
quench the reaction. The solvent was removed by rotary evaporator; the residue
was diluted with ethyl acetate (100 mL). The aqueous phase was extracted with
ethyl acetate (3 9 100 mL) and washed with saturated brine (40 mL). The com-
bined organic phase was dried over Na2SO4 and filtered. The solvent was removed
by rotary evaporator. The resulting crude product was purified by flash silica gel
column chromatography (EA/HA = 1:30) to give 2.6 g white solid (Rf = 0.50,
EA/HA = 1:6), yield 65 %. 950 mg raw material 3.6 was recovered.

1H NMR (500 MHz, CDCl3) d 7.39 (d, J = 7.1 Hz, 1H), 7.17–7.08 (m, 1H),
7.09–6.95 (m, 1H), 5.68–5.56 (m, 1H), 5.44 (dt, J = 10.1, 1.8 Hz, 1H), 4.93 (d,
J = 5.4 Hz, 1H), 4.86 (d, J = 5.4 Hz, 1H), 4.40 (s, 1H), 3.72 (s, 3H), 3.59 (s, 3H),
2.92 (ddd, J = 17.7, 4.2, 1.5 Hz, 1H), 2.33 (s, 3H), 2.22 (d, J = 17.6 Hz, 1H),
0.95 (s, 3H), 0.86 (s, 3H). 13C NMR (125 MHz, CDCl3) d 176.1, 154.8, 135.7,
135.4, 131.0, 130.7, 125.8, 123.9, 121.0, 99.4, 77.2, 76.9, 76.7, 76.1, 57.2, 51.9,
51.4, 37.4, 29.6, 29.2, 17.8. HRMS-ESI Calcd for C19H27O5 [M ? H]+: 335.1858;
Found: 335.1857.
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Me Me

OMOM

Me

MeOOC

OH
Me Me

OMOM

Me

MeOOC

3.6 3.14a

MeOH/THF r.t.
Me4NBH4

81%(95% brsm)

Synthesis and NMR data of compound 3.14a:

Under the protection of nitrogen, the compound 3.6 (332 mg, 1.0 mmol) was
dissolved in methanol (10 mL) and tetrahydrofuran (10 mL) and cooled to 0 �C;
then, tetramethylammonium borohydride (356 mg, 4.0 mmol) was added. The
reaction was heated to room temperature and stirred for 24 h. Saturated ammo-
nium chloride solution (10 mL) was slowly added to quench the reaction. The
solvent was removed by rotary evaporator and diluted with ethyl acetate (50 mL).
The aqueous phase was extracted with ethyl acetate (3 9 50 mL) and washed with
saturated brine (20 mL). The combined organic phases were dried over Na2SO4

and filtered. Solvent was removed by rotary evaporator. The resulting crude
product was purified by flash silica gel column chromatography (EA/HA = 1:6) to
give 274 mg white solid (Rf = 0.50, EA/HA = 1:6), yield 81 %. 46 mg raw
material 3.6 was recovered.

1H NMR (500 MHz, CDCl3) d 7.39 (d, J = 7.1 Hz, 1H), 7.17–7.08 (m, 1H),
7.09–6.95 (m, 1H), 5.68–5.56 (m, 1H), 5.44 (dt, J = 10.1, 1.8 Hz, 1H), 4.93 (d,
J = 5.4 Hz, 1H), 4.86 (d, J = 5.4 Hz, 1H), 4.40 (s, 1H), 3.72 (s, 3H), 3.59 (s, 3H),
2.92 (ddd, J = 17.7, 4.2, 1.5 Hz, 1H), 2.33 (s, 3H), 2.22 (d, J = 17.6 Hz, 1H),
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0.95 (s, 3H), 0.86 (s, 3H). 13C NMR (125 MHz, CDCl3) d 176.1, 154.8, 135.7,
135.4, 131.0, 130.7, 125.8, 123.9, 121.0, 99.4, 77.2, 76.9, 76.7, 76.1, 57.2, 51.9,
51.4, 37.4, 29.6, 29.2, 17.8. HRMS-ESI Calcd for C19H27O5 [M ? H]+: 335.1858;
Found: 335.1857.

O
Me Me

OMOM

Me

MeOOC

OH
Me Me

OMOM

Me

MeOOC

3.6 3.14

Me4NBH4

MeOH/THF

50 oC
86%(92% brsm)

Synthesis and NMR data of compound 3.14:

Under the protection of nitrogen, the compound 3.6 (332 mg, 1.0 mmol) was
dissolved in methanol (10 mL) and tetrahydrofuran (10 mL) and cooled to 0 �C.
Tetramethylammonium borohydride (356 mg, 4.0 mmol) was then added. The
reaction was heated to 50 �C and stirred for 24 h. Saturated ammonium chloride
solution (10 mL) was slowly added to quench the reaction. The solvent was
removed by rotary evaporator and diluted with ethyl acetate (50 mL). The aqueous
phase was extracted with ethyl acetate (3 9 50 mL) and washed with saturated
brine (20 mL). The combined organic phase was dried over Na2SO4 and filtered.
The solvent was removed by rotary evaporator. The resulting crude product was
purified by flash silica gel column chromatography (EA/HA = 1:6) to give
287 mg white solid (3.14a/3.14b = 1:6), yield 86 %. 20 mg raw material 3.6 was
recovered.

LiAlH4, THF, rt

OH
Me Me

OMOM

Me

HO

3.5a3.14a

88%O
Me Me

OMOM

MeOOC

Me

Synthesis and NMR data of compound 3.5a:

Under the protection of nitrogen, the compound 3.14a (1.2 g, 3.6 mmol) was
dissolved in tetrahydrofuran (30 mL) and cooled to 0 �C. Lithium aluminum
hydride (550 mg, 14.4 mmol) was then added. The reaction was heated to room
temperature and stirred for 24 h. TLC showed that the reaction was completed.
The reaction was cooled to 0 �C. Water (5 mL) was slowly added to quench the
reaction filtered and then washed by ethyl acetate (250 mL). The organic phase
was washed with saturated sodium bicarbonate solution (cleaning 100 mL), and
the aqueous phase was extracted with ethyl acetate (3 9 100 mL) and washed
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with saturated brine (50 mL). The combined organic phases were dried over
Na2SO4 and then filtered. The solvent was removed by rotary evaporator. The
resulting crude product was purified by flash silica gel column chromatography
(EA/HA = 1:2), to obtain 970 mg desired product (Rf = 0.32, EA/HA = 1:2) as a
white solid, yield 88 %.

1H NMR (500 MHz, CDCl3) d 7.15 (d, J = 8.0 Hz, 1H), 7.14–7.09 (m, 1H),
6.99 (t, J = 7.7 Hz, 1H), 5.66 (ddd, J = 9.9, 5.2, 2.5 Hz, 1H), 5.32 (dd, J = 10.0,
2.5 Hz, 1H), 5.17 (d, J = 5.3 Hz, 1H), 5.08 (d, J = 5.2 Hz, 1H), 4.66 (d,
J = 8.4 Hz, 1H), 4.24 (dd, J = 11.1, 6.5 Hz, 1H), 4.05 (dd, J = 11.1, 6.1 Hz,
1H), 3.95 (d, J = 8.4 Hz, 1H), 3.67 (s, 3H), 2.80 (dd, J = 17.8, 5.2 Hz, 1H), 2.56
(dt, J = 17.7, 2.6 Hz, 1H), 2.34 (s, 3H), 1.91 (t, J = 6.5 Hz, 1H), 1.76 (s, 1H),
1.04 (s, 3H), 0.27 (s, 3H). 13C NMR (125 MHz, CDCl3) d 154.7, 137.4, 132.7,
131.2, 131.0, 130.2, 124.5, 121.4, 99.9, 79.7, 77.2, 77.0, 76.7, 68.3, 58.0, 49.7,
38.3, 35.5, 29.8, 20.0, 18.3. HRMS-ESI Calcd for C18H27O4 [M ? H]+: 307.1909;
Found: 307.1908.

OAc
Me Me

OMOM
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O

3.21

Synthesis and NMR data of compound 3.21:

Under the protection of nitrogen, the compound 3.5A (306 mg, 1.0 mmol) was
dissolved in dichloromethane (20 mL) and then cooled to 0 �C. DCC (618 mg,
3.0 mmol), DMAP (427 mg, 3.5 mmol), and acrylic acid (0.24 mL, 3.5 mmol)
were then added. The reaction was heated to room temperature and stirred for
24 h. TLC showed that the reaction was completed. The reaction was quenched by
saturated ammonium chloride solution (10 mL), and DCM (10 mL) was added.
The aqueous phase was extracted with ether (3 9 10 mL). The organic phases
were combined, washed with saturated brine (10 mL), and dried over anhydrous
sodium sulfate and then filtered. The filtrate was concentrated by rotary evaporator
under reduced pressure; the resulting crude product was purified by flash column
chromatography (PE/EA = 5:1) to give a hydroxyl group esterified product, which
is 210 mg colorless liquid (Rf = 0.7, PE/EA = 2:1), yield 58 %. 60 mg starting
material was recovered.

1H NMR (500 MHz, CDCl3) d 7.10 (dd, J = 12.1, 7.7 Hz, 2H), 6.94 (t,
J = 7.7 Hz, 1H), 6.12 (dd, J = 17.3, 1.5 Hz, 1H), 5.95 (dd, J = 17.3, 10.4 Hz,
1H), 5.77–5.65 (m, 2H), 5.35 (d, J = 10.1 Hz, 1H), 5.03 (dt, J = 22.0, 8.2 Hz,
3H), 4.73 (d, J = 11.1 Hz, 1H), 4.53 (d, J = 7.4 Hz, 1H), 3.64 (s, 3H), 2.87 (dd,
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J = 18.3, 3.9 Hz, 1H), 2.43 (dt, J = 18.3, 2.7 Hz, 1H), 2.29 (s, 3H), 2.05 (d,
J = 7.4 Hz, 1H), 1.05 (s, 3H), 0.51 (s, 3H). 13C NMR (125 MHz, CDCl3) d 166.0,
156.1, 135.2, 133.9, 130.9, 130.7, 130.1, 128.5, 127.6, 123.4, 121.7, 99.3, 77.2,
77.2, 77.1, 77.0, 76.7, 70.0, 57.3, 47.09, 37.9, 30.7, 27.8, 25.7, 18.4. HRMS-ESI
Calcd for C21H28O5Na [M ? Na]+: 383.1834; Found: 383.1824.

Under the protection of nitrogen, the hydroxyl group esterified product
(200 mg, 0.56 mmol) was dissolved in dichloromethane (50 mL) and cooled to
0 �C, and then, pyridine (2 mL) and DMAP (7 mg, 0.06 mmol) was added. Acetic
anhydride (0.29 mL, 2.8 mmol) was slowly added dropwise. The reaction was
heated to 50 �C and stirred for 3 h. TLC showed that the reaction was completed.
Saturated sodium bicarbonate solution (10 mL) was added to quench the reaction.
Dichloromethane (10 mL) was added for liquid separation; the aqueous phase was
extracted with ether (3 9 10 mL). The organic phases were combined, washed
with saturated brine (10 mL) wash, dried over anhydrous sodium sulfate, and then
filtered. The filtrate was concentrated by rotary evaporator under reduced pressure;
the resulting crude product was purified by flash column chromatography (PE/
EA = 5:1) to give 205 mg colorless liquid (Rf = 0.6, PE/EA = 5:1), yield 92 %.

1H NMR (500 MHz, CDCl3) d 7.17–7.06 (m, 1H), 7.06–6.98 (m, 1H), 6.90 (t,
J = 7.7 Hz, 1H), 6.19–6.02 (m, 2H), 5.90 (dd, J = 17.3, 10.4 Hz, 1H), 5.78 (ddd,
J = 10.1, 5.5, 2.2 Hz, 1H), 5.65 (dd, J = 10.4, 1.5 Hz, 1H), 5.32–5.23 (m, 1H),
5.20 (d, J = 5.4 Hz, 1H), 5.03 (d, J = 5.4 Hz, 1H), 4.92 (d, J = 10.7 Hz, 1H),
4.34 (d, J = 10.7 Hz, 1H), 3.71 (s, 3H), 2.85 (dd, J = 18.0, 5.3 Hz, 1H), 2.51 (dt,
J = 18.0, 2.5 Hz, 1H), 2.32 (s, 3H), 2.11 (s, 3H), 0.90 (s, 3H), 0.33 (s, 3H). 13C
NMR (125 MHz, CDCl3) d 170.6, 165.9, 156.5, 134.7, 132.0, 131.3, 130.5, 130.1,
128.4, 127.9, 123.0, 121.7, 99.4, 77.2, 77.0, 76.7, 69.9, 57.6, 45.8, 37.1, 29.6, 26.6,
20.8, 18.3. HRMS-ESI Calcd for C23H30O6Na [M ? Na]+: 425.1940; Found:
425.1932.
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3.22

Synthesis and NMR data of compound 3.22:

Under the protection of nitrogen, the compound 3.21 (50 mg, 0.124 mmol) was
dissolved in tetrahydrofuran (10 mL) and cooled to 0 �C. 3N dilute sulfuric acid
(5 mL) was added and heated to room temperature and then stirred for 12 h. TLC
showed that the reaction was completed. The reaction was quenched by saturated
sodium bicarbonate solution (10 mL). Diethyl ether (10 mL) was added for liquid
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separation. The aqueous phase was extracted with ether (3 9 10 mL). The organic
phases were combined, washed with saturated brine (10 mL), dried over anhy-
drous sodium sulfate, and then filtered. The filtrate was concentrated by rotary
evaporator under reduced pressure; the obtained crude product was separated by
flash column chromatography (PE/EA = 10:1). 45 mg MOM-deprotected product
was obtained as colorless liquid with (Rf = 0.9, PE/EA = 3:1) in 98 % yield.

1H NMR (500 MHz, CDCl3) d 7.02 (t, J = 8.5 Hz, 2H), 6.77 (t, J = 7.7 Hz,
1H), 6.27 (s, 1H), 6.13 (d, J = 17.3 Hz, 1H), 5.93 (dd, J = 17.3, 10.4 Hz, 1H),
5.84–5.75 (m, 1H), 5.68 (d, J = 10.5 Hz, 1H), 5.36 (s, 1H), 5.27 (d, J = 10.0 Hz,
1H), 5.06 (d, J = 10.6 Hz, 1H), 4.22 (d, J = 10.6 Hz, 1H), 2.78 (dd, J = 17.9,
5.6 Hz, 1H), 2.50 (d, J = 17.9 Hz, 1H), 2.23 (s, 3H), 2.11 (s, 3H), 0.90 (s, 3H),
0.38 (s, 3H). 13C NMR (125 MHz, CDCl3) d 170.7, 165.9, 153.0, 134.8, 130.2,
129.8, 128.4, 128.1, 126.1, 123.3, 121.4, 120.2, 77.2, 77.2, 77.0, 76.7, 75.5, 69.1,
45.6, 37.1, 28.9, 26.6, 26.2, 20.8, 15.8. HRMS-ESI Calcd for C21H26O5Na
[M ? Na]+: 381.1678; Found: 381.1670.

