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Chapter 1 Enzymatic and Non-Enzymatic Oxidation of Arachidonic Acid
Arachidonic Acid (AA) (Figure 1.1) is a non-essential polyunsaturated fatty acid with four
sites of unsaturation obtained through consumption of meat, eggs, and seafood. Alternatively, AA
can be produced in vivo from endogenous linoleic acid.! Of high physiological importance,
arachidonic acid is enzymatically oxidized by cyclooxygenases, COX-1 and COX-2, to
prostaglandin H2 (PGH>). The latter serves as a substrate of multiple enzymes leading to formation
of several physiologically active oxidation products including prostacyclins, thromboxanes,

Prostaglandin E 2 (PGE_y), and prostaglandin D 2 (PGD) (Figure 1.1).2
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Figure 1.1 Cyclooxygenase mediated conversion of arachidonic acid to PGH; and enzyme
mediated pathways to physiologically active metabolites.

The enzyme-derived arachidonic acid metabolites summarized in Figure 1.1 have been
studied extensively and shown to have significant biological activity.? Traditionally, enzyme-
derived products of AA were thought to be the only arachidonic acid derived metabolites. This
dogma stood because specific enzymes were assumed to have evolved to produce physiologically

important metabolites with no other non-enzymatic metabolic pathways in existence.
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It was later discovered arachidonic acid (AA) is also non-enzymatically oxidized by a
sequence of events starting with abstraction of one of three bis-allyic hydrogen atoms by reactive
oxygen species (ROS) such as hydroxyl radical, nitric oxide or superoxide. As reactive free-
radicals, these ROS species readily abstract one of the three bi-allylic hydrogens (C7, C10 or
C13).2 Abstraction of bis-allylic hydrogen atoms readily occurs due to the relatively weak C-H
bonds with a Bond Dissociation Energy (BDE) of approximately 73 kcal/mol. This is more than
10 kcal lower than a simple allylic C-H bonds with a BDE of ca. 84 kcal/mol and far lower in
energy than isolated aliphatic C-H bond which has a BDE of ca. 100 Kcal/mol (Figure 1.2).4
Abstraction of one of the three bi-allylic hydrogen atoms of the C-H bonds leads to generation of

the corresponding carbon radical leading to series of events to produce cyclo-oxidized products.

o]

— oH ROS Isoprostanes, isofurans, arachidonic acid
—_—
C10 0, racemic products of cyclooxygenation

=13
Arachidonic Acid (AA)

Figure 1.2 Bis-allylic C-H bonds C7, C10, and C13 subject to hydrogen abstraction leading
to non-enzymatic cyclooxygenation products including isoprostanes and isofurans.

Isoprostanes

The first observation of arachidonic acid non-enzymatic oxidation was reported in 1967;
however, it was largely ignored until isoprostanes were rediscovered by the Roberts group in
1990.3° The first series of isoprostanes discovered by the Roberts group proved to have a
cyclopentane ring core similar to PGF.. (Figure 1.3), giving rise to the name “F-isoprostanes”.’
Based on the proposed synthesis of the isoprostanes and mass spectrometry data there are 8
possible substitution patterns of the cyclopentane ring in the isoprostanes with their name derived

from prostaglandins nomenclature (Figure 1.3).
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Figure 1.3 Classification of Isoprostanes based off the substitution pattern of the
cyclopentane ring.

Autooxidation of Arachidonic Acid to Isoprostanes

Isoprostanes are derived from arachidonic acid following radical mediated hydrogen atom
abstraction of the C7, C10, or C13 position (Figure 1.4) leading to radical intermediates 1.2-1.4.
The latter react with molecular oxygen to afford peroxy radical intermediates 1.5-1.7. A 5-exo-trig
cyclization of the intermediate radical onto a neighboring carbon-carbon double bond affords
endoperoxides 1.8-1.10. Then, a 5-exo-trig cyclization will forge the cyclopentane ring of the

isoprostane giving rise to intermediates 1.11-1.13.
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Figure 1.4 Oxidation of the C7, C10, and C13 CH bonds by ROS allows for conversion to
endoperoxides 1.11, 1.12 and 1.13

The corresponding radical captures another molecule of oxygen, leading to peroxides 1.15-
1.16 (Figure 1.5). Finally, reduction of the peroxide affords F-2 isoprostanes (1.17-1.19),
analogous pathways starting with abstraction of other bis-allylic hydrogen atoms are shown to lead
to isomeric F-2 isoprostanes. For a thorough review of the synthesis of isoprostanes the reader is

directed to the comprehensive review of Jahn et al.®
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Figure 1.5 Conversion of endoperoxides 1.11, 1.12, and 1.13 to the final isoprostanes

Isofurans

In 2002 the Roberts group at Vanderbilt University discovered a second class of non-
enzymatically oxidized AA metabolites called isofurans. Through the application of tandem MS-
MS analysis, the structure of eight constitutional isomers termed isofurans was proposed, based
on a common tetrahydrofuran core incorporating two side chains (Figure 1.6). The two side chains
were proposed to be positioned across the tetrahydrofuran oxygen atom with one terminated in a

carboxylic acid moiety (o side chain) and the second with an aliphatic group (Q side chain).®
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Figure 1.6. All eight stereoisomers of the isofurans are shown, they are separated by the
alkenyl and the enediol class.

Isofurans can be further broken down into two classes, the alkenyl isofurans which have
one hydroxyl group on each side chain and enediol isofurans incorporating a unique enediol on
the side chain. Since the isofurans are synthesized non-enzymatically, all stereocenters are
produced as a racemic mixture. Because there are five stereocenters in each constitutional isomer,
each will consist of 32 stereoisomers. As eight constitutional isomers were identified by mass
spectrometry-assisted analysis, 256 isomeric isofurans are possible.