Under the protection of nitrogen, the MOM-deprotected product (45 mg,
0.12 mmol) was dissolved in AcOH (5 mL), and then, Pb(OAc)4 (106 mg,
0.24 mmol) was added at 0 �C. The reaction was stirred at 0 �C for 15 min. TLC
showed that the reaction was completed. Ethylene glycol (2 mL) was added to
quench the reaction. The solid was filtered off and washed with ethyl acetate
(50 mL). The organic phase was washed with saturated sodium bicarbonate
(3 9 10 mL). The water phase was extracted with ethyl acetate (3 9 50 mL), and
the combined organic phase was dried over anhydrous sodium sulfate. After fil-
tration, the solvent was removed by rotary evaporator, the resulting crude product
was purified by flash column chromatography (PE/EA = 6:1) to give 46 mg white
solid with the ratio of 2:1, total yield 90 %.

1H NMR (500 MHz, CDCl3) d 6.82 (dd, J = 5.3, 2.8 Hz, 1H), 6.31 (dt,
J = 13.5, 5.2 Hz, 1H), 6.27–6.23 (m, 2H), 6.06 (dd, J = 17.4, 10.5 Hz, 1H), 5.94
(s, 1H), 5.76–5.70 (m, 1H), 5.66 (ddd, J = 10.0, 5.2, 2.6 Hz, 1H), 5.36–5.27 (m,
1H), 4.55 (d, J = 10.6 Hz, 1H), 4.25 (d, J = 10.6 Hz, 1H), 2.53–2.33 (m, 2H),
2.08 (s, 4H), 1.99 (s, 3H), 1.34 (s, 3H), 0.90 (d, J = 6.2 Hz, 6H). 13C NMR
(125 MHz, CDCl3) d 198.0, 170.1, 168.8, 166.0, 141.5, 139.3, 136.5, 134.8, 130.0,
128.8, 121.7, 120.7, 78.9, 77.2, 77.2, 77.0, 76.7, 75.6, 68.4, 45.9, 37.1, 29.6, 28.2,
27.6, 26.1, 25.0, 20.7, 20.3. HRMS-ESI Calcd for C23H28O7Na [M ? Na]+:
439.1733; Found: 439.1723.
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Synthesis and NMR data of compound 3.23:
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Under the protection of nitrogen, the compound 3.22 (10 mg, 0.024 mmol) was
dissolved in toluene (10 mL) in a sealed tube, and then, the reaction was heated to
135 �C and stirred for 24 h. TLC showed that the reaction was completed. The
reaction was cooled to room temperature, and the solvent was removed by rotary
evaporator, the resulting crude product was purified by flash column chromatog-
raphy (PE/EA = 5:1), giving 8 mg white solid (Rf = 0.5, PE/EA = 3:1), yield
80 %.

1H NMR (500 MHz, CDCl3) d 6.68 (dd, J = 8.3, 7.1 Hz, 1H), 6.19 (d,
J = 0.8 Hz, 1H), 6.12 (d, J = 8.3 Hz, 1H), 5.65–5.45 (m, 2H), 4.81 (d,
J = 12.5 Hz, 1H), 4.12 (dd, J = 12.5, 0.8 Hz, 1H), 3.90–3.69 (m, 1H), 3.38 (dd,
J = 9.8, 6.8 Hz, 1H), 2.80–2.67 (m, 1H), 2.28 (ddd, J = 13.3, 9.9, 3.3 Hz, 1H),
2.07 (d, J = 11.8 Hz, 7H), 1.87 (ddd, J = 13.4, 6.8, 2.5 Hz, 1H), 1.55 (s, 3H),
1.12 (d, J = 8.8 Hz, 7H). 13C NMR (125 MHz, CDCl3) d 198.7, 172.4, 169.5,
169.4, 140.5, 136.9, 125.9, 120.3, 79.6, 77.2, 77.2, 77.0, 76.7, 71.2, 54.7, 39.4,
38.9, 38.8, 38.0, 30.9, 29.6, 27.8, 23.4, 21.5, 21.2, 21.0. HRMS-ESI Calcd for
C23H28O7Na [M ? Na]+: 439.1733; Found: 439.1729.
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Synthesis and NMR data of compound 3.27:

The Pd/C catalyst (15 mg) was added to ethyl acetate (5 mL), and then, the
compound 3.23 (100 mg, 0.24 mmol) in ethyl acetate (10 mL) was added at room
temperature. The reaction was placed in H2 atmosphere and stirred for 1 h at room
temperature. TLC showed that the reaction was completed. The solution was
filtered by silica gel and washed with ethyl acetate (20 mL). The solvent was
removed by rotary evaporator, and the resulting crude product was purified by
flash column chromatography (PE/EA = 5:1) to give 89 mg white solid (Rf = 0.6,
PE/EA = 4:1), yield 88 %.

1H NMR (500 MHz, CDCl3) d 5.65 (s, 1H), 4.87 (dd, J = 12.4, 5.7 Hz, 1H),
4.18–4.05 (m, 2H), 3.07 (ddd, J = 10.6, 7.9, 2.4 Hz, 1H), 2.91–2.84 (m, 1H), 2.79
(dd, J = 6.5, 4.8 Hz, 1H), 2.29–2.13 (m, 3H), 2.05–2.00 (m, 7H), 1.89 (ddd,
J = 10.1, 9.5, 4.8 Hz, 3H), 1.78 (d, J = 3.8 Hz, 2H), 1.58 (s, 5H), 1.24 (d,
J = 7.1 Hz, 4H), 1.02 (d, J = 8.0 Hz, 4H), 0.87 (d, J = 5.7 Hz, 4H). 13C NMR
(125 MHz, CDCl3) d 77.7, 72.8, 72.2, 37.7, 36.5, 35.0, 34.2, 31.8, 30.7, 25.7, 22.8,
21.7, 21.4, 21.2, 17.9, 16.9. HRMS-ESI Calcd for C23H32O7Na [M ? Na]+:
443.2046; Found: 443.2053.
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Synthesis and NMR data of compound 3.28:

Under the protection of nitrogen, the compound 3.26 (67 mg, 0.16 mmol) was
dissolved in tetrahydrofuran (10 mL) and methanol (10 mL) at room temperature,
and then, SmI2 (0.1M in of THF, 6 mL, 0.6 mmol) was added. The reaction was
stirred at room temperature for 15 min. TLC showed that the reaction was com-
pleted. The reaction was quenched with saturated NH4Cl (5 mL). Dichlorometh-
ane (10 mL) was added for liquid separation. The water phase was extracted with
dichloromethane (10 mL). The combined organic phase was dried over Na2SO4,
and the solvent was removed by rotary evaporator. The residue was purified by
flash column chromatography (PE/EA = 2:1) to give 49 mg white solid with the
ratio 3:1 (Rf = 0.80, PE/EA = 1:1), yield 84 %.

1H NMR (500 MHz, CDCl3) d 5.73 (s, 1H), 4.84 (d, J = 12.4 Hz, 1H),
4.21–4.12 (m, 1H), 2.93–2.82 (m, 1H), 2.41–2.29 (m, 2H), 2.29–2.22 (m, 1H),
2.08–2.00 (m, 5H), 2.00–1.81 (m, 4H), 1.55–1.46 (m, 4H), 1.13 (d, J = 7.0 Hz,
3H), 1.04 (s, 3H), 0.87 (s, 3H). 13C NMR (125 MHz, CDCl3) d 215.2, 173.9,
171.2, 78.7, 77.2, 76.9, 76.7, 71.8, 49.2, 47.3, 40.0, 37.9, 37.4, 36.7, 33.2, 31.8,
31.0, 29.9, 29.6, 24.9, 21.5, 21.2, 21.2, 17.9, 12.6. HRMS-ESI Calcd for
C21H30O5Na [M ? Na]+: 385.1991; Found: 385.1989.
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Synthesis and NMR data of compound 3.30:

Under the protection of nitrogen, the compound 3.28 (50 mg, 0.138 mmol) was
dissolved in methanol (10 mL), and then, potassium carbonate (36 mg,
0.272 mmol) in methanol (5 mL) was added at room temperature. The reaction
was stirred for 5 h at room temperature. The reaction mixture was filtered through
silica gel and washed with ethyl acetate (20 mL). The solvent was removed by
rotary evaporator, and the resulting crude product was purified by flash column
chromatography (PE/EA = 5:1) to obtain 8 mg product as white solid (Rf = 0.6,
PE/EA = 4:1), yield 16 %.
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1H NMR (500 MHz, CDCl3) d 5.11 (s, 1H), 4.25 (d, J = 9.1 Hz, 1H), 3.89 (d,
J = 9.1 Hz, 1H), 3.80 (d, J = 3.7 Hz, 1H), 3.12 (d, J = 9.3 Hz, 1H), 2.39 (dd,
J = 6.7, 3.3 Hz, 1H), 2.17 (d, J = 11.7 Hz, 1H), 2.07 (s, 3H), 2.01–1.97 (m, 1H),
1.95–1.84 (m, 4H), 1.02 (dd, J = 9.4, 5.6 Hz, 6H), 0.83 (s, 4H). HRMS-ESI Calcd
for C21H31O5 [M ? H]+: 362.2171; Found: 362.2168.
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Synthesis and NMR data of compound 3.31:

Under the protection of nitrogen, the compound 3.5A (306 mg, 1.0 mmol) was
dissolved in dichloromethane (20 mL) and cooled to 0 �C. DCC (618 mg, 3.0 mmol);
DMAP (427 mg, 3.5 mmol) and acrylic acid (0.24 mL, 3.5 mmol) were added,
heated to room temperature, and stirred for 24 h. TLC showed that the reaction was
completed. The reaction was quenched by adding saturated ammonium chloride
solution (10 mL). DCM (10 mL) was added for liquid separation. The aqueous phase
was extracted with ether (3 9 10 mL). The organic phases were combined, washed
with saturated brine (10 mL), dried over anhydrous sodium sulfate, and then filtered.
The filtrate was concentrated by rotary evaporator under reduced pressure, and the
resulting crude product was purified by flash column chromatography (PE/EA = 5:1)
to give a hydroxyl group esterified product as 210 mg colorless liquid (Rf = 0.7, PE/
EA = 2:1), yield 58 %. 60 mg starting material was recovered.

1H NMR (500 MHz, CDCl3) d 7.10 (dd, J = 12.1, 7.7 Hz, 2H), 6.94 (t,
J = 7.7 Hz, 1H), 6.12 (dd, J = 17.3, 1.5 Hz, 1H), 5.95 (dd, J = 17.3, 10.4 Hz,
1H), 5.77–5.65 (m, 2H), 5.35 (d, J = 10.1 Hz, 1H), 5.03 (dt, J = 22.0, 8.2 Hz,
3H), 4.73 (d, J = 11.1 Hz, 1H), 4.53 (d, J = 7.4 Hz, 1H), 3.64 (s, 3H), 2.87 (dd,
J = 18.3, 3.9 Hz, 1H), 2.43 (dt, J = 18.3, 2.7 Hz, 1H), 2.29 (s, 3H), 2.05 (d,
J = 7.4 Hz, 1H), 1.05 (s, 3H), 0.51 (s, 3H). 13C NMR (125 MHz, CDCl3) d 166.0,
156.1, 135.2, 133.9, 130.9, 130.7, 130.1, 128.5, 127.6, 123.4, 121.7, 99.3, 77.2,
77.2, 77.1, 77.0, 76.7, 70.0, 57.3, 47.0, 37.9, 30.7, 27.8, 25.7, 18.4. HRMS-ESI
Calcd for C21H28O5Na [M ? Na]+: 383.1834; Found: 383.1824.
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Synthesis and NMR data of compound 3.32:
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Under the protection of nitrogen, the compound 3.31 (1.37 g, 3.8 mmol) was
dissolved in dichloromethane (100 mL) and cooled to -78 �C. TMSBr (0.77 mL,
5.7 mmol) was then slowly added dropwise. The reaction was stirred at -78 �C
for 3 h. TLC showed that the reaction was completed. Saturated sodium bicar-
bonate solution (50 mL) was added to quench the reaction. Dichloromethane
(100 mL) was added for liquid separation, and the aqueous phase was extracted
with DCM (3 9 50 mL). The organic phases were combined, washed with satu-
rated brine (50 mL), dried over anhydrous sodium sulfate, and filtered. Filtrate was
concentrated by rotary evaporator under reduced pressure, and 1.0 g resulting
crude product was obtained, which could be used directly in the next step.

Under the protection of nitrogen, the MOM-deprotected crude product (1.0 g,
3.2 mmol) was dissolved in AcOH (10 mL), and then, Pb(OAc)4 (4.2 g,
9.5 mmol) was added at 0 �C. The reaction was stirred for 15 min at 0 �C. TLC
showed that the reaction was completed. Ethylene glycol (5 mL) was added to
quench the reaction. The solid was filtered off and washed with ethyl acetate
(50 mL). The organic phase was retained and washed with saturated sodium
bicarbonate (3 9 10 mL). The water phase was washed with ethyl acetate
(3 9 50 mL) and extracted, and the combined organic phase was dried over
anhydrous sodium sulfate. After filtration, the solvent was removed by rotary
evaporator, and the resulting crude product was separated by flash column chro-
matography purification (PE/EA = 2:1) giving 1.0 g white solid product with a
proportion of 3:1 (Rf = 0.5, PE/EA = 2:1). Overall yield was 84 % in two steps.