With a total of 256 isomeric isofurans a nomenclature system was required to
systematically identify each unique isofuran by name. The Roberts and Taber groups proposed a
nomenclature system while the Taber group was developing a synthetic strategy to access

individual isofurans.” Their nomenclature system started with the standard eicosanoid system of
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numbering of carbons (1 to 20) with the carboxylic acid carbon assigned C1. In this nomenclature
system the constitutional isomers of the isofurans are assigned by the number of the first furan
associated carbon (cf. 9-isofuran, Figure 1.7). Isomers are further distinguished by the number of
the first allylic alcohol E-alkene carbon and designate A as a site of unsaturation and the number
of the carbon superscripts. (cf. A-9-isofuran, Figure 1.7). Nomenclature to indicate relative
stereochemistry starts with the relative orientation of the two alkyl chains flanking the furan
oxygen. If side-chains are oriented on the same side of the furan ring they are assigned “syn” and
labeled with the prefix “S”; conversely alkyl chains opposite to each other are assigned the prefix
A or “anti”. The furan hydroxyl group is designated cis (C) or trans (T) depending on its relative
orientation to the neighboring (vicinal) alkyl side-chain. Designation of stereochemistry of the
first furan ring carbon and hydroxy! groups starts with both assigned S-configuration as “natural”
by relation to the natural S-configuration of prostaglandin secondary alcohols. Ifthe isofuran “first
ring carbon” is of the R configuration that isofuran is assigned the prefix “ent”. Similarly, if side-
chain hydroxy groups are of the “unnatural” R configuration that carbon is assigned the prefix

“epi” (cf. Figure 1.8).

A13-9-Iso0F
Figure 1.7 A'3-9-isofuran highlighting the C9 carbon as the first carbon of the furan ring
and the C13 carbon as the first olefin of the allylic alcohol. The two alkyl chains determine
the AorS.

OH o}

7 oH
e}
HoY - CsHaq

OH
ent-15-epi-AT- A"3-9-IsoF

Figure 1.8 Example of a fully named isofuran.



Autooxidation of Arachidonic Acid to Isofurans

Intimately associated with the assignment of isofuran structure was Roberts group’s study
of their formation using oxygen-18 and H.O*® labeling studies. Of course, this was necessary as
isofurans like many human metabolites, are produced in small quantity as an unmanageable
mixture of isomers. These labeling studies show that isofurans were synthesized with the
incorporation of one atom of oxygen when using water and three atoms of oxygen based on studies
using oxygen-18. An alternate pathway where isofurans could also be synthesized with four
molecules of oxygen incorporated was also observed.® Using this information Roberts and co-
workers suggested two unique pathways for isofurans synthesis either in vivo or ex vivo. The first
pathway suggested is designated the “Cyclic Peroxide Cleavage Pathway (CPCP)” (Figure 1.9

and 1.10).
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Figure 1.9. Oxidation of Arachidonic Acid via ROS to di-peroxides 1.20,
1.21, and 1.22 in route to isofurans through the CPCP pathway.

The Cyclic Peroxide Cleavage Pathway is proposed to start, like the isoprostanes, with
ROS mediated hydrogen abstraction at either the C7, C10, or C13 positions of AA to afford bis-
allylic radical intermediates 1.2-1.4. The resulting free-radicals then capture a molecule of oxygen
leading to peroxy radicals 1.5-1.7 which following a five-exo-trig cyclization yields endoperoxides
1.8-1.10. Notably, the latter endoperoxides are proposed intermediates enroute to previously
described isoprostanes. However, under high oxygen concentration free-radical intermediates

(1.8-1.10) are proposed to capture a second molecule of oxygen to afford hydroperoxides 1.20-



1.22 following hydrogen atom capture. Reductive cleavage of the endoperoxide releases an allylic
oxygen radical which undergoes a 3-exo-trig cyclization (aka 1,3 Swi) to afford a series of allylic
radical intermediates 1.23-1.25, which capture a molecule of oxygen to give rise to allylic
peroxides 1.26-1.28 (Figure 1.10). Reduction of the peroxides enables a 5-exo-tet-cyclization
leading to the furan core structure common to the isofurans. As described this pathway can produce

four of the constitutional isomers of the isofurans (A%-8-IsoF, A0-6-IsoF, A®-11-IsoF, and A%-11-

IsoF).
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Figure 1.10. Continued synthesis of compounds 1.20, 1.21, and 1.22 to isofurans via the
CPCP pathway.

The second proposed pathway, incorporating four molecules of oxygen, is called the

Epoxide Hydrolysis Pathway (EHP) (Figure 1.11). This pathway begins from 1.8-1.10 which is
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a common intermediate from the Cyclic Peroxide Cleavage (CPC) pathway and the proposed

synthesis of the isoprostanes.
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Figure 1.11. Synthesis of isofurans by the EHP from compounds 1.8, 1.9, and 1.10.

With alkyl radicals 1.8-1.10 formed they will undergo an analogous 3-exo-trig cyclization
(aka 1,3 Si) reaction to form bis-epoxide compounds 1.29-1.31.%° Then the corresponding alkyl

radical will capture a molecule of oxygen to give rise to allylic peroxides 1.32-1.34. Subsequently,
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water initiates a nucleophilic epoxide opening to afford diols 1.35-1.37. Finally, the peroxides are
reduced to reveal a secondary hydroxyl group which will undergo a 5-exo-tet cyclization to install
the furan core and give rise to the isofurans. The Epoxide Hydrolysis Pathway (EHP) can give
rise to all 8 constitutional isomers of the isofurans whereas the Cyclic Peroxide Cleavage Pathway

(CPC) can only access four of the isofuran stereoisomers.®
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Figure 1.12. Endoperoxide 1.8 is a common intermediate for the synthesis of both isofurans
and isoprostanes. Isofuran production is favored by high levels of oxygen which allows for
radical capture of molecular oxygen creating intermediate 1.20. Under low levels of oxygen
intermediate 1.8 will undergo a 5-exo-trig cyclization to afford compound 1.11 which reacts
further to become an isoprostane.

In accord with the isoprostane-isofuran oxygen mediated branching point (Figure 1.5 and
Figure 1.12) the Roberts group observed the effect of oxygen concentration on the ratio of
isofurans verses isoprostanes. Given the difference of oxygenation in isofurans verses
isoprostanes, they hypothesized that under low concentrations of oxygen isoprostanes would be
favored, while under conditions of high oxygen the synthesis of isofurans would be favored. They
tested this hypothesis ex vivo and discovered as oxygen tension increased, the isofurans were
favored over the isoprostanes. Next, they studied the trend in vivo. Using rats treated with carbon
tetrachloride, a known compound to induce oxidative stress and increase levels of ROS.*'? They
discovered the liver, which is an oxygen-poor organ, favored the synthesis of isoprostanes. While

analyzing isoprostanes and isofurans in the hippocampus and kidneys, which are oxygen rich
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organs, they discovered higher levels of isofurans verses isoprostanes. This suggests that under
high oxygen conditions isofurans formed are preferentially over isoprostanes while in low oxygen
conditions isoprostanes are favored. This can be explained through the proposed synthesis of the
isofurans and isoprostanes (Figure 1.12).
Isoprostane and Isofuran Relevance to Diseases of Oxidative Stress

Isoprostanes are currently the gold standard for measuring oxidative stress in the body.
This is because isoprostanes are stable, and produced independently of COX-1 and COX-2 rather
than through lipid peroxidation pathways (Figure 1.5 and 1.6). They are naturally synthesized in
the body, detectable in biological tissue and have a known normal physiological range. Isoprostane
levels are known to increase upon oxidative injury, and their levels in the body are independent of
lipid diet.314

Isoprostanes have also been shown to be one of the best indicators of carbon tetrachloride
oxidative damage (oxidative stress). In an NIH study while exploring the best ways to measure
oxidative damage by carbon tetrachloride, they discovered 8-iso-PGF2. in blood plasma correlated
with oxidative damage from carbon tetrachloride, showing 8-iso-PGF.. is a good indicator of
oxidative stress. Furthermore, 8-is0-PGF2. is detectable in urine which offers a significant
advantage over plasma because it allows a noninvasive way to measure levels of 8-is0-PGF2q in
the body. They also discovered that measuring oxidized proteins or DNA would not be indicative
of oxidative damage from carbon tetrachloride, further showing that isoprostanes are currently the
best indicator of oxidative damage.®

Oxidative stress is an imbalance between ROS in the body and antioxidants, where elevated
levels of ROS will cause oxidative damage in the body. Some diseases associated with oxidative

stress are aging, acute and chronic kidney disease, Alzheimer’s, Parkinson’s disease,
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atherosclerosis, and pulmonary arterial hypertension. Isoprostanes have been shown to be elevated
in chronic obstructive pulmonary disease (COPD), Parkinson’s disease, Alzheimer’s, and
pulmonary arterial hypertension. Furthermore, isoprostanes have been shown to have increased
levels in chronic kidney disease and as the disease progresses the levels of isoprostanes increases.®
Isoprostanes have been studied significantly in diseases of oxidative stress because there is a
strong correlation between levels of isoprostanes and diseases of oxidative stress. A drawback of
using isoprostanes as a measure of oxidative stress is that under conditions of high oxygen
tension the formation of isoprostanes is diverted to isofuran production. Given oxygen tension
modulates the formation of isoprostanes and isofurans, it difficult to measure oxidative stress in
conditions of high oxygen, like in the lungs after hypoxia.*® It is possible isofurans may be a
superior biomarker to isoprostanes for oxidative stress in highly oxygenated tissues because
isoprostane synthesis is limited under conditions of high oxygen. Isofurans are preferentially
formed making them superior biomarkers of oxidative stress in certain cases of high oxygen
tension (in organs such as the kidney, or brain). Synthetically pure isofurans are needed to as
internal standard so that more accurate and precise levels of isofurans can be measured in tissue

to further examine their role in diseases of oxidative stress.
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Chapter 2: Association of Oxidative Stress, Disease and Arachidonic Acid Metabolites

Reactive Oxygen Species

Reactive Oxygen Species (ROS) are produced in elevated amounts when cells experience
oxidative stress, often associated with an inflammatory response to a cellular insult such as a
pathogen. Hydrogen peroxide/hydroxyl radicals, nitric oxides, and superoxide are the three major
reactive oxygen species (ROS). Superoxide (O2*) is generated from single electron reduction of
molecular oxygen to produce an oxygen in the form of a radical anion leading eventually to
hydrogen peroxide, a precursor to hydroxyl and hydroperoxyl radicals. The conversion of
superoxide to these ROS intermediates occurs in the mitochondria. Within this organelle,
endogenous iron(II) reduces hydrogen peroxide to form hydroxyl (HO¢) and hydroperoxyl (HOQO¢)
by a process known as the Fenton reaction. These reactive oxygen species can react further in the
body in a normal cellular process or cause damage to biomolecules such as proteins or DNA.Y
Normal functions of ROS include acting as secondary messengers in cell signaling or triggering
of an immune response resulting in clearance of pathogens.’® However, there is a fine balance
between ROS acting as messengers and acting as a toxic oxidant leading to cellular damage. When
the levels of ROS are too high, the body’s antioxidants such as glutathione, superoxide dismutase
or superoxide reductase cannot clear reactive oxygen species (ROS). This event will place the cell
under oxidative stress and the resulting ROS will cause cellular damage.
Pulmonary Arterial Hypertension