1H NMR (500 MHz, CDCl3) d 6.98 (dd, J = 6.5, 1.5 Hz, 1H), 6.85 (dd,
J = 6.3, 1.6 Hz, 1H), 6.50 (dt, J = 20.3, 10.2 Hz, 1H), 6.37–6.13 (m, 4H),
6.13–6.03 (m, 1H), 6.03–5.95 (m, 1H), 4.73 (dd, J = 11.2, 7.8 Hz, 1H), 4.56 (d,
J = 11.3 Hz, 1H), 4.52 (d, J = 11.0 Hz, 1H), 4.30 (s, 1H), 4.23 (s, 1H), 2.72 (dt,
J = 17.9, 2.3 Hz, 1H), 2.46–2.41 (m, 1H), 2.35–2.24 (m, 2H), 2.06 (s, 1H), 2.03
(d, J = 3.3 Hz, 3H), 1.34 (d, J = 3.7 Hz, 5H), 1.07–0.98 (m, 8H), 0.93 (s, 1H).
13C NMR (125 MHz, CDCl3) d 198.6, 169.4, 165.9, 142.2, 140.6, 139.7, 139.0,
137.0, 135.8, 130.7, 130.3, 128.4, 128.2, 122.1, 120.9, 120.7, 120.3, 81.5, 79.1,
77.2, 77.0, 76.7, 76.3, 68.5, 65.9, 47.3, 46.6, 37.9, 37.3, 30.3, 30.0, 29.5, 27.9,
25.4, 24.0, 23.5, 20.4, 20.3. HRMS-ESI Calcd for C21H27O6 [M ? H]+: 375.1808;
Found: 375.1802.

Me
Me

O O

AcO Me
O

OH

3.33

H

Synthesis and NMR data of compound 3.33:

Under the protection of nitrogen, the compound 3.32 (1.0 g, 2.67 mmol) was
dissolved in toluene (100 mL) in a sealed tube, and then, the reaction was heated
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to 135 �C and stirred for 24 h. TLC showed that the reaction was completed. The
reaction was cooled to room temperature, the solvent was removed by rotary
evaporator, and the resulting crude product was purified by flash column chro-
matography (PE/EA = 5:1) to give 900 mg white solid with a ratio of 2:1
(Rf = 0.5, PE,/EA = 2:1), yield 90 %.

1H NMR (500 MHz, CDCl3) d 6.44 (dd, J = 8.2, 7.0 Hz, 1H), 6.19 (d,
J = 8.3 Hz, 1H), 5.53 (dd, J = 10.0, 1.5 Hz, 1H), 5.42 (ddd, J = 10.0, 5.3,
2.3 Hz, 1H), 5.13 (d, J = 5.9 Hz, 1H), 4.66 (dd, J = 11.9, 0.8 Hz, 1H), 4.12 (t,
J = 9.5 Hz, 1H), 3.90 (dd, J = 9.2, 3.5 Hz, 1H), 3.26 (d, J = 5.9 Hz, 1H),
3.24–3.16 (m, 1H), 2.48–2.25 (m, 3H), 2.10 (d, J = 6.6 Hz, 3H), 2.07–1.90 (m,
1H), 1.45 (s, 3H), 1.14 (s, 3H), 1.04 (s, 3H). 13C NMR (125 MHz, CDCl3) d 201.5,
174.4, 170.6, 137.6, 137.1, 129.5, 119.5, 79.4, 77.2, 77.0, 76.7, 74.5, 69.4, 56.3,
42.2, 42.1, 40.8, 37.9, 33.1, 31.3, 25.0, 23.6, 22.1, 21.0. HRMS-ESI Calcd for
C23H28O7Na [M ? Na]+: 439.1733; Found: 439.1729.

Me
Me

O O

AcO Me
O

O

I

3.35

Synthesis and NMR data of compound 3.35:

Under the protection of nitrogen, the compound 3.33 (75 mg, 0.2 mmol) was
dissolved in toluene (100 mL); lead tetraacetate (265 mg, 0.6 mmol) and iodine
(102 mg, 0.4 mmol) were then added at room temperature. The reaction was
heated to 100 �C and stirred for 2 h. After cooled to room temperature and filtered,
the solvent was removed by rotary evaporator, and the resulting crude product was
purified by flash column chromatography (PE/EA = 4:1) to give 30 mg white
solid (Rf = 0.6, of PE/EA = 2:1), yield 35 %. 35 mg starting material was
recovered.

1H NMR (500 MHz, CDCl3) d 6.72–6.62 (m, 1H), 6.13 (d, J = 8.1 Hz, 1H),
4.75 (d, J = 6.6 Hz, 1H), 4.34 (d, J = 8.2 Hz, 1H), 4.28 (d, J = 1.7 Hz, 1H),
4.21–4.08 (m, 3H), 3.49 (d, J = 5.3 Hz, 1H), 3.00 (ddd, J = 15.4, 11.0, 6.0 Hz,
1H), 2.24–2.15 (m, 2H), 2.06 (d, J = 10.0 Hz, 6H), 1.51–1.43 (m, 6H), 1.27 (d,
J = 7.2 Hz, 4H), 1.22–1.15 (m, 4H). 13C NMR (125 MHz, CDCl3) d 140.4, 126.7,
83.3, 83.0, 66.0, 45.3, 40.8, 40.2, 37.3, 31.8, 25.8, 24.0. HRMS-ESI Calcd for
C21H26O6I [M ? H]+: 501.0774; Found: 501.0760.
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Synthesis and NMR data of compounds 3.36 and 3.37:

Under the protection of nitrogen, the compound 3.33 (80 mg, 0.21 mmol) and
triethylamine (0.6 mL, 4.28 mmol) were dissolved in dichloromethane (6 mL),
and then, TMSOTf (0.31 mL, 1.71 mmol) was added at 0 �C. The reaction was
stirred at 0 �C for 1.5 h. NBS (153 mg, 0.86 mmol) in dichloromethane (6 mL)
was added to the reaction. The reaction was stirred for 1.5 h at 0 �C. TLC showed
that the reaction was completed. Saturated brine (2 mL) was added to quench the
reaction. Dichloromethane was added (20 mL) for liquid separation. The aqueous
phase was extracted with ethyl acetate (3 9 20 mL), and the combined organic
phase was dried over anhydrous sodium sulfate. After filtration, the solvent was
removed by rotary evaporator, the resulting crude product was isolated and puri-
fied by flash column chromatography (PE/EA = 20:1) to give compound 3.36
(36 mg, Rf = 0.8, PE/EA = 5:1), yield 32 %; compound 3.37 (45 mg, Rf = 0.9,
PE/EA = 5:1), yield 35 %.

Compound 3.36, colorless liquid, 1H NMR (500 MHz, CDCl3) d 6.39–6.32 (m,
1H), 6.29 (d, J = 7.9 Hz, 1H), 5.56 (ddd, J = 9.9, 5.9, 1.7 Hz, 1H), 5.48 (dd,
J = 10.0, 2.3 Hz, 1H), 4.20 (s, 1H), 4.02 (d, J = 10.2 Hz, 1H), 3.86–3.74 (m, 3H),
3.48 (dd, J = 8.9, 3.0 Hz, 1H), 3.41–3.29 (m, 2H), 2.55–2.43 (m, 2H), 1.97–1.87
(m, 1H), 1.57 (s, 3H), 1.48 (s, 3H), 1.14 (s, 3H), 1.11 (s, 3H), 0.04 (s, 9H). 13C
NMR (75 MHz, CDCl3) d 199.5, 173.9, 166.4, 135.0, 133.4, 131.8, 123.3, 85.0,
81.6, 77.4, 77.0, 76.5, 60.8, 54.5, 45.9, 40.7, 39.7, 36.8, 31.9, 31.2, 25.8, 24.3,
21.2, 21.1, -0.7. HRMS-ESI Calcd for C24H34O6SiBr [M ? H]+: 525.1308;
Found: 525.1313.

Compound 3.37, colorless liquid, 1H NMR (500 MHz, CDCl3) d 6.42–6.34 (m,
1H), 6.30 (d, J = 8.2 Hz, 1H), 5.80 (s, 1H), 5.57 (ddd, J = 9.9, 5.8, 1.7 Hz, 1H),
5.49 (dd, J = 10.0, 2.3 Hz, 1H), 4.20 (s, 1H), 4.02 (d, J = 10.2 Hz, 1H),
3.85–3.77 (m, 1H), 3.47 (dd, J = 8.9, 3.1 Hz, 1H), 3.44–3.31 (m, 2H), 2.60–2.40
(m, 2H), 1.99 (ddd, J = 13.7, 8.8, 1.9 Hz, 1H), 1.57 (s, 2H), 1.51 (s, 3H), 1.12 (d,
J = 15.4 Hz, 7H), 0.04 (s, 9H). 13C NMR (125 MHz, CDCl3) d 198.8, 173.5,
163.5, 135.1, 133.4, 131.9, 123.3, 105.0, 85.0, 82.9, 77.2, 77.0, 76.7, 60.9, 54.4,
46.0, 40.4, 39.7, 36.9, 32.4, 31.9, 31.3, 23.6, 21.3, 21.2, -0.7. HRMS-ESI Calcd
for C24H33O6SiBr2 [M ? H]+: 603.0413; Found: 603.0408.
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Synthesis and NMR data of compound 3.73:

Under the protection of nitrogen, the compound 3.33 (of 100 mg, 0.27 mmol)
and triethylamine (0.93 mL, 6.68 mmol) were dissolved in DCM (4 mL). TBSOTf
(0.615 mL, 2.67 mmol) was then added at 0 �C and stirred for 6 h. TLC showed
that the reaction was completed. Saturated sodium bicarbonate solution (2 mL)
was added to quench the reaction. Dichloromethane (20 mL) was added for liquid
separation. The aqueous phase was extracted with ethyl acetate (3 9 20 mL) and
the combined organic phase was washed with anhydrous sodium sulfate. After
filtration, the solvent was removed by rotary evaporator, and the resulting crude
product was purified by flash column chromatography (PE/EA = 5:1) to give
1.1 g colorless liquid (Rf = 0.8, PE/EA = 5:1), yield 82 %.

1H NMR (500 MHz, CDCl3) d 6.66 (dd, J = 8.1, 7.2 Hz, 1H), 5.98 (d,
J = 8.2 Hz, 1H), 5.55 (d, J = 3.5 Hz, 2H), 4.30 (d, J = 9.5 Hz, 1H), 4.17 (d,
J = 2.1 Hz, 1H), 3.90 (dd, J = 6.3, 5.2 Hz, 1H), 3.61 (dd, J = 9.6, 2.1 Hz, 1H),
2.83 (t, J = 10.0 Hz, 1H), 2.80–2.69 (m, 1H), 2.17–2.03 (m, 3H), 1.94 (ddd,
J = 13.4, 9.1, 4.4 Hz, 1H), 1.84–1.71 (m, 1H), 1.54 (s, 3H), 1.50–1.40 (m, 1H),
1.25 (s, 3H), 1.19 (s, 3H), 0.89 (s, 9H), 0.18 (d, J = 2.4 Hz, 7H), 0.04 (s, 6H). 13C
NMR (125 MHz, CDCl3) d 198.9, 169.7, 138.9, 136.2, 123.4, 121.4, 111.5, 82.1,
80.0, 77.2, 77.0, 76.7, 68.9, 54.6, 42.5, 39.9, 35.6, 34.7, 30.7, 29.7, 26.2, 26.0,
25.7, 25.7, 25.7, 25.6, 25.6, 25.6, 25.6, 25.6, 25.6, 25.1, 24.6, 22.0, 20.5, 18.1,
17.8, -2.9. HRMS-ESI Calcd for C27H41O6Si [M ? H]+: 489.2672; Found:
489.2665.
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O
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Synthesis and NMR data of compound 3.42:

Under the protection of nitrogen, the compound 3.5b (306 mg, 1.0 mmol) was
dissolved in dichloromethane (20 mL), and then, pyridine (5 mL) and the freshly
prepared solution of pyruvic acid chloride (0.12 mL, 1.2 mmol) were slowly
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added at 0 �C, and the reaction was stirred for 0.5 h at 0 �C. TLC detection
showed that the reaction was completed. Saturated ammonium chloride solution
(20 mL) was slowly added at 0 �C to quench the reaction. The reaction system was
filtered, diluted with dichloromethane (100 mL), and then washed with saturated
sodium bicarbonate (3 9 50 mL), and the aqueous phase was extracted with
dichloromethane (100 mL); the combined organic phases were dried over Na2SO4

and then filtered. The solvent was removed by rotary evaporator. The resulting
crude product was purified by flash silica gel column chromatography (EA/
HA = 1:6) to give 256 mg colorless liquid (Rf = 0.5, EA/HA = 1:2), yield 68 %.

1H NMR (500 MHz, CDCl3) d 7.12 (d, J = 7.7 Hz, 2H), 6.97 (t, J = 7.7 Hz,
1H), 5.63 (ddd, J = 9.9, 5.3, 2.4 Hz, 1H), 5.34 (dd, J = 10.0, 2.6 Hz, 1H),
5.18–5.03 (m, 2H), 4.77 (d, J = 11.1 Hz, 1H), 4.72 (d, J = 8.5 Hz, 1H), 4.62 (d,
J = 11.1 Hz, 1H), 3.97 (t, J = 14.0 Hz, 1H), 3.67 (d, J = 9.3 Hz, 3H), 2.78 (dd,
J = 17.8, 5.3 Hz, 1H), 2.46 (dt, J = 17.7, 2.6 Hz, 1H), 2.34 (s, 3H), 1.95 (s, 3H),
1.06 (s, 4H), 0.25 (s, 3H). 13C NMR (125 MHz, CDCl3) d 191.4, 160.6, 155.0,
137.5, 131., 130.8, 129.4, 124.2, 120.6, 100.3, 100.1, 79.7, 77.2, 77.0, 76.7, 71.1,
69.4, 58.0, 47.5, 38.3, 35.2, 33.8, 30.8, 29.7, 29.4, 22.4, 19.9, 18.4. HRMS-ESI
Calcd for C21H29O6 [M ? H]+: 377.1964; Found: 377.1976.
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The synthesis and data of compound 3.39:

Under the protection of nitrogen, the compound 3.42 (30 mg, 0.08 mmol) was
dissolved in dichloromethane (10 mL), and then, pyridine (3 mL) and methane-
sulfonyl chloride (0.08 mL of 1.0 mmol) were slowly added at 0 �C. The reaction
was stirred at 0 �C for 0.5 h. TLC showed that the reaction was completed. Sat-
urated ammonium chloride solution (20 mL) was slowly added at 0 �C to quench
the reaction. The reaction system was filtered, diluted with dichloromethane
(100 mL), and washed with saturated sodium bicarbonate (3 9 50 mL), and the
aqueous phase was extracted with dichloromethane (100 mL). The combined
organic phases were dried over Na2SO4 and then filtered. The solvent was
removed by rotary evaporator. The resulting crude product was purified by flash
silica gel column chromatography (EA/HA = 1:3), (Rf = 0.5, EA/HA = 1:2) to
give 31 mg colorless liquid, yield 86 %.