A rare disease associated with oxidative stress and isoprostane and isofuran formation is
pulmonary arterial hypertension (PAH). PAH is classified as a rare lung disease (500-1000
diagnoses per year) and characterized by high blood pressure in pulmonary artery (greater than 25

mmHg). Its symptoms include scarring and muscularization of the pulmonary arteries, elevated
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blood pressure in the pulmonary circuit and ultimately heart failure.r® PAH patients are found to
produce unusually high amounts of isoprostanes and isofurans in comparison to healthy
individuals. The relationship of these oxidative AA metabolites is an example of a correlation
between an inflammatory disease state, oxidative stress and isoprostane/isofuran metabolites.?%!
Currently the treatments for PAH are intravenous injection of prostacyclin because it will lower
blood pressure by relaxing vascular smooth muscle cells; another treatment is endothelin-receptor
antagonists. G-Protein receptor ETa causes vasoconstriction and proliferation of vascular smooth
muscle cells when activated. A second GPCR, ETsg is a receptor which mediates pulmonary
endothelin clearance and induces the production of nitric oxide and prostacyclin by endothelial
cells. Inhibitors of both proteins have been shown to slow the progress of PAH, unfortunately no
cure for PAH exists. Patients are inevitably hospitalized and need lung transplants. In worst case
scenarios the patient dies.?>?® Since there are no cures for PAH there needs to be further study in
to its pathology to discover its cause and eventually a cure for PAH.

A variety of factors contribute to the development of PAH. Some contributors include HIV
infection, schistosomiasis, scleroderma, cocaine use, oxidative stress in the endoplasmic
reticulum, altered estrogen metabolism, and a mutation in the gene Bone Morphogenic Protein
Receptor 2 (BMPR2). Heterozygous genetic mutations in BMPR2 have been shown to be present
in 70% of Heritable Pulmonary Arterial Hypertension (HPAH) and 10-20% of Idiopathic
Pulmonary Arterial Hypertension (IPAH). However, 80% of patients with mutations in BMPR2
never develop PAH, showing other factors drive the disease state.®
Role of Isofurans and Isoprostanes in PAH

The West and Fessel groups at Vanderbilt University have conducted preliminary studies

aimed at, in part, determining if isofurans and isoprostanes are causative in PAH and/or useful as

18



a biomarker of PAH. They discovered that mutations in BMPR2R8%% which are known to cause
HPAH, often lead to oxidative stress and oxidative injury.?* When measuring the levels of
isofurans and isoprostanes in the BMPR2R8* mutated mouse lung cells, they discovered
isoprostane production increased by 50% while isofuran production increased by 100%, increasing
the ratio of isofurans to isoprostanes from 2.2:3.2 in the control mice versus the BMPR2R899%X
mutated mice. This suggests there is mitochondrial disfunction in BMPR2R8%* mutated mice
which results in higher oxygen concentration in the cell, promoting the formation of isofurans over
isoprostanes.?*

The West and Fessel group also studied the role of hyperoxia (oxygen poisoning), and how
BMPR2R8®X mutated mice react to hyperoxia. In this study they discovered BMPR2R%* mutated
mouse PMVEC cells had significantly altered isofuran to isoprostane ratios in the cell
mitochondria. In both wild type and BMPR2R®®X mutated cells the ratio of isofurans to
isoprostanes remained about 1:1. However, in the BMPR2R€%% mutated cells the levels of
isofurans and isoprostanes increased, showing an increase of oxidative stress in the cells with
BMPR2 mutations. Furthermore, when looking at mouse liver mitochondria they discovered the
ratio of Isofurans to Isoprostanes in wild type mice is about 1.5:1. However, in the BMPR2R8%X
mutated mice the ratio of isofurans to isoprostanes shifted to 0.5:1. This suggests the amount of
free oxygen in the mitochondria in BMPR2R8% mutated PMVEC cells is decreasing, which
indicates that BMPR2 mutations are causing metabolic dysfunction throughout the body, even
though the physiological symptoms are limited to the lungs.?®

Furthermore, the West and Fessel groups studied the role BMPR2 mutations play in
altering cellular metabolism. They discovered BMPR2 mutated endothelial cells shifted

metabolism toward aerobic glycolysis and variations in the Citric Acid Cycle (TCA). This shows
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metabolic reprogramming is a result of BMPR2 knockout or knockdown mutations and implies
that BMPR2 induced PAH is a systemic disease which can effect multiple organs.?® This is also
exemplified by altered levels of isofurans and isoprostanes in liver tissue of BMPR2 mutated
mice.?®

Since there is a clear correlation between isofurans, isoprostanes, BMPR2 mutations and
HPAH, the Fessel lab at Vanderbilt University accessed several, synthetically pure isofurans.
Initial results showed if PVMEC’s were treated with certain isofurans, they would induce a
BMPR2 mutant phenotype in wild type cells. Also, isofurans were shown to induce abnormal
aortic ring vascularization in rat hearts when treated with isofurans. This abnormal vascularization
can be suppressed by silencing the protein (G Coupled Receptor 55) GPR55 with hairpin RNA,
suggesting GPR55 is critical for the abnormal vascularization. GPR55 is an endocannabinoid
receptor which couples to Ga13, which activates Rho, Racl, and Cdc42 which are members of the
Rho-GTPase family that modulates cytoskeletal organization and function.?”-?® Currently there are
no known endogenous ligands to GPR55, classifying it as an orphan receptor.?® Based on the
preliminary work by the Fessel group, it is hypothesized that BMPR2 mutations put the body under
oxidative stress which produces higher levels of isofurans and isoprostanes. Then the isofurans
can activate GPR55 which activates Rho, Racl and Cdc42. This causes enhanced cellular
proliferation, abnormal angiogenesis and altered cellular motility, thus causing the PAH
phenotype. To further explore this hypothesis a flexible and readily divergent synthetic route must
be established to access synthetically pure isofurans.
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Chapter 3: Previous Syntheses of Polyunsaturated Fatty Acid Metabolites
Selected Synthesis of Isoprostanes

A variety of syntheses of F-2 isoprostanes have been published either as accessing a few
stereoisomers or, in the case of the Snapper group, all eight of the stereoisomers. These syntheses
are relevant to the syntheses of isofurans because isoprostanes have similar alpha and omega side
chains as both groups of natural products originate from arachidonic acid. Furthermore, both
families consist of a mixture of stereoisomers and synthetic approaches need to address this
unusual stereochemical diversity. Thus, these approaches inspire future approaches to
polyunsaturated fatty acid metabolites.

The first reported synthesis of an isoprostane was disclosed by the Corey group in 1984
were they employed a biomimetic pathway to synthesize PGF2q .3 Their chief challenge was to
install the “F ring” substitution of four contiguous stereocenters within the cyclopentane structure.
The difficulty arises from the cis-anti-cis relationship of hydroxyl and alkyl groups (Scheme 3.1).
After the discovery of the isoprostanes by the Roberts group in 1992 it was realized the Corey
group inadvertently published the first synthesis of 15-Fx-1soP eight years before the isoprostanes
were discovered.

The synthesis began with alkyne 3.1 which was alkylated via generation of an acetylide in
the presence of catalytic copper(l) chloride and propargyl iodide 3.2 to extend the carbon chain of
the molecule (Scheme 3.1). Dihydroxylation of the terminal alkene using Upjohn conditions
afforded diol 3.3.3! Next, both alkynes were semi-reduced to the cis olefin using Lindlar’s catalyst
followed by orthoester hydrolysis and ester exchange to give the corresponding methyl ester.32
Finally, the diol was oxidatively cleaved with lead tetraacetate to provide aldehyde 3.4 in a 40%

yield over six steps. At this point lithiated acetylide 3.5 was added to the aldehyde to install the
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final carbon framework. Mesylation of the propargyl alcohol followed by treatment with hydrogen
peroxide gave rise to allylic peroxide 3.6 in a 60% yield over 4 steps. This compound was the key
substrate needed to attempt the biomimetic 5-exo-trig cyclization to install the cyclopentane core.
To achieve the latter transformation, formation of peroxide 3.7, hydroperoxide 3.6 was treated
with mercury(I1) chloroacetate to give 3.7 in 74-83% yield. Treatment of alkylmercury compound
3.7 with tributyltin hydride under an oxygen atmosphere led to a 5-exo-trig cyclization and capture
of oxygen at the C15 position to afford the desired F ring stereochemistry and C15 hydroperoxide
as a mixture of epimers. When treated with triphenyl phosphine the peroxides were reduced to
afford 15-F2-IsoP’s as a mixture of diastereomers at the C15 position in a three step sequence with

a yield of 20% (Scheme 3.1).%

1. EtMgBr, CuCl, THF
—\%\ O/a/ Q\/)

! o = 3.5
3.2 I, 1. H,S0,4, MeOH y ( 0 1 Buli
o) d 2.NMO, 0sOy, H,0, Water 2. K,CO3, MeOH, 2. Lindlar's Catalyst, H,, Py, Toluene
> T 2. Lindlar's Catalyst, Ho, Py, Toluene o,
— H
\\p)<0 3. Lindlar's Catalyst, H,, THF { 3. Pb(OAc),, CH,Cl, OMe 3 MsCl, Et;N, CH,Cl,
¢ 40% over 6 steps l¢] 4. Anhydrous H,0,
oH 60% over 4 steps
HO
341 33 34
o}
( OMe
1. BuzSnH, Chlorobenzene HO
CIHgOAc 2. Air =
THF 3. PPhy, MeOH -
74-83%
20% : CsH1q
ué
o HO
3.6 3.7 3.8

Scheme 3.1. Corey's synthesis of 15-F isoprostanes.