1H NMR (500 MHz, CDCl3) d 7.14 (dd, J = 7.7, 1.8 Hz, 2H), 6.99 (t,
J = 7.7 Hz, 1H), 5.80–5.74 (m, 1H), 5.75–5.68 (m, 1H), 5.57–5.50 (m, 1H), 5.26
(d, J = 5.0 Hz, 1H), 5.11 (d, J = 5.1 Hz, 1H), 4.61 (d, J = 9.9 Hz, 1H),
3.70–3.61 (m, 3H), 2.81 (dd, J = 16.6, 2.1 Hz, 1H), 2.47–2.39 (m, 1H), 2.35–2.30
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(m, 4H), 2.11–2.02 (m, 3H), 1.96–1.86 (m, 2H), 1.26 (s, 4H), 1.20 (s, 3H). 13C
NMR (125 MHz, CDCl3) d 160.02, 155.97, 134.46, 133.20, 131.74, 130.85,
127.30, 123.47, 121.43, 99.45, 88.71, 77.25, 77.00, 76.74, 67.15, 57.59, 47.16,
37.91, 37.44, 29.66, 28.96, 27.82, 26.53, 26.03, 18.55. HRMS-ESI Calcd for
C22H20O8Na [M ? Na]+: 477.1559; Found: 477.1544.
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Synthesis and NMR data of compound 3.43:

Under the protection of nitrogen, the compound 3.5A (250 mg, 0.82 mmol) was
dissolved in dichloromethane (15 mL), and then, pyridine (0.5 mL) and bromo-
acetyl bromine (0.083 mL, 0.94 mmol) were added at 0 �C. The reaction was
carried out at 0 �C and then stirred for 0.5 h. TLC showed that the reaction was
completed. Saturated ammonium chloride solution (20 mL) was slowly added at
0 �C to quench the reaction. The reaction system was filtered, diluted with
dichloromethane (50 mL), and washed with saturated sodium bicarbonate
(3 9 50 mL), and the aqueous phase was extracted with dichloromethane
(100 mL). The combined organic phase was dried over Na2SO4 and then filtered.
The solvent was removed by rotary evaporator. The resulting crude product was
purified by flash silica gel column chromatography (EA/HA = 1:3) to give
226 mg colorless liquid (Rf = 0.5, EA/HA = 1:4), yield 65 %.

1H NMR (500 MHz, CDCl3) d 7.09 (d, J = 7.6 Hz, 2H), 6.95 (t, J = 7.7 Hz,
1H), 5.80–5.63 (m, 1H), 5.35 (d, J = 10.1 Hz, 1H), 5.11 (d, J = 11.0 Hz, 1H),
5.10–5.03 (m, 2H), 4.73 (d, J = 10.9 Hz, 1H), 4.50 (d, J = 7.5 Hz, 1H), 3.65 (s,
4H), 2.87 (dd, J = 18.3, 4.2 Hz, 1H), 2.44 (d, J = 18.3 Hz, 1H), 2.29 (s, 3H), 1.95
(d, J = 7.6 Hz, 1H), 1.05 (s, 3H), 0.50 (s, 3H). 13C NMR (125 MHz, CDCl3) d
167.0, 156.2, 135.3, 131.1, 130.7, 127.7, 123.5, 121.6, 105.0, 99.4, 77.2, 76.9,
76.7, 71.7, 57.4, 47.1, 38.0, 30.6, 27.7, 25.8, 18.4. HRMS-ESI Calcd for
C20H27O5NaBr [M ? Na]+: 449.0940; Found: 449.0935.
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Synthesis and NMR data of compound 3.45:
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Under the protection of nitrogen, the compound 3.43 (60 mg, 0.14 mmol) was
dissolved in tetrahydrofuran (10 mL), and sodium hydride (60 %, 11.3 g,
0.28 mmol) was added at 0 �C. The reaction mixture was stirred for 2 h. TLC
showed that the reaction was completed. Saturated ammonium chloride solution
(20 mL) was slowly added at 0 �C to quench the reaction. The reaction system was
filtered, diluted with ethyl acetate (50 mL), and washed with saturated sodium
bicarbonate (3 9 10 mL), and the aqueous phase was extracted with ethyl acetate
(20 mL). The combined organic phases dried over Na2SO4 and then filtered, and
the solvent was removed by rotary evaporator. The resulting crude product was
purified by flash silica gel column chromatography (EA/HA = 1:20) to give
25 mg colorless liquid (Rf = 0.5, EA/HA = 1:5), yield 40 %. Compound 3.5A
(12 mg) was obtained.

1H NMR (500 MHz, CDCl3) d 7.14–7.07 (m, 1H), 7.07–6.96 (m, 1H), 6.92 (t,
J = 7.7 Hz, 1H), 6.20 (s, 1H), 5.79 (ddd, J = 10.1, 5.6, 2.2 Hz, 1H), 5.29–5.24
(m, 1H), 5.22 (d, J = 5.4 Hz, 1H), 5.07 (d, J = 5.4 Hz, 1H), 5.03 (d, J = 10.6 Hz,
1H), 4.36 (d, J = 10.6 Hz, 1H), 3.89 (q, J = 12.2 Hz, 2H), 3.71 (s, 3H), 3.61 (s,
2H), 2.89 (dd, J = 18.0, 5.0 Hz, 1H), 2.54 (dt, J = 18.0, 2.5 Hz, 1H), 2.32 (d,
J = 9.6 Hz, 3H), 0.93 (s, 3H), 0.35 (s, 3H). 13C NMR (125 MHz, CDCl3) d 166.8,
156.5, 134.3, 131.7, 130.4, 127.9, 123.1, 121.6, 99.5, 79.1, 77.2, 76.9, 76.7, 71.1,
57.7, 46.1, 37.3, 29.3, 26.5, 25.6, 25.5, 18.4. HRMS-ESI Calcd for C20H27O5NaBr
[M ? Na]+: 449.0940; Found: 449.0932.
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Synthesis and NMR data of compound 3.48:

Compound 3.5a (5.0 g, 16.3 mmol) was dissolved in dichloromethane
(150 mL) under nitrogen protection. Pyridine (30 mL) and the solid triphosgene
gas (4.8 g, 16.3 mmol) were added at -40 �C. The reaction was stirred at 0 �C for
15 min. TLC showed that the reaction was completed. Saturated sodium bicar-
bonate solution (30 mL) was slowly added at 0 �C to quench the reaction. The
reaction system was filtered, diluted with dichloromethane (100 mL), and washed
with saturated sodium bicarbonate (3 9 50 mL), and the aqueous phase was
extracted with dichloromethane (100 mL). The combined organic phases were
dried over Na2SO4 and then filtered. The solvent was removed by rotary evapo-
rator, the resulting crude product was purified by flash silica gel column chro-
matography (EA/HA = 1:5). 4.8 g white solid product was obtained (Rf = 0.7,
EA/HA = 1:2), yield 88 %.

1H NMR (500 MHz, CDCl3) d 7.20 (d, J = 8.0 Hz, 1H), 7.15 (d, J = 7.2 Hz,
1H), 6.99 (t, J = 7.7 Hz, 1H), 5.68 (ddd, J = 10.1, 4.7, 2.7 Hz, 1H), 5.47 (s, 1H),
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5.35 (dd, J = 10.2, 1.0 Hz, 1H), 5.29 (d, J = 11.1 Hz, 1H), 5.15 (d, J = 5.4 Hz,
1H), 5.09 (d, J = 5.4 Hz, 1H), 4.04 (d, J = 11.1 Hz, 1H), 3.63 (s, 3H), 2.64 (dd,
J = 18.7, 4.6 Hz, 1H), 2.50 (dt, J = 18.7, 2.5 Hz, 1H), 2.27 (s, 3H), 1.16 (s, 3H),
0.56 (s, 3H). 13C NMR (125 MHz, CDCl3) d 156.2, 149.8, 149.0, 134.2, 132.3,
131.0, 130.2, 127.1, 124.0, 120.2, 99.7, 83.7, 77.2, 77.0, 76.7, 73.4, 57.5, 38.6,
37.2, 28.6, 27.0, 25.9, 18.6, 14.1. HRMS-ESI Calcd for C19H24O5Na [M ? Na]+:
335.1521; Found: 335.1519.
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Synthesis and NMR data of compounds 3.47 and 3.49:

Under the protection of nitrogen, ethyl propiolate (0.61 mL, 6.0 mmol) was
dissolved in tetrahydrofuran (15 mL). Then, butyl lithium solution (2.6 mL,
6.0 mmol) was slowly added at -78 �C. The reaction was carried out at -78 �C
and stirred for 30 min. The compound 3.48 (332 mg, 1.0 mmol) was dissolved in
tetrahydrofuran (10 mL), introduced into the reaction system, and stirred for 1 h at
-78 �C. TLC showed that the reaction was completed. Saturated ammonium
chloride solution (20 mL) was added slowly at 0 �C to quench the reaction. The
reaction was diluted with ethyl acetate (100 mL) and washed with saturated
sodium bicarbonate (3 9 50 mL). The aqueous phase was extracted with ethyl
acetate (100 mL), the combined organic phases were dried over Na2SO4 and then
filtered. The solvent was removed by rotary evaporator, and the resulting crude
product was purified by column chromatography on silica gel (EA/HA = 1:5) to
give 249 mg compound 3.47 (Rf = 0.6, EA/HA = 1:2), yield 58 %; 146 mg
compound 3.49 (Rf = 0.5, EA/HA = 1:2), yield 34 %.

Compound 3.47, white solid; 1H NMR (500 MHz, CDCl3) d 7.10 (dd, J = 7.5,
6.9 Hz, 2H), 6.96 (t, J = 7.7 Hz, 1H), 5.72 (ddd, J = 10.1, 4.6, 3.0 Hz, 1H), 5.34
(d, J = 10.2 Hz, 1H), 5.24 (d, J = 10.9 Hz, 1H), 5.06 (q, J = 5.3 Hz, 2H), 4.78
(d, J = 10.9 Hz, 1H), 4.46 (d, J = 7.4 Hz, 1H), 4.25 (q, J = 7.1 Hz, 2H), 3.64 (s,
3H), 2.86 (dd, J = 18.3, 4.6 Hz, 1H), 2.44 (dt, J = 18.3, 2.7 Hz, 1H), 2.29 (s, 3H),
1.89 (d, J = 7.4 Hz, 1H), 1.30 (t, J = 7.1 Hz, 3H), 1.04 (s, 3H), 0.44 (s, 3H).13C
NMR (125 MHz, CDCl3) d 175.1, 169.1, 156.2, 151.9, 151.8, 135.1, 132.7, 131.2,
130.6, 127.7, 123.5, 121.5, 99.4, 88.9, 77.2, 77.1, 76.9, 76.7, 76.7, 74.7, 74.5, 72.5,
62.8, 57.3, 46.9, 37.9, 30.1, 27.4, 25.9, 18.4, 13.7. HRMS-ESI Calcd for
C24H30O7Na [M ? Na]+: 453.1889; Found: 453.1880.

Compound 3.49, white solid; 1H NMR (500 MHz, CDCl3) d 7.17–7.06 (m, 3H),
6.97 (t, J = 7.6 Hz, 1H), 6.18 (s, 1H), 5.82 (ddd, J = 10.0, 5.5, 2.1 Hz, 1H), 5.71
(ddd, J = 10.2, 8.7, 3.3 Hz, 1H), 5.21 (d, J = 5.3 Hz, 2H), 5.07 (dd, J = 4.1,
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2.8 Hz, 2H), 4.78 (d, J = 10.9 Hz, 1H), 4.45 (d, J = 10.4 Hz, 1H), 4.32 (q,
J = 7.1 Hz, 2H), 3.67 (s, 3H), 3.64 (d, J = 1.8 Hz, 2H), 2.93 (dd, J = 18.2,
5.4 Hz, 1H), 2.50 (d, J = 18.2 Hz, 1H), 2.37–2.26 (m, 4H), 1.35 (t, J = 7.1 Hz,
3H), 1.33–1.24 (m, 3H), 0.94 (s, 3H), 0.33 (s, 3H).

Me Me
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OH

OH

O

O

CO2Et

3.50

Synthesis and NMR data of compound 3.50:

Under the protection of nitrogen, compound 3.47 (110 mg, 0.256 mmol) was
dissolved in tetrahydrofuran (10 mL), and then, 3N sulfuric acid solution (3 mL)
was slowly added at 0 �C. The reaction was stirred at room temperature for 4 h.
TLC showed that the reaction was completed. Saturated sodium bicarbonate
solution (20 mL) was slowly added at 0 �C to quench the reaction. The mixture
was diluted with ethyl acetate (100 mL) and washed with saturated sodium
bicarbonate (3 9 50 mL). The aqueous phase was extracted with ethyl acetate
(100 mL), the combined organic phases were dried over Na2SO4 and then filtered.
The solvent was removed by rotary evaporator, and the resulting crude product
was purified by flash column chromatography (EA/HA = 1:3) to give 92 mg
colorless liquid (Rf = 0.5, EA/HA = 1:2), yield 93 %.

1H NMR (500 MHz, CDCl3) d 7.05 (dd, J = 7.6, 1.5 Hz, 2H), 6.81 (t,
J = 7.7 Hz, 1H), 6.04 (s, 1H), 5.72 (ddd, J = 10.0, 4.3, 3.5 Hz, 1H), 5.47–5.33
(m, 2H), 4.69 (d, J = 10.7 Hz, 1H), 4.50 (d, J = 4.2 Hz, 1H), 4.25 (q, J = 7.1 Hz,
2H), 2.81 (dd, J = 18.0, 3.8 Hz, 1H), 2.49–2.41 (m, 1H), 2.29–2.16 (m, 4H), 1.30
(t, J = 7.1 Hz, 5H), 1.06 (s, 3H), 0.53 (s, 3H). 13C NMR (125 MHz, CDCl3) d
153.1, 151.9, 151.8, 135.2, 129.9, 127.6, 126.8, 124.2, 121.3, 120.4, 77.2, 76.9,
76.7, 74.7, 74.7, 70.8, 62.8, 46.6, 38.2, 29.7, 27.4, 25.8, 16.0, 13.8. HRMS-ESI
Calcd for C22H26O6Na [M ? Na]+: 409.1627; Found: 409.1629.
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Synthesis and NMR data of compound 3.51:

Under the protection of nitrogen, the compound 3.50 (90 mg, 0.23 mmol) was
dissolved in AcOH (5 mL), and then, Pb(OAc)4 (516 mg, 1.2 mmol) was added at
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0 �C. The reaction was stirred at room temperature for 1 h. TLC showed that the
reaction was completed. Ethylene glycol (5 mL) was added to quench the reaction.
The solid was filtered off and washed with ethyl acetate (50 mL). The organic
phase was reserved and washed with saturated sodium bicarbonate (3 9 10 mL).
The water phase was extracted with ethyl acetate (3 9 50 mL). The combined
organic phase was dried over anhydrous sodium sulfate. After filtration, the sol-
vent was removed by a rotary evaporator. The resulting crude product was isolated
by flash column chromatography (PE/EA = 3:1), giving 88 mg white solid with a
ratio of 3:1 (Rf = 0.5, PE/EA = 2:1), yield 86 %.

1H NMR (500 MHz, CDCl3) d 7.08 (dd, J = 16.0, 8.0 Hz, 1H), 6.95 (dd,
J = 6.6, 1.3 Hz, 1H), 6.32 (td, J = 9.2, 4.0 Hz, 1H), 6.26–6.19 (m, 1H), 5.74–5.68
(m, 1H), 5.63 (td, J = 10.1, 5.3 Hz, 1H), 5.58–5.48 (m, 1H), 5.42 (d, J = 10.1 Hz,
1H), 5.34 (d, J = 10.3 Hz, 1H), 5.24 (d, J = 10.9 Hz, 1H), 5.07 (dd, J = 9.0,
3.8 Hz, 1H), 4.93 (d, J = 11.2 Hz, 1H), 4.78 (dd, J = 11.0, 8.1 Hz, 1H), 4.68 (d,
J = 11.3 Hz, 1H), 4.65–4.60 (m, 1H), 4.32–4.24 (m, 4H), 4.24–4.13 (m, 1H), 3.64
(s, 1H), 2.86 (d, J = 17.9 Hz, 1H), 2.76 (s, 1H), 2.43 (d, J = 3.4 Hz, 1H),
2.32–2.24 (m, 2H), 2.08–2.02 (m, 3H), 1.38 (s, 3H), 1.04 (d, J = 7.3 Hz, 7H). 13C
NMR (125 MHz, CDCl3) d 198.5, 169.6, 151.9, 140.5, 140.0, 135.9, 122.4, 120.6,
78.7, 77.2, 77.0, 76.7, 75.9, 74.7, 68.1, 62.9, 47.3, 37.2, 30.3, 28.8, 23.9, 23.6,
20.3, 13.8. HRMS-ESI Calcd for C24H26O8Na [M ? Na]+: 467.1682; Found:
467.1677.
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Synthesis and NMR data of compound 3.54:

Under the protection of nitrogen, ethyl propiolate (4.25 mL, 42 mmol) was
dissolved in tetrahydrofuran (45 mL) and then, butyl lithium solution (18.7 mL,
42 mmol) was slowly added at -78 �C. The reaction was carried out at -78 �C
and stirred for 1 h. Compound 3.48 (2.32 g, 7.0 mmol) dissolved in tetrahydro-
furan (60 mL) was then introduced into the reaction system, and stirred for 1 h at
-78 �C, heated to 0 �C, and then stirred overnight. TLC showed that the reaction
was completed. Saturated ammonium chloride solution (50 mL) was slowly added
at 0 �C to quench the reaction. The mixture was diluted with ethyl acetate
(100 mL) and washed with saturated sodium bicarbonate (3 9 30 mL). The
aqueous phase was extracted with ethyl acetate (100 mL), and the combined
organic phase was dried over Na2SO4, then filtered, and the solvent was removed
by a rotary evaporator, and the resulting crude product using flash column chro-
matography on silica gel (EA/HA = 1:5), to give 0.50 g colorless liquid
(Rf = 0.6, EA/HA = 1:2), yield 30 %.
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1H NMR (500 MHz, CDCl3) d 7.19–7.12 (m, 1H), 7.12–7.01 (m, 1H), 6.92 (t,
J = 7.7 Hz, 1H), 5.68 (dt, J = 10.1, 3.8 Hz, 1H), 5.36 (d, J = 10.1 Hz, 1H), 5.09
(d, J = 5.3 Hz, 1H), 5.08–5.00 (m, 3H), 4.88 (d, J = 11.2 Hz, 1H), 4.57 (d,
J = 7.5 Hz, 1H), 3.80 (q, J = 7.0 Hz, 2H), 3.65 (s, 3H), 2.90 (dd, J = 18.3,
3.0 Hz, 1H), 2.52–2.40 (m, 1H), 2.15–2.00 (m, 1H), 1.29 (t, J = 7.0 Hz, 3H), 1.06
(s, 3H), 0.57 (s, 3H). 13C NMR (125 MHz, CDCl3) d 165.7, 163.5, 161.7, 156.1,
135.3, 133.8, 130.9, 130.7, 127.9, 123.4, 121.7, 99.3, 93.4, 77.2, 77.2, 77.0, 76.7,
71.2, 65.6, 60.2, 57.3, 46.9, 37.9, 30.6, 28.2, 25.4, 18.4, 14.1, 13.8. HRMS-ESI
Calcd for C26H36O8Na [M ? Na]+: 499.2306; Found: 499.2308.
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Synthesis and NMR data of compound 3.55:

Under the protection of nitrogen, the compound 3.54 (100 mg, 0.256 mmol)
was dissolved in tetrahydrofuran (10 mL), and then, 3N sulfuric acid solution
(3 mL) was slowly added at 0 �C. The reaction was stirred at room temperature for
14 h. TLC showed that the reaction was completed. Saturated sodium bicarbonate
solution (20 mL) was slowly added at 0 �C to quench the reaction. The mixture
was diluted with ethyl acetate (100 mL) and washed with saturated sodium
bicarbonate (3 9 50 mL). The aqueous phase was extracted with ethyl acetate
(100 mL), the combined organic phases were dried over Na2SO4. After filtration
and removing the solvent, the resulting crude product was purified using silica gel
flash column chromatography (EA/HA = 1:3) to get MOM-deprotected product as
100 mg colorless liquid (Rf = 0.8, EA/HA = 1:2), yield 93 %.

1H NMR (500 MHz, CDCl3) d 7.06 (d, J = 7.8 Hz, 1H), 7.00 (d, J = 7.2 Hz,
1H), 6.76 (dd, J = 13.5, 5.8 Hz, 2H), 5.69 (dt, J = 9.8, 3.9 Hz, 1H), 5.38 (d,
J = 10.0 Hz, 1H), 5.24 (d, J = 10.9 Hz, 1H), 5.05 (s, 1H), 4.70 (d, J = 10.9 Hz,
1H), 4.48 (d, J = 6.5 Hz, 1H), 4.21–4.02 (m, 2H), 3.78 (q, J = 7.0 Hz, 2H), 2.93
(d, J = 6.9 Hz, 1H), 2.75 (dd, J = 17.9, 3.7 Hz, 1H), 2.59–2.41 (m, 1H), 2.21 (s,
3H), 1.38–1.19 (m, 7H), 1.07 (s, 3H), 0.62 (s, 3H). 13C NMR (125 MHz, CDCl3)
d 166.0, 163.3, 161.6, 153.5, 135.6, 129.5, 128.3, 127.1, 125.5, 121.4, 120.1, 93.5,
77.3, 77.2, 77.0, 76.7, 70.4, 65.7, 60.3, 46.6, 38.1, 30.4, 28.0, 25.2, 16.3, 14.1,
13.8. HRMS-ESI Calcd for C24H32O7Na [M ? Na]+: 455.2046; Found: 455.2032.

Under the protection of nitrogen, the MOM-deprotected product (92 mg,
0.213 mmol) was dissolved in AcOH (5 mL), and then, Pb(OAc)4 (186 mg,
0.42 mmol) was added at 0 �C. The reaction was stirred at 0 �C for 30 min. TLC
showed that the reaction was completed. Ethylene glycol (2 mL) was added to
quench the reaction; the solid was filtered off and washed with ethyl acetate
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(30 mL). The organic phase was reserved and washed with a saturated aqueous
sodium bicarbonate (10 mL). The water phase was extracted with ethyl acetate
(3 9 20 mL) and the combined organic phase was dried over anhydrous sodium
sulfate. After filtration, the solvent was removed by rotary evaporator, the resulting
crude product was isolated and purified by flash column chromatography (PE/
EA = 4:1), to give an isomer with weak polarity 32 mg (Rf = 0.6, of PE/EA = 2
of the small polar isomer: 1), and an isomer with strong polarity 59 mg (Rf = 0.5,
PE/EA = 2:1), total yield 87 %.

Isomer with weak polarity, colorless liquid, 1H NMR (500 MHz, CDCl3) d 7.20
(dd, J = 6.5, 1.5 Hz, 1H), 6.28 (dd, J = 9.5, 6.5 Hz, 1H), 6.19 (dd, J = 9.5,
1.5 Hz, 1H), 5.46 (s, 2H), 5.12 (s, 1H), 4.88 (d, J = 11.5 Hz, 1H), 4.70 (d,
J = 11.5 Hz, 1H), 4.21 (d, J = 6.0 Hz, 1H), 4.14 (qd, J = 7.1, 3.5 Hz, 2H), 3.89
(q, J = 7.0 Hz, 2H), 2.80 (d, J = 17.9 Hz, 1H), 2.51 (d, J = 6.9 Hz, 1H), 2.06 (d,
J = 12.8 Hz, 4H), 1.36 (dd, J = 9.0, 4.9 Hz, 7H), 1.26 (t, J = 7.1 Hz, 4H), 1.12
(s, 3H), 1.09 (s, 3H). 13C NMR (125 MHz, CDCl3) d 198.4, 169.7, 165.9, 161.8,
140.6, 140.3, 136.3, 122.4, 120.7, 93.3, 79.3, 77.2, 77.0, 76.7, 66.4, 65.8, 60.3,
47.0, 37.1, 31.6, 30.5, 23.7, 22.6, 20.5, 14.2, 13.9. HRMS-ESI Calcd for
C26H34O9Na [M ? Na]+: 513.2101; Found: 513.2101.

Isomer with strong polarity, colorless liquid, 1H NMR (500 MHz, CDCl3) d
6.90 (dd, J = 6.3, 1.6 Hz, 1H), 6.23 (dd, J = 9.5, 1.6 Hz, 1H), 6.16 (dd, J = 9.5,
6.3 Hz, 1H), 5.58 (dt, J = 10.0, 3.9 Hz, 1H), 5.39 (d, J = 10.2 Hz, 1H), 5.09 (s,
1H), 4.78 (d, J = 11.1 Hz, 1H), 4.70 (s, 1H), 4.36 (s, 1H), 4.13 (qd, J = 7.1,
2.3 Hz, 3H), 3.85 (dt, J = 14.0, 5.1 Hz, 3H), 2.57 (dd, J = 18.1, 2.7 Hz, 1H), 2.27
(td, J = 5.1, 3.1 Hz, 1H), 2.12–2.04 (m, 4H), 1.35 (s, 3H), 1.31 (t, J = 7.0 Hz,
4H), 1.25 (t, J = 7.1 Hz, 4H), 1.01 (s, 3H), 0.96 (s, 3H). 13C NMR (125 MHz,
CDCl3) d 199.9, 172.5, 170.3, 169.6, 165.8, 163.1, 161.5, 142.1, 139.5, 138.1,
135.7, 121.0, 120.5, 93.4, 81.7, 77.5, 77.2, 77.2, 77.0, 76.7, 69.7, 65.7, 60.5, 60.2,
46.5, 37.8, 30.3, 28.3, 24.9, 23.8, 20.4, 20.2, 14.1, 13.8. HRMS-ESI Calcd for
C26H34O9Na [M ? Na]+: 513.2101; Found: 513.2105.
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Synthesis and NMR data of compound 3.56:

Under the protection of nitrogen, the compound 3.55 (isomer with strong
polarity, 59 mg, 0.120 mmol) was dissolved in toluene (30 mL) in a sealed tube,
and then, the reaction was heated to 115� and stirred for 15 h. TLC showed that the
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reaction was completed. The reaction was cooled to room temperature, and the
solvent was removed by rotary evaporator, the resulting crude product was purified
by flash column chromatography (PE/EA = 4:1) to give 38 mg white solid with a
ratio of 2:1 (Rf = 0.7, PE/EA = 2:1), yield 73 %.

Under the protection of nitrogen, the compound 3.55 (less polar isomer, 32 mg,
0.065 mmol) was dissolved in toluene (20 mL) in a sealed tube, and then, the
reaction was heated to 115 �C and stirred for 15 h. TLC showed that the reaction
was completed. The reaction was cooled to room temperature, the solvent was
removed by rotary evaporator, and the resulting crude product was purified by
flash column chromatography (PE/EA = 4:1) to give 20 mg white solid with a
ratio of 2:1 (Rf = 0.7, PE/EA = 2:1), yield 72 %.

1H NMR (500 MHz, CDCl3) d 6.85 (dd, J = 10.0, 5.2 Hz, 1H), 5.87–5.75 (m,
2H), 5.55–5.43 (m, 2H), 5.15 (s, 1H), 4.60 (d, J = 10.6 Hz, 1H), 4.51 (dd,
J = 10.6, 2.1 Hz, 1H), 4.13 (dt, J = 7.1, 5.5 Hz, 2H), 3.93 (q, J = 7.0 Hz, 2H),
3.52 (s, 1H), 2.59 (dd, J = 17.0, 4.4 Hz, 1H), 2.13–2.02 (m, 1H), 2.03–1.92 (m,
1H), 1.70 (s, 3H), 1.39 (t, J = 7.0 Hz, 3H), 1.26 (t, J = 7.1 Hz, 5H), 1.17 (d,
J = 12.2 Hz, 6H). 13C NMR (125 MHz, CDCl3) d 207.3, 165.6, 163.6, 161.7,
161.3, 140.0, 137.5, 123.1, 120.9, 115.4, 93.4, 91.6, 88.3, 77.2, 77.2, 77.0, 76.7,
65.8, 63.9, 60.2, 48.1, 36.8, 32.0, 30.6, 25.3, 21.0, 14.2, 13.9. HRMS-ESI Calcd for
C24H30O7Na [M ? Na]+: 453.1889; Found: 453.1886.
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Synthesis and NMR data of compound 3.59:

Under the protection of nitrogen, the compound 3.5a (1.5 g, 4.90 mmol), di-
ethylphosphoric acid (1.92 g, 9.80 mmol) and DMAP (1.79 g, 14.7 mmol) were
dissolved in dichloromethane (50 mL), and then, EDCI (1.88 g, 9.80 mmol) was
added at 0 �C. The reaction was stirred at room temperature for 18 h. TLC showed
that the reaction was completed. The reaction was quenched by saturated sodium
bicarbonate solution (30 mL), and the aqueous phase was extracted with dichlo-
romethane (3 9 100 mL) and then washed with saturated brine (3 9 10 mL). The
combined organic phase was dried over anhydrous sodium sulfate. After filtration,
the solvent was removed by reduced pressure, the resulting crude product was
isolated and purified by flash column chromatography (PE/EA = 1:1) to obtain a
hydroxyl esterified product as 1.95 g colorless liquid (Rf = 0.21, PE/EA = 1:1),
yield 82 %.