In 2002 Rossi and co-workers published a synthesis of the For-isoprostanes through a
biomimetic cyclization like that employed by Corey. By employing modern methods, they
accessed both enantiomerically pure diastereomers of the For-Isoprostanes by using chiral starting
material and separating the C15 diastereomer by HPLC purification.®® Their synthesis began from
known glucose bis-acetonide 3.9 which, in six steps, was advanced to ester 3.10 in a 30% overall
yield (Scheme 3.2).3* Triflation of the homopropargyl alcohol was achieved under standard
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conditions, and the resulting triflate was converted to the iodide by Finkelstein exchange. The
acetonide was deprotected with ethanethiol and zinc chloride to afford a thioacetal, which upon
treatment with TESCI afforded compound 3.11 in good yields. Thioacetal removal was performed
using mercury(I1) mediated hydrolysis and the resulting aldehyde subjected to a Wittig olefination
with phosphorous ylide 3.12. This was followed by a second Wittig olefination with phosphorous
ylide 3.13 to afford diene 3.14, in a 60% yield over 3 steps, which is the substrate for the
biomimetic 5-exo-trig ring closure to cyclopentane ring. The cyclization was attempted on two
substrates, one featuring TES ethers and the other free diols. Treatment with tribuyltin hydride
served to generate carbon centered radicals 3.15 and 3.16, TES protected and free 1,3-diol,
respectively. The stereochemistry of the cyclopentane ring was assigned based on proposed
transition state structures 3.15 and 3.16 where the TES groups in 3.15 force a Beckwith-Houk chair
transition state in which all substituents are in a thermodynamically favored equatorial
position.®>% \When the TES groups are removed, an envelope like transition state is proposed
where the diols undergo hydrogen bonding to lock the envelope conformation (3.16) which then
undergoes the 5-exo-trig cyclization to furnish the cyclopentane ring. In both cases, after the
cyclization the subsequent radical was captured with molecular oxygen at the C15 position, while
the C13 position observed no appreciable amount of oxygen capture. The subsequent peroxide
was reduced with triphenylphosphine to afford either diol 3.17 or 3.18 as the TES ether as a
mixture of diastereomers at the C15 position. If necessary, the TES groups were removed with
tetrabutylammonium fluoride (TBAF); then the C15 diastereomers were separated by HPLC, and
the alkynes were semi-reduced with P-2 nickel to afford methyl esters 3.19 and 3.20 as separated

diastereomers in an 81% yield from compound 3.14.%” The goal of this study was to synthesize
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For-isoprostanes through a biomimetic 5-exo-trig cyclization which they discovered would give

the desired stereochemistry of the cyclopentane ring, driven by the stereochemistry of the diols.

(o] HO,

Me+0 H oo P 1. T£,0, Py, CH,Cl,

& o) 30% over 6 steps _ o 2. TABI, Benzene
e _— 3 — 0 —_—
/ ‘0 HO 4 3. EtSH, ZnCl,
HO' "o/l\"\"e ’o/k Me 4 TESCI, Py

Me Me 50% Over 4 Steps

3.9 3.10

1. HgO, HgCl,, Acetone, H,0

BusSnH, BEt5, air TESO PGS OMe
—_— 3
Xylene TESO \

2.DMF  php=
=0
3.12 Csthi 0,, PPh,
. —_—2 T
- 3.15
3. n-BulLi, THF o t Xylene
. ! OMe
Ph3P/\C H )
5N 1. 1N HCI, THF == 3

Br
3.13

60% Over 3 Steps

RQ,

= OMe 1. THF, TBAF
Va CsHn 2. HPLC separation
N 3. P-2 Ni, H,, EtOH
RO OH
R=H,3.47 3.19 3.20
R = TES, 3.18

81% yield from 3.14 81% yield from 3.14

Scheme 3.2. Rossi's biomimmetic synthesis of Far-isoprostanes.

The two previous syntheses show the power of how radical cyclization chemistry can
promote biomimetic cyclization’s in the stereochemically desired sense. However, there are eight
15-F» isoprostanes and the previous syntheses only access two of the F-2 isoprostanes. To address
this issue, the Snapper group employed a stereodivergent approach which started from racemic
cyclopentenone 3.21 (Scheme 3.3). The first step in this sequence was a [2+2] cycloaddition of
cyclopentenone 3.21 with acetylene to afford a mixture of diastereomers 3.22 and 3.23, in a 39%
and 21% vyield respectively, which were reduced with DIBAL to afford compounds 3.24, 3.25,
3.26, and 3.27 which were separated by flash chromatography. The desired isomers 3.26 and 3.27
were carried forward to the next step of TBS protection to give rise to compounds 3.28 and 3.29

(Scheme 3.3).
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Figure 3.3. Snappers’ synthesis of cyclopentanes 3.28 and 3.29 via a [2+2] cycloaddition.

With the cyclopentane substitution pattern established, attention was turned toward the
omega sidechain installation by a ring opening metathesis with Grubb’s second-generation catalyst
and allylic alcohol 3.30 to de-symmetrize compounds 3.28 and 3.29 to compounds 3.31 in a 67%
yield (1.4:1 E:Z ratio) and 3.33 in a 76% vyield (1.2:1 E:Z ratio) (Scheme 3.4). Next, the
compounds were oxidized to the corresponding enone via PCC oxidation, and subsequently treated
with catalytic iodine to isomerize the to enone from a mixture of E and Z isomers to the single E

isomer of compounds 3.32 and 3.34 in good yields.

OH

2
. \)\CsHﬂ
< 3.30 TBSQ y/
Grubbs-II 3 1. PCC, CH,Cl,
[EE— .
\— CH,Cl, CeHyy 2 1p CHoCly
T8sG H 67% Z:E 1.4:1 g
T8SG o
3.28 3.31 3.32 (4)
OH 70% over 2 steps
\)\csHﬂ
TBSQ 3.30 TBSQ T88e, /
> Grubbs-II = “// 1. PCC, CH,Cl, O.u
. ' .
\ CH,Cl O... \ fCoftn 21z CHCly ¥\ SCSH”
183 H 76% Z:E 1.2:1 : \_< TBSG S
T8SG oH
3.29 3.33 3.34 (+)

84% over 2 steps

Scheme 3.4. Conversion of compound 3.28 to compound 3.32 and compound 3.29 to
compound 3.34 through a ring opening metathesis and olefin isomerization.