1H NMR (500 MHz, CDCl3) d 7.14 (d, J = 7.9 Hz, 1H), 7.08 (d, J = 7.3 Hz,
1H), 6.94 (t, J = 7.7 Hz, 1H), 5.67 (dt, J = 9.8, 3.7 Hz, 1H), 5.36 (d,
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J = 10.0 Hz, 1H), 5.05 (q, J = 5.3 Hz, 2H), 4.95 (d, J = 11.1 Hz, 1H), 4.79 (d,
J = 11.2 Hz, 1H), 4.51 (d, J = 8.1 Hz, 1H), 4.12–3.92 (m, 4H), 3.64 (s, 3H),
2.93–2.76 (m, 3H), 2.40 (d, J = 18.4 Hz, 1H), 2.29 (d, J = 8.7 Hz, 3H), 2.22 (d,
J = 8.0 Hz, 1H), 1.25 (td, J = 7.0, 2.9 Hz, 7H), 1.05 (s, 3H), 0.55 (s, 3H). 13C
NMR (125 MHz, CDCl3) d 165.7, 156.1, 135.4, 134.0, 130.9, 130.8, 127.8, 123.5,
121.6, 77.2, 77.1, 77.0, 76.7, 70.9, 62.5, 62.5, 62.4, 57.4, 46.8, 38.0, 34.8, 33.7,
30.9, 28.2, 25.5, 18.4, 16.2, 16.2. HRMS-ESI Calcd for C24H38O8P [M ? H]+:
485.2304; Found: 485.2298.

Under the protection of nitrogen, a hydroxyl group esterified product (760 mg,
1.57 mmol) and p-toluenesulfonyl azide (466 mg, 2.36 mmol) were dissolved in
dichloromethane (15 mL), and then, DBU (0.29 mL, 1.88 mmol) was added
slowly under 0 �C and stirred for 2 h. TLC showed that the reaction was com-
pleted. Saturated sodium bicarbonate solution (10 mL) was added to quench the
reaction. The aqueous phase was extracted with dichloromethane (3 9 100 mL)
and washed with saturated brine (3 9 10 mL). The combined organic phase was
dried over anhydrous sodium sulfate. After filtration, the solvent was removed by
reduced pressure, and the resulting crude product was purified by flash column
chromatography (PE/EA = 4:1) to give 652 mg colorless liquid (Rf = 0.32, PE/
EA = 1:1), yield rate of 81 %.

1H NMR (500 MHz, CDCl3) d 7.11 (d, J = 7.8 Hz, 1H), 7.06 (d, J = 7.2 Hz,
1H), 6.92 (t, J = 7.6 Hz, 1H), 5.66 (dd, J = 6.1, 3.8 Hz, 1H), 5.36 (d,
J = 10.1 Hz, 1H), 5.15–4.96 (m, 3H), 4.78 (d, J = 11.0 Hz, 1H), 4.53 (s, 1H),
4.10–3.85 (m, 4H), 3.63 (s, 3H), 2.82 (dd, J = 18.2, 3.7 Hz, 1H), 2.38 (d,
J = 18.3 Hz, 1H), 2.28 (s, 4H), 1.81 (s, 1H), 1.23 (t, J = 6.9 Hz, 6H), 1.04 (s,
3H), 0.57 (s, 3H). 13C NMR (125 MHz, CDCl3) d 163.4, 163.3, 156.1, 135.4,
133.8, 130.9, 130.7, 127.6, 123.4, 121.5, 99.4, 77.2, 77.0, 76.7, 71.0, 63.4, 63.4,
63.3, 63.2, 57.3, 47.0, 38.0, 31.3, 28.1, 25.3, 18.3, 16.0, 15.9, 15.9, 15.9. HRMS-
ESI Calcd for C24H36 N2O8P [M ? H]+: 511.2209; Found: 511.2199.
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Synthesis and NMR data of compound 3.58:

Under the protection of nitrogen, the compound 3.59 (628 mg, 1.23 mmol) was
dissolved in anhydrous benzene (12 mL). Rhodium (II) acetate dimer (5.5 mg,
0.0123 mmol) was then added. The reaction was heated to 80 �C and stirred for
2 h. TLC showed that the reaction was completed. The reaction was cooled to
room temperature, and the solvent was removed by rotary evaporator, the resulting
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crude product was isolated and purified by flash column chromatography (PE/
EA = 1:1) to give 360 mg white solid (Rf = 0.31, PE/EA = 1:1), yield 60 %.

1H NMR (500 MHz, CDCl3) d 7.12 (dd, J = 12.2, 7.7 Hz, 2H), 6.98 (t,
J = 7.7 Hz, 1H), 5.73 (dd, J = 10.0, 5.6 Hz, 1H), 5.55 (d, J = 13.2 Hz, 1H), 5.21
(d, J = 10.1 Hz, 1H), 5.11 (dd, J = 14.8, 4.7 Hz, 2H), 4.82 (d, J = 18.6 Hz, 1H),
4.75 (s, 1H), 4.38–4.22 (m, 4H), 3.82 (d, J = 13.2 Hz, 1H), 3.70 (s, 3H), 2.92 (d,
J = 18.1 Hz, 1H), 2.35–2.21 (m, 4H), 1.36 (t, J = 7.0 Hz, 6H), 1.08 (s, 3H), 0.25
(s, 3H). 13C NMR (125 MHz, CDCl3) d 169.4, 169.3, 155.9, 134.2, 131.8, 131.8,
131.1, 127.4, 124.3, 120.7, 99.6, 90.1, 90.0, 77.2, 77.0, 76.7, 76.5, 75.1, 73.2, 63.4,
63.3, 62.8, 62.8, 57.6, 47.1, 38.2, 27.5, 27.2, 25.5, 18.6, 16.5, 16.5, 16.4. HRMS-
ESI Calcd for C24H36O8P [M ? H]+: 483.2148; Found: 483.2136.
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Synthesis and NMR data of compound 3.38:

Under the protection of nitrogen, compound 3.58 (140 mg, 0.29 mmol) was
dissolved in tetrahydrofuran (10 mL). Potassium tert-butoxide (0.29 mL,
0.29 mmol) was then added at 0 �C. The reaction was stirred at 0 �C for 30 min.
Paraformaldehyde (87 mg, and 2.9 mmol) was quickly added, with continued
stirring at 0 �C for 30 min. TLC showed that the reaction was completed. The
reaction was quenched by saturated ammonium chloride solution (10 mL). The
water phase was extracted with ethyl acetate (3 9 10 mL), and the organic phase
was washed with saturated brine (2 9 10 mL). The combined organic phase was
dried over anhydrous sodium sulfate. After filtration, the solvent was removed by
reduced pressure. The resulting crude product was separated by flash column
chromatography (PE/EA = 3:1) to give 99 mg colorless liquid (Rf = 0.85, PE/
EA = 1:1), yield 95 %.

1H NMR (500 MHz, CDCl3) d 7.13 (dd, J = 10.5, 8.4 Hz, 2H), 6.95 (t,
J = 7.7 Hz, 1H), 5.78 (ddd, J = 10.0, 5.8, 2.1 Hz, 1H), 5.48 (s, 1H), 5.30 (d,
J = 10.0 Hz, 1H), 5.18 (dd, J = 6.2, 3.2 Hz, 2H), 4.99 (d, J = 5.4 Hz, 1H), 4.86
(d, J = 12.6 Hz, 1H), 4.76 (s, 1H), 4.13 (d, J = 12.6 Hz, 1H), 3.60 (s, 3H), 2.78
(d, J = 17.7 Hz, 1H), 2.57 (dd, J = 17.6, 5.2 Hz, 1H), 2.31 (s, 3H), 1.12 (s, 3H),
0.31 (s, 3H). 13C NMR (125 MHz, CDCl3) d167.2, 156.3, 153.8, 134.3, 132.6,
131.8, 131.2, 127.2, 123.7, 121.2, 106.2, 99.7, 87.6, 75.8, 57.6, 47.2, 37.3, 27.6,
27.4, 26.9, 18.5. HRMS-ESI Calcd for C21H26O5Na [M ? Na]+: 381.1678; Found:
381.1674.
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The synthesis and data of compound 3.60:

Under the protection of nitrogen, compound 3.38 (99 mg, 0.27 mmol) was
dissolved in dichloromethane (15 mL). Trifluoroacetic acid (0.09 mL, 1.20 mmol)
was then added at 0 �C. The reaction was stirred at 0 �C for 30 min. TLC showed
that the reaction was completed. The reaction was quenched by adding triethyl-
amine (1 mL). After filtration and washed with ethyl acetate (30 mL), the solvent
was removed by rotary evaporator, and the resulting crude product was purified by
flash column chromatography (PE/EA = 1:1) to give 78 mg colorless liquid
(Rf = 0.82, PE/EA = 1:1), yield 90 %.

1H NMR (500 MHz, CDCl3) d 7.06 (d, J = 7.3 Hz, 1H), 7.01 (d, J = 8.1 Hz,
1H), 6.78 (t, J = 7.7 Hz, 1H), 6.28 (s, 1H), 5.79 (dt, J = 10.0, 3.8 Hz, 1H), 5.38
(d, J = 1.4 Hz, 1H), 5.33 (d, J = 10.1 Hz, 1H), 5.10 (d, J = 1.4 Hz, 1H), 4.72 (s,
1H), 4.62 (d, J = 12.5 Hz, 1H), 4.39 (d, J = 12.5 Hz, 1H), 2.65–2.51 (m, 2H),
2.23 (s, 3H), 1.10 (s, 3H), 0.34 (s, 3H). 13C NMR (125 MHz, CDCl3) d 165.4,
153.5, 152.7, 134.5, 130.4, 126.7, 126.4, 126.3, 120.4, 120.4, 104.7, 83.7, 77.6,
77.2, 77.0, 76.7, 46.6, 36.9, 28.4, 26.9, 26.3, 16.4. HRMS-ESI Calcd for
C19H22O4Na [M ? Na]+: 337.1416; Found: 337.1412.
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Synthesis and NMR data of compound 2, compound 3.61, and compound 3.62:

Under the protection of nitrogen, the compound 3.60 (460 mg, 1.46 mmol) was
dissolved in AcOH (10 mL), and then, Pb(OAc)4 (3.90 g, 8.80 mmol) was added
at 0 �C. The reaction was stirred at 0 �C for 5 min. TLC showed that the reaction
was completed. Ethylene glycol (5 mL) was added to quench the reaction. The
solid was filtered off and washed with ethyl acetate (250 mL). The obtained
organic phase was washed with saturated sodium bicarbonate (3 9 100 mL). The
aqueous phase was extracted with ethyl acetate (350 mL), and the combined
organic phase was dried over anhydrous sodium sulfate. After filtration, the
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solvent was removed by rotary evaporator to give the crude product as a yellow
solid (480 mg). This crude product can be used directly in the next reaction
without further purification.

Under the protection of nitrogen, the resulting crude product was dissolved in
toluene (60 mL) in a sealed tube, and then, the reaction was heated to 145 �C and
stirred for 24 h. TLC showed that the reaction was completed. The reaction was
cooled to room temperature, and the solvent was removed by rotary evaporator, the
resulting crude product was purified by flash column chromatography (PE/
EA = 10:1) to give the DA product compound 3.61 (150 mg), compound 3.62
(65 mg) and compound 2 (198 mg), with a total yield of 76 %.

Compound 3.61 (yield 28 %), white solid, Rf = 0.85 (silica gel, EtOAc/hex-
anes = 1/2); 1H NMR (500 MHz, CDCl3): d 6.81 (t, J = 7.1 Hz, 1H), 6.04 (d,
J = 8.0 Hz, 1H), 5.55–5.48 (m, 2H), 4.83 (dd, J = 11.8 Hz, J = 1.4 Hz, 1H),
4.63 (d, J = 11.2 Hz, 1H), 3.96 (t, J = 2.8 Hz, 1H), 3.90 (s, 1H), 3.00 (dd,
J = 14.6 Hz, J = 3.2 Hz, 1H), 2.50 (d, J = 17.5 Hz, 1H), 2.26 (dd, J = 17.8 Hz,
J = 4.7 Hz, 1H), 2.00 (s, 3H), 1.77 (d, J = 14.6 Hz, 1H), 1.58 (s, 3H), 1.14 (s,
3H), 1.12 (s, 3H); 13C NMR (125 MHz, CDCl3) d: 197.1, 170.0, 168.0, 140.7,
136.7, 123.6, 120.9, 89.1, 83.9, 80.0, 68.6, 60.7, 41.2, 40.7, 36.3, 31.3, 31.0, 28.1,
21.7, 20.1, 19.9; HRMS-ESI Calcd for C21H25O6 [M ? H]+: 373.1651; Found:
373.1641.

Compound 3.62 (yield 12 %), white solid, Rf = 0.80 (silica gel, EtOAc/hex-
anes = 1/2); 1H NMR (500 MHz, CDCl3): d 6.78 (t, J = 7.2 Hz, 1H), 6.06 (d,
J = 8.0 Hz, 1H), 5.55–5.48 (m, 2H), 4.90 (d, J = 11.8 Hz, 1H), 4.64 (d,
J = 11.7 Hz, 1H), 3.99 (t, J = 1.7 Hz, 1H), 3.93 (s, 1H), 3.19 (dd, J = 15.2 Hz,
J = 3.2 Hz, 1H), 2.54 (d, J = 17.7 Hz, 1H), 2.25 (dd, J = 17.8 Hz, J = 5.0 Hz,
1H), 1.99 (s, 3H), 1.90 (d, J = 15.2 Hz, J = 2.7 Hz, 1H), 1.52 (s, 3H), 1.13 (s,
3H), 1.12 (s, 3H); 13C NMR (125 MHz, CDCl3) d: 201.0, 169.5, 168.8, 139.7,
136.5, 122.4, 120.9, 89.7, 83.7, 81.5, 68.7, 61.3, 41.8, 39.4, 36.4, 31.3, 31.1, 28.0,
21.9, 20.1, 18.8; HRMS-ESI Calcd for C21H25O6 [M ? H]+: 373.1651; Found:
373.1648.