Attention was turned toward resolution of enantiomers (Scheme 3.5) using Corey’s CBS

reduction.  Treatment of enone 3.32 with (S)-CBS catalyst reduced the enone to the
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enantiomerically enriched allylic alcohol. This provided two diastereomers which were separable
by flash chromatography to give compounds 3.35 (85% ee) and 3.36 (91% ee) in excellent yields.
Then, to improve enantiomeric excess, and access all possible stereoisomers, the corresponding
compounds were oxidized with PCC to the enone and then followed by (R/S)-CBS reduction
which set the C15 stereocenter at >98% ee for all compounds. Finally, a hydroboration, oxidation

sequence afforded compounds 3.39, 3.40, 3.41 and 3.42 in good yield over 3 steps.

TBSO //OH
it
o \ CsHiq
TBSO // TBSO (OH
o 1. PCC, CH,CI 3.39
I m CoHiy e | 59% over 3 steps, >98% ee
\\_< 2. (R/S)-CBS o
TBSO V3 9-BBN, NaOOH, THF TBSQ /’
3.35 ot
44%, 85% ee "'\\ CsHys

TBSO DH

TBSQ_ / 3.40

(S)-CBS, HBCat 56% over 3 steps, >98% ee
\ CsHis Toluene
T8SO Y
TBSQ, /
1. PCC, CH,CI
> d\_{ﬁ”ﬂ il 3.41
N 2. (RIS)-CBS 9 9

885 (R/S) 54% over 3 steps, >98% ee

3.32 ()
OH 3. 9-BBN, NaOOH, THF
3.36

TBSQ OH
44%, 91% ee <
—
\ CsHiq

TBSO BH

3.42
56% over 3 steps, >98% ee

Scheme 3.5. Separation of racemic compound 3.32 allowing access to compounds 3.39,
3.40, 3.41 and 3.42.

Compound 3.34 was resolved by first reducing the enone to a mixture of allylic alcohols,
and the diastereomers were separated by flash chromatography to afford racemic diastereomers
3.44 and 3.45 (Scheme 3.6) in an 80% vyield. The resulting enantiomers were separated by
esterification with (R)-O-acetylmandelic chloride and, the diastereomers were separated by flash
chromatography. The mandelic ester was removed by treatment with DIBAL followed by a
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hydroboration, oxidation sequence to afford compounds 3.46, 3.47, 3.48, and 3.49 in >98% ee in

yields varying from 34-68%.
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TBSQ, Ph
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7 _n// 3.46
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T 2. DIBAL-H, toluene
T8SO (OH 3.9-BBN, NaOOH, THF
OH
3.44 (%) TBSO
S
\ CsHiy
TBSO -
TBSQ // OH
y L NaBH, 3.47
EEE— 68% over 3 steps, >98% ee
L MeOH

\ CsH1q
g \—< 80%
TBSO TBSO

OH
) /’
3.34 ()
1. DMAP, Et;N, CH,Cl, \ CsHiy
o
TBSO
TBSO / Cl Ph
/ OAc 3.48
3 O 34% over 3 steps, >98% ee
\ CsHi1 2. DIBAL-H, toluene
1858 \—/ 3.9-BBN, NaOOH, THF
OH TBSO, OH
3.45 ()
L
\ CsHis

TBSO o

3.49
63% over 3 steps, >98% ee

Scheme 3.6. Separation of racemic compound 3.34 allowing access to compounds 3.46, 3.47,
3.48 and 3.49.

The next step for all eight compounds was oxidation of the primary alcohol to the aldehyde
by TEMPO oxidation using NCS as a co-oxidant. A subsequent Wittig olefination with
phosphorous ylide 3.58 and, followed by tetrabutylammonium fluoride deprotection afforded all
eight of the F-2 isoprostanes 3.59-3.66 in yields varying from 31-85% over three steps (Scheme
3.7). This synthesis shows the power of an astute stereodivergent synthesis which allowed access

to multiple diastereomers from one common building block.
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Scheme 3.7. Conversion of compound 3.39-3.49 to isoprostanes 3.58-3.66.

After the discovery of the isofurans by the Roberts group, Professor Douglas Tabor at the

Their synthesis began with generation of a silyl enol ether from diene-al 3.67 using TMSCI
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Stereodivergent Approaches to Isofuran Synthesis

University of Delaware began developing synthetic routes to access the isofurans.

the isofurans where the stereocenters are set through reagent control.

disclosed route of the A'*-9-isofurans was published by the Taber group in 2002. The A-9
isofurans were chosen because they had the same alpha and omega side chains as PGH: so it was
hypothesized that this class of isofurans would be the most likely to have some biological activity.

They used a stereodivergent approach to generate multiple enantiomerically pure diastereomers of

and triethylamine. Subsequent treatment with bromine and diol 3.68 afforded allylic bromide 3.69

The first



in a 41% yield. Then treatment with propargyl alcohol 3.70, copper iodide, sodium iodide and
potassium carbonate afforded an Sn2-like reaction affording propargyl alcohol 3.71 in good yield.
Next, treatment of propargyl alcohol 3.71 with LAH lead to trans allylic alcohol 3.72 in a 61%
yield. The next step was a Sharpless Asymmetric Epoxidation (SAE) to afford epoxy alcohol 3.73

in excellent yield (Scheme 3.8). Unfortunately, the ee of the reaction was not reported.

Nal, Cul, K,CO3 _

Br —
[ OH J—
Me _ HO
= 1. Et3N, TMSCI, Pentane 3.70
: o] —_—— (o)
—
2. Br,, DMF o] Heptane o
=0 Me, Me
HO\X/OH Me 74% Me

Me Me
3.67 3.68 3.69 3.7
41%
HO HO,
O
\ TBHP
LAH — Ti(O'Pr),, (-)-DET —
DlethonEther o Eg)goyl o
61% d Z ° [¢] i
Me Me
Me Me
3.72 3.73

ee not reported
Scheme 3.8. Conversion of diene-al 3.67 to epoxy alcohol 3.73.

After the first two stereocenters were introduced through a reagent-controlled epoxidation,
the goal of the Taber group was to install two more stereocenters and set the furan core of the
isofurans. This was achieved through brosylation of compound 3.73 with brosyl chloride to afford
epoxide 3.74 in 96% yield. The next set of stereocenters were introduced through a Sharpless
Asymmetric Dihydroxylation (SAD) with AD-mix-alpha to afford a mixture of the desired
dihydroxylated product 3.76 in 47% yield and the undesired regioisomer 3.75 in 37% yield. The
selectivity of the reaction is poor with a ratio of 4:3 of the desired 3.76 to the undesired compound
3.75. Fortunately, the undesired compound 3.76 could be recycled by treating it with PTSA and
trimethyl orthoformate followed by potassium carbonate in methanol to give rise to compound

3.73 in 47 % yield which is a synthetically viable precursor in the synthetic sequence. Treatment
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of epoxide 3.76 with potassium carbonate in methanol forged the furan ring through a 5-exo-tet
cyclization to give rise to furan 3.77. Then, Mitsonobu inversion followed by ester methanolysis
afforded compound 3.78, however; they did not carry this stereoisomer forward into the synthetic

sequence (Scheme 3.9).38

HO
0
__ BsCl, EtaN DMAP AD -mix-o.
1. HC(OCHg)s o] C:;(/:'Z CH3SOZNH2

PPTS o t-BuOH, H,0
2. K,CO3, MeOH
o Me e
47% over 2 steps 3.73 3.74
BsO, BsO,
O O
OH
= OH K,CO3 1. PNAB, PPh, DEAD, THF
HO — —_— >
HO o) lo) MeOH, 0° C 2. K,CO3, MeOH
i o] i 72% 87%
Me Me
Me Me
3.75 3.76 3.78
37% 47% Synthesized but not

carried foward
Scheme 3.9. Conversion of epoxy alcohol 3.73 to furan 3.77.

With the furan core of compound 3.77 in hand the next step was protection of the secondary
alcohol with TBSCI followed by a nucleophilic epoxide opening with lithium acetylide 3.80 to
afford compound 3.81, thereby installing the alpha sidechain in 87% yield (Scheme 3.10). Then,
the alkyne was reduced to the cis alkene with P-2 nickel, followed by hydrolysis of the acetonide
with acetone and hydrochloric acid to access aldehyde 3.82 in good yields. Treatment with TBSCI
provided a protected alcohol, which was then treated with n-pentyl magnesium bromide to install
the omega sidechain and give a 1:1 mixture of diastereomers at the C15 position which were
subsequently separated by flash chromatography to afford compound 3.83 as the S diastereomer
and 3.84 as the R diastereomer. The final synthetic sequence was deprotection of the TBS groups
using tetrabutylammonium fluoride, followed by hydrolysis of the nitrile to the carboxylic acid.

When NMRs of the isofurans were recorded as the carboxylic acids, the NMR’s were inconclusive
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due to significant broadening of signals. To resolve this issue, the isofurans were treated with
TMS diazomethane to make compounds 3.86 and 3.87 in excellent yields; these compounds gave

a much clearer NMR signals and their structural assignment was confirmed.

HO,,, CN

CN HO.,,

1. TBSCI, ImH, CH,Cl,

» TBSO
2. n-BuLi, BF3eOEty, THF

1. P-2 Ni, Hp, EtOH

2. Acetone, H,0, HCI

NG d 61% Over 2 Steps o)
M= \_2 ©
3.80 Me "
87% Over 2 Steps 3.81 3.82

1. TBAF, CH,Cl,

1. TBSCI, ImH, CH,Cl, 2. NaOH, EtOH, 105° C

h
-

2. n-CsHqyMgBr 3. TMS Dizaomethane, MeOH, Benzene

RY =
2R1

3.83 R;=OH, R,=H, 29% Over 2 Steps

3.86 R4=0OH, R,=H, 98% Over 3 Steps
3.84 R =H, R,=0H, 27% Over 2 Steps

3.87 Ry=H, R,=0OH, 74% Over 3 Steps
Scheme 3.10. Conversion of 3.78 to isofuran methy| esters 3.86 and 3.87.

After achieving the first synthesis of the A'3-9 isofurans, the Taber group published a
synthesis of A'3-8 isofurans. This synthesis began from commercially available alkynol alcohol
3.88 which was protected with benzyl bromide to afford benzyl ether 3.89 in 99% yield. Next, a
copper-mediated coupling with allylic chloride 3.90 afforded skipped enyne 3.91 in 65% yield. A
second copper-mediated coupling with THP protected propargyl alcohol 3.92 afforded skipped
enyne 3.93 in good yield. Then a THP deprotection with PPTS followed by reduction with LAH
established the trans allylic alcohol 3.94 in 55% yield over 2 steps. The first two stereocenters are
introduced through a SAE to afford epoxide 3.95 in 72% yield, and then brosylation gave rise to
epoxide 3.96 is excellent yields. The second set of diastereomers was introduced via a SAD which
afforded diol 3.97 in 92% yield as an enantioenriched compound, but the ee is not reported

(Scheme 3.11).
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Scheme 3.11. Synthesis of chiral diol 3.97 from alkynol 3.88.

The next goal was to install the furan core which was achieved by treating diol 3.97 with
potassium carbonate in methanol to promote a 5-exo-tet cyclization which accessed furan 3.98 in
a fair yield