Compound 2 (yield 36 %), white solid, Rf = 0.76 (silica gel, EtOAc/hex-
anes = 1/2); 1H NMR (500 MHz, CDCl3): d 6.66 (dd, J = 8.2 Hz, J = 7.0 Hz,
1H), 6.31 (dd, J = 8.3 Hz, J = 0.8 Hz, 1H), 5.58–5.55 (m, 1H), 5.48 (dd,
J = 10.0 Hz, J = 2.1 Hz, 1H), 4.72 (d, J = 12.3 Hz, 1H), 4.46 (s, 1H), 4.13 (dd,
J = 12.3 Hz, J = 1.2 Hz, 1H), 4.03 (t, J = 6.0 Hz, 1H), 3.77–3.73 (m, 1H), 2.98
(dd, J = 14.5 Hz, J = 4.7 Hz, 1H), 2.13 (s, 3H), 2.09 (d, J = 15.0 Hz, 1H), 1.87
(dd, J = 17.6 Hz, J = 5.3 Hz, 1H), 1.62 (s, 3H), 1.15 (s, 3H), 1.11 (s, 3H); 13C
NMR (125 MHz, CDCl3) d: 203.9, 169.8, 168.4, 141.7, 135.8, 123.2, 121.8, 89.4,
89.2, 81.2, 69.0, 59.5, 41.6, 40.0, 36.7, 31.4, 26.9, 24.8, 21.8, 20.0; HRMS-ESI
Calcd for C21H25O6 [M ? H]+: 373.1651; Found: 373.1650.
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Synthesis and NMR data of compound 3.63:

Under the protection of nitrogen, compound 2 (80 mg, 0.21 mmol) was dis-
solved in carbon tetrachloride (10 mL). NBS (58 mg, 0.32 mmol) and benzoyl
peroxide (5 mg, 0.02 mmol) were added at room temperature. The reaction was
refluxed at 80 �C for 2 h. The solvent was removed by rotary evaporator, and the
resulting crude product was isolated and purified by flash column chromatography
(PE/EA = 15:1) to give 88 mg colorless liquid (Rf = 0.55, PE/EA = 5:1), yield
90 %.

1H NMR (500 MHz, CDCl3): d 6.66 (t, J = 8.0 Hz, 1H), 6.50 (s, 1H), 6.48 (d,
J = 8.1 Hz, 1H), 5.75 (t, J = 8.7 Hz, 1H), 5.53 (dd, J = 10.1 Hz, J = 2.2 Hz,
1H), 4.85 (d, J = 12.6 Hz, 1H), 4.70 (d, J = 12.6 Hz, 1H), 4.44 (s, 1H), 4.02 (s,
1H), 2.95 (dd, J = 14.5 Hz, J = 3.9 Hz, 1H), 2.13 (s, 3H), 2.06 (d, J = 14.0 Hz,
1H), 1.65 (s, 3H), 1.16 (s, 3H), 1.15 (s, 3H); 13C NMR (125 MHz, CDCl3) d:
204.1, 169.8, 167.5, 141.5, 137.7, 126.7, 123.5, 89.5, 88.6, 81.3, 68.5, 59.2, 46.3,
45.4, 39.9, 37.1, 31.3, 24.6, 22.1, 21.9, 19.9; HRMS-ESI Calcd for C21H24BrO6

[M ? H]+: 451.0756; Found: 451.0755.
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Synthesis and NMR data of compound 3.64:

Under the protection of nitrogen, compound 3.63 (40 mg, 0.089 mmol) was
dissolved in toluene (3 mL) at room temperature, and then, 4-methoxy-pyridine N-
oxide (100 mg, 0.80 mmol) and sodium bicarbonate (89 mg, 0.89 mmol) were
added. The reaction was kept refluxed at 125 �C for 8 h. After filtration, the
solvent was removed by rotary evaporator, and the resulting crude product was
separated by flash column chromatography (PE/EA = 2:1) to give 27 mg colorless
liquid (Rf = 0.40, PE/EA = 2:1), yield 80 %.

1H NMR (500 MHz, CDCl3) d 7.18 (d, J = 9.7 Hz, 1H), 6.70 (t, J = 7.2 Hz,
1H), 6.37 (d, J = 8.0 Hz, 1H), 6.16 (d, J = 9.7 Hz, 1H), 4.62 (s, 1H), 4.33 (dd,
J = 35.4, 12.6 Hz, 2H), 4.03 (s, 1H), 2.94 (dd, J = 14.5, 4.3 Hz, 1H), 2.11 (s,
4H), 1.64 (s, 5H), 1.42–1.15 (m, 10H). 13C NMR (125 MHz, CDCl3) d 202.7,
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201.3, 169.3, 167.1, 142.6, 142.0, 131.7, 122.0, 89.7, 88.5, 79.5, 77.0, 76.8, 76.5,
69.7, 61.5, 46.7, 43.5, 40.5, 28.3, 24.6, 21.9, 21.4, 18.3. HRMS-ESI Calcd for
C21H23O7 [M ? H]+: 387.1444; Found: 387.1437.
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Synthesis and NMR data of compound 3.65:

The Pd/C catalyst (5 mg) was added (2 mL) to ethyl acetate, and then, com-
pound 3.64 (25 mg, 0.064 mmol) in ethyl acetate (2 mL) was added at room
temperature. The reaction was placed to H2 atmosphere and stirred for 2 h at room
temperature. The reaction was filtered by silica gel and washed with ethyl acetate
(20 mL). The solvent was removed by rotary evaporator, and the resulting crude
product was purified by flash column chromatography (PE/EA = 2:1) to give
23 mg white solid (Rf = 0.4, PE/EA = 2:1), yield 90 %.

1H NMR (500 MHz, CDCl3) d 4.85 (d, J = 1.7 Hz, 1H), 4.23 (t, J = 13.3 Hz,
1H), 3.97 (dd, J = 12.8, 1.6 Hz, 1H), 3.24–3.16 (m, 1H), 3.12 (t, J = 4.3 Hz, 1H),
2.98 (dd, J = 14.8, 4.7 Hz, 1H), 2.75 (ddd, J = 15.5, 10.7, 7.6 Hz, 1H), 2.32 (ddd,
J = 15.5, 8.6, 4.0 Hz, 1H), 2.12 (s, 3H), 2.02–1.96 (m, 2H), 1.95–1.88 (m, 1H),
1.77 (ddd, J = 13.2, 8.1, 1.9 Hz, 2H), 1.70 (s, 3H), 1.25 (s, 7H), 1.20 (s, 4H). 13C
NMR (125 MHz, CDCl3) d 213.8, 208.0, 169.6, 168.4, 86.9, 85.5, 83.1, 77.0, 76.8,
76.5, 69.7, 53.5, 48.7, 42.7, 33.6, 33.2, 29.4, 28.3, 27.3, 21.7, 19.9, 18.9, 18.3,
17.4, 16.8. HRMS-ESI Calcd for C21H27O7 [M ? H]+: 391.1757; Found:
391.1748.
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Synthesis and NMR data of compound 3.66:

Compound 3.65 (26 mg, 0.067 mmol) was dissolved in DMSO (1 mL), and
then, IBX (76 mg, 0.27 mmol) solution was added at room temperature. The
temperature was raised to 85 �C. The reaction was stirred for 8 h. The reaction
solution was filtered by silica gel and washed with ethyl acetate (20 mL). The
solvent was removed by rotary evaporator, and the resulting crude product was
purified by flash column chromatography (PE/EA = 2:1) to give 18 mg white
solid (Rf = 0.4, PE/EA = 2:1), yield 70 %.
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1H NMR (500 MHz, CDCl3) d 7.06 (d, J = 9.8 Hz, 1H), 6.13 (d, J = 9.8 Hz,
1H), 4.57 (d, J = 1.3 Hz, 1H), 4.26 (d, J = 12.7 Hz, 1H), 4.20 (d, J = 1.3 Hz,
1H), 3.11–2.96 (m, 2H), 2.10 (s, 3H), 2.08–2.00 (m, 3H), 1.94 (s, 1H), 1.90–1.80
(m, 2H), 1.69 (s, 4H), 1.30 (t, J = 9.7 Hz, 8H). 13C NMR (125 MHz, CDCl3) d
206.6, 202.6, 168.3, 141.5, 131.5, 87.2, 84.8, 81.8, 77.0, 76.7, 76.5, 70.0, 55.7,
46.5, 44.6, 34.5, 28.6, 27.3, 21.4, 20.1, 19.1, 18.5, 17.9. HRMS-ESI Calcd for
C21H25O7 [M ? H]+: 389.1600; Found: 389.1593.
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Synthesis and NMR data of compound 3.68:

Under the protection of nitrogen, compound 2 (20 mg, 0.053 mmol) was dis-
solved in tetrahydrofuran (1 mL) and methanol (1 mL), and then, SmI2 (0.1M in of
THF, 1 mL, 1 mmol) was added at room temperature. The reaction was stirred at
room temperature for 15 min. TLC detected that the reaction was completed. The
reaction was quenched with saturated NH4Cl (5 mL). Dichloromethane (10 mL)
was added for liquid separation. The water phase was extracted with dichloro-
methane (10 mL), and the combined organic phase was dried over Na2SO4; the
solvent was removed by rotary evaporator and the residue was purified by flash
column chromatography (PE/EA = 2:1) to give 15 mg white solid (Rf = 0.60, PE/
EA = 4:1), yield 90 %.

1H NMR (500 MHz, CDCl3) d 6.82 (dd, J = 8.2, 6.3 Hz, 1H), 6.26 (dd,
J = 8.3, 1.3 Hz, 1H), 5.55 (ddd, J = 9.8, 5.3, 2.1 Hz, 1H), 5.45 (d, J = 10.0 Hz,
1H), 4.69 (dd, J = 12.2, 2.4 Hz, 1H), 4.49 (d, J = 1.6 Hz, 1H), 4.12 (dd,
J = 12.2, 1.7 Hz, 1H), 3.73 (dd, J = 17.6, 2.1 Hz, 1H), 2.97 (ddd, J = 14.3, 4.5,
2.2 Hz, 1H), 2.90 (s, 1H), 2.36–2.26 (m, 1H), 2.01 (d, J = 14.2 Hz, 1H), 1.82 (dd,
J = 17.6, 5.1 Hz, 1H), 1.21 (dd, J = 7.2, 2.5 Hz, 3H), 1.11 (dd, J = 11.1, 2.3 Hz,
6H). 13C NMR (125 MHz, CDCl3) d 211.9, 168.9, 144.1, 135.9, 122.7, 122.1,
105.0, 90.3, 89.3, 77.2, 77.0, 76.7, 70.1, 60.1, 45.3, 41.5, 38.0, 36.7, 31.5, 27.0,
25.2, 20.1, 13.1. HRMS-ESI Calcd for C19H23O4 [M ? H]+: 315.1596; Found:
315.1593.
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Synthesis and NMR data of compound 3.69:
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Under the protection of nitrogen, compound 3.68 (15 mg, 0.048 mmol) was
dissolved in carbon tetrachloride (5 mL) at room temperature. NBS (10 mg,
0.056 mmol) and benzoyl peroxide (1 mg, 0.004 mmol) were then added. The
reaction was refluxed for 2 h at 80 �C. The solvent was removed by rotary
evaporator under reduced pressure, and the resulting crude product was isolated by
flash column chromatography (PE/EA = 15:1) to give 10 mg colorless liquid
(Rf = 0.75, PE/EA = 4:1), yield 44 %.

1H NMR (500 MHz, CDCl3) d 6.72 (dd, J = 8.2, 6.1 Hz, 1H), 6.58 (d,
J = 8.2 Hz, 1H), 6.50 (d, J = 1.7 Hz, 1H), 5.75 (dd, J = 10.2, 1.6 Hz, 1H), 5.51
(dd, J = 10.2, 2.3 Hz, 1H), 4.88 (d, J = 12.6 Hz, 1H), 4.67 (d, J = 12.6 Hz, 1H),
4.37 (s, 1H), 3.41 (t, J = 4.7 Hz, 1H), 3.06 (dd, J = 15.4, 4.7 Hz, 1H), 2.20 (d,
J = 15.4 Hz, 1H), 1.98 (s, 3H), 1.55 (s, 4H), 1.13 (d, J = 6.3 Hz, 7H). 13C NMR
(125 MHz, CDCl3) d 206.3, 167.8, 143.8, 137.5, 128.8, 126.9, 123.4, 88.9, 88.7,
77.2, 76.9, 76.7, 68.5, 60.1, 58.2, 45.9, 45.5, 37.1, 31.3, 27.2, 26.0, 19.7. HRMS-
ESI Calcd for C19H21O4Br2 [M ? H]+: 470.9807; Found: 470.9791.
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Synthesis and NMR data of compound 3.70:

Under the protection of nitrogen, compound 3.63 (88 mg, 0.19 mmol) was
dissolved in benzene (10 mL) and heated to 80 �C, TEMPO (304 mg, 1.95 mmol),
and tributyltin hydrogen peroxide (0.434 mL, 1.56 mmol) were introduced slowly
within 30 min to the solution. The reaction was kept refluxing for 2 h. TLC
showed that the reaction was completed. After cooled to room temperature, the
mixture was filtered by silica gel, the solvent was removed by rotary evaporator,
and the resulting crude product was purified by flash column chromatography
separation (PE/EA = 20:1), to give 77 mg white solid (Rf = 0.65, PE/EA = 5:1),
yield 75 %.

1H NMR (500 MHz, CDCl3): d 6.67 (t, J = 8.0 Hz, 1H), 6.49 (d, J = 7.7 Hz,
1H), 6.23 (dd, J = 10.5 Hz, J = 1.2 Hz, 1H), 6.05 (s, 1H), 5.47 (dd, J = 10.5 Hz,
J = 1.9 Hz, 1H), 4.78 (d, J = 12.5 Hz, 1H), 4.74 (d, J = 12.8 Hz, 1H), 4.32 (s,
1H), 4.03 (t, J = 6.0 Hz, 1H), 2.97 (dd, J = 14.5 Hz, J = 4.7 Hz, 1H), 2.13 (s,
3H), 2.07 (d, J = 14.5 Hz, 1H), 1.64 (s, 3H), 1.56 (s, 3H), 1.51–1.26 (m, 8H), 1.17
(s, 3H), 1.13 (s, 6H), 1.06 (s, 6H), 1.04 (s, 3H); 13C NMR (125 MHz, CDCl3) d:
204.5, 169.9, 168.2, 141.1, 134.5, 125.5, 124.7, 89.9, 88.5, 81.7, 76.2, 67.2, 60.6,
59.7, 59.1, 46.2, 40.8, 40.4, 39.9, 37.2, 34.1, 33.8, 31.5, 24.8, 23.6, 21.9, 21.84,
21.83, 20.4, 20.1, 17.1; HRMS-ESI Calcd for C30H42NO7 [M ? H]+: 528.2961;
Found: 528.2951.
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Synthesis and NMR data of compound 3.71:

Under the protection of nitrogen, compound 3.70 (60 mg, 0.113 mmol) was
dissolved in tetrahydrofuran (2 mL) and water (2 mL), and then, acetic acid
(6 mL) and zinc powder (145 mg, 2.26 mmol) were added. The mixture was
heated to 70 �C for 2 h. TLC showed that the reaction was completed. The
reaction was cooled to room temperature, diluted with dichloromethane (20 mL),
and then again diluted with sodium hydroxide solution until neutral. The reaction
was extracted with dichloromethane, and the combined organic phase was washed
with saturated brine and dried over anhydrous sodium sulfate. The solution was
filtered, and the solvent was removed by rotary evaporator, and the resulting crude
product was isolated and purified by flash column chromatography (PE/
EA = 3:1), to give 38 mg white solid (Rf = 0.45, PE/EA = 2:1), yield 85 %.

1H NMR (500 MHz, CDCl3): d 6.65 (t, J = 7.2 Hz, 1H), 6.49 (d, J = 8.2 Hz,
1H), 6.03 (s, 1H), 5.56 (dd, J = 10.1 Hz, J = 1.9 Hz, 1H), 5.49 (d, J = 10.2 Hz,
1H), 4.73 (d, J = 12.6 Hz, 1H), 4.68 (d, J = 12.7 Hz, 1H), 4.28 (s, 1H), 4.02 (t,
J = 5.3 Hz, 1H), 2.96 (dd, J = 14.5 Hz, J = 4.7 Hz, 1H), 2.13 (s, 3H), 2.07 (d,
J = 14.5 Hz, 1H), 1.64 (s, 3H), 1.14 (s, 3H), 1.13 (s, 3H); 13C NMR (125 MHz,
CDCl3) d: 204.5, 169.8, 168.2, 141.4, 136.8, 127.8, 124.4, 89.6, 88.0, 81.3, 67.0,
66.9, 59.0, 46.4, 40.0, 36.9, 31.2, 24.8, 22.0, 21.8, 20.0; HRMS-ESI Calcd for
C21H25O7 [M ? H]+: 389.1600; Found: 389.1592.
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Synthesis and NMR data of compound 3.72:

Under the protection of nitrogen, compound 3.71 (35 mg, 0.09 mmol) was dis-
solved in tetrahydrofuran (2 mL), and methanol (0.008 mL, 0.18 mmol) and
samarium diiodide (0.1M in of THF, 1.8 mL, 0.18 mmol) were added at room tem-
perature. The reaction was stirred at room temperature for 10 min. TLC showed that
the reaction was completed. The reaction was quenched with saturated ammonium
chloride solution (5 mL), diluted with dichloromethane (10 mL). The aqueous phase
was extracted with dichloromethane. The combined organic phase was washed with
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saturated brine and dried over anhydrous sodium sulfate. After filtration, the solvent
was removed by rotary evaporator, and the resulting crude product was isolated and
purified by flash column chromatography (PE/EA = 5:1), to obtain the reduction
product as 27 mg white solid (Rf = 0.5, PE/EA = 2:1), yield 88 %.

1H NMR (500 MHz, CDCl3): d 6.81 (t, J = 6.6 Hz, 1H), 6.41 (d, J = 8.2 Hz,
1H), 6.00 (s, 1H), 5.53 (d, J = 10.2 Hz, 1H), 5.47 (d, J = 10.8 Hz, 1H), 4.70 (t,
J = 13.0 Hz, 2H), 4.30 (s, 1H), 2.96 (d, J = 14.2 Hz, 1H), 2.92 (d,J = 12.6 Hz,
1H), 2.00 (d, J = 14.1 Hz, 1H), 1.21 (d, J = 7.2 Hz, 3H), 1.11 (s, 3H), 1.10 (s,
3H); 13C NMR (125 MHz, CDCl3) d: 212.7, 168.7, 143.7, 136.7, 128.0, 123.8,
90.5, 87.9, 67.04, 67.02, 59.5, 46.3, 45.5, 37.9, 36.8, 31.3, 25.3, 19.9, 13.2; HRMS-
ESI Calcd for C19H23O5 [M ? H]+: 331.1545; Found: 331.1535.

Lindlar catalyst (5 mg) was added to methanol (2 mL), and then, the reduction
product (25 mg, 0.08 mmol) dissolved in tetrahydrofuran (2 mL) was added at
room temperature. The nitrogen atmosphere was changed to H2 atmosphere, and
the reaction was stirred for 2 h. TLC detection showed that the reaction was
completed. The reaction solution was filtered with silica gel, and the solvent was
removed by rotary evaporator to obtain 24 mg white solid (Rf = 0.5, PE/
EA = 2:1), yield 92 %.

1H NMR (500 MHz, CDCl3): d 5.92 (s, 1H), 5.50 (d, J = 10.1 Hz, 1H), 5.42
(d, J = 10.2 Hz, 1H), 4.68 (d, J = 12.7 Hz, 1H), 4.55 (d, J = 12.7 Hz, 1H), 4.25
(s, 1H), 2.99 (d, J = 14.3 Hz, 1H), 2.42 (d, J = 6.9 Hz, 1H), 2.14–1.79 (m, 7H),
1.22 (d, J = 7.1 Hz, 3H), 1.11 (s, 3H), 1.08 (s, 3H); 13C NMR (125 MHz, CDCl3)
d: 215.6, 169.8, 136.8, 128.0, 86.4, 85.2, 67.4, 67.0, 60.4, 52.8, 47.4, 6.9, 36.6,
33.1, 31.5, 29.7, 28.2, 23.5, 21.0, 20.1, 18.7, 14.2, 12.5; HRMS-ESI Calcd for
C19H23O5 [M ? H]+: 333.1702; Found: 333.1690.

O

Me
Me

O O
O

Me HO

C16-epi-Maoecrystal V

Synthesis and NMR data of C16-epi-Maoecrystal V:

Under the protection of nitrogen, compound 3.72 (20 mg, 0.06 mmol) was
dissolved in dichloromethane (6 mL), and then, DMP (51 mg, 0.12 mmol) was
added at 0 �C. The reaction was stirred for 1 h at room temperature. TLC detection
showed that the reaction was completed. After being diluted by DCM (20 mL),
quenched by saturated sodium thiosulfate solution (5 mL) and saturated sodium
bicarbonate solution (5 mL), the mixture was filtered by silica gel and washed with
dichloromethane (20 mL). The solvent was removed by rotary evaporator, and the
resulting crude product was separated by flash column chromatography purifica-
tion (PE/EA = 5:1) to give the product C16-epi-Maoecrystal V as 27 mg white
solid (Rf = 0.25 PE/EA = 5:1), yield 88 %.
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1H NMR (500 MHz, CDCl3): d 6.67 (d, J = 10.2 Hz, 1H), 5.95 (d,
J = 10.1 Hz, 1H), 4.65 (d, J = 12.2 Hz, 1H), 4.53 (s, 1H), 4.14 (d, J = 12.2 Hz,
1H), 2.96 (dd, J = 14.8, 2.8 Hz, 1H), 2.58–2.38 (m, 1H), 2.33–2.15 (m, 1H),
2.15–2.05 (m, 2H), 2.03 (s, 1H), 1.94–1.74 (m, 3H), 1.31 (s, 3H), 1.25 (s, 3H), 1.22
(d, J = 7.2 Hz, 3H). 1H NMR (500 MHz, Pyridine-D5): d 6.62–6.49 (m, 1H), 5.99
(d, J = 10.1 Hz, 1H), 4.79 (s, 1H), 4.73 (d, J = 12.3 Hz, 1H), 4.31 (d,
J = 12.2 Hz, 1H), 3.13–2.96 (m, 1H), 2.39 (d, J = 7.1 Hz, 1H), 2.31–2.09 (m,
2H), 1.95 (d, J = 14.7 Hz, 1H), 1.86 (s, 1H), 1.64 (m, 2H), 1.22 (s, 3H), 1.07 (s,
5H), 1.05 (s, 1H). 13C NMR (125 MHz, Pyr) d 211.8, 194.8, 169.4, 156.8, 127.1,
85.9, 85.6, 69.6, 55.8, 52.7, 46.1, 38.5, 33.6, 30.7, 28.2, 23.5, 18.4, 18.4, 12.6.
HRMS-ESI Calcd for C19H23O5 [M ? H]+: 331.1545; Found: 331.1542.

Maoecrystal V

O

Me
Me

O O
O

H MeO

Synthesis and NMR data of Maoecrystal V:

Under the protection of nitrogen, C16-the epi-Maoecrystal V (4 mg,
0.012 mmol) was dissolved in toluene (1 mL) at room temperature, and then, DBU
(0.004 mL, 0.028 mmol) was added and heated to 100 �C for 1 h. The reaction
was cooled to room temperature, and the solvent was removed by rotary evapo-
rator. The resulting crude product was isolated and purified by flash column
chromatography (PE/EA = 5:1), to give the product as 3.8 mg white solid, which
was a mixture of C16-epi-Maoecrystal V and Maoecrystal V with the proportion
of 1:1.1. The mixture was dissolved in hot hexane (5 mL) and cooled to room
temperature, and the precipitated white solid was collected after 30 min to obtain a
natural product of 0.7 mg (Rf = 0.25 PE/EA = 5:1). Repeat crystallization for
several times, 1.9 mg Maoecrystal V could be obtained, total yield 48 %.

1H NMR (500 MHz, CDCl3) d 6.66 (d, J = 10.2 Hz, 1H), 5.96 (d,
J = 10.1 Hz, 1H), 4.64 (d, J = 12.2 Hz, 1H), 4.45 (s, 1H), 4.14 (d, J = 12.2 Hz,
1H), 3.20 (dd, J = 14.6, 4.7 Hz, 1H), 2.41–2.29 (m, 1H), 2.26–2.19 (m, 1H),
2.19–1.92 (m, 3H), 1.71 (d, J = 14.7 Hz, 1H), 1.68–1.60 (m, 1H), 1.32 (s, 3H),
1.27 (d, J = 7.4 Hz, 3H), 1.24 (s, 3H). 1H NMR (400 MHz, Pyridine-D5) d 6.54
(d, J = 10.1 Hz, 1H), 5.99 (d, J = 10.1 Hz, 1H), 4.73 (d, J = 12.3 Hz, 1H), 4.66
(s, 1H), 4.32 (d, J = 12.3 Hz, 1H), 3.28 (dd, J = 14.4, 4.7 Hz, 1H), 2.35–2.25 (m,
1H), 2.22–2.04 (m, 3H), 1.88 (s, 1H), 1.80–1.68 (m, 2H), 1.21 (s, 5H), 1.08 (d,
J = 7.5 Hz, 3H), 1.06 (s, 2H). 1H NMR (500 MHz, Pyridine-D5): d 6.54 (d,
J = 10.1 Hz, 1H), 5.99 (d, J = 10.1 Hz, 1H), 4.73 (d, J = 12.3 Hz, 1H), 4.66 (s,
1H), 4.31 (d, J = 12.3 Hz, 1H), 3.29 (dd, J = 14.4, 4.7 Hz, 1H), 2.36–2.25 (m,
1H), 2.25–2.02 (m, 3H), 1.89 (s, 1H), 1.77 (d, J = 14.1 Hz, 2H), 1.49 (dd,
J = 23.3, 9.7 Hz, 1H), 1.22 (s, 3H), 1.09 (d, J = 7.4 Hz, 3H), 1.06 (d,
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J = 7.3 Hz, 3H).13C NMR (125 MHz, Pyridine-D5) d 211.6, 194.7,169.5, 156.6,
127.3, 85.6, 84.7, 69.5, 57.0, 52.5, 48.4, 38.3, 34.9, 33.0, 30.5, 18.8, 18.4, 18.3,
15.0. HRMS-ESI Calcd for C19H23O5 [M ? H]+: 331.1545; Found: 331.1541.

3.7 Summary

The general route of total synthesis of natural product Maoecrystal V is shown in
Fig. 3.35. Starting from the known compound 3.13, utilizing the rhodium-cata-
lyzed intramolecular O–H bond insertion reaction, a high-tension seven-membered
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Fig. 3.35 The general route of total synthesis of natural product Maoecrystal V
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ring was constructed. Wessely oxidative dearomatization/IMDA reaction was used
in the late stages to construct the key pentacyclo structure in natural product
Maoecrystal V. After 17 steps, we completed the total synthesis of Maoecrystal V
with the total yield 1.2 %.
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Chapter 4
Summary

The total synthesis of natural product Maoecrystal V was completed by an efficient
convergent strategy. In the model study of Maoecrystal V, Wessly oxidative
dearomatization and IMDA reaction were considered as the key reactions to
rapidly construct the tetracyclic structure of Maoecrystal V, which established the
foundation for total synthesis of Maoecrystal V. Through an eight-step route with a
total yield of 20 %, the model study was completed with high efficiency.

In the total synthesis of Maoecrystal V, various synthetic strategies were tried
for the construction of oxa-bridge on the basis of the model research. Eventually,
from the known compound 3.13, which is very simple, the cis-diol was success-
fully constructed after Pinhey arylation and selective reduction of ketone groups.
Divalent rhodium was utilized to catalyze intramolecular O–H bond insertion to
construct a high-tension seven-membered ring structure. Then, Wessly oxidative
dearomatization/IMDA strategy was utilized to construct the key pentacyclic
structure of Maoecrystal V. After 17 steps, the total synthesis of Maoecrystal V
was completed with a total yield of 1.2 %.

The problem that still exists in the total synthesis of Maoecrystal V is the
selectivity of intramolecular Diels–Alder reaction. In the study of the total syn-
thesis, the intramolecular Diels–Alder reaction is carried out in 36 % yield to
obtain the expected product, along with the other two by-products whose structures
are different from the natural product. The way to improve the selectivity of IMDA
reaction will be an issue in the follow-up research.

After completing the total synthesis of racemic natural product Maoecrystal V,
the asymmetric total synthesis of (-)-Maoecrystal V was carried out in our group.
At this moment, the asymmetric total synthesis of (-)-Maoecrystal V has been
completed, and this part of work will be introduced by other members of our
group.

J. Gong, Total Synthesis of (±)-Maoecrystal V, Springer Theses,
DOI: 10.1007/978-3-642-54304-3_4, � Springer-Verlag Berlin Heidelberg 2014
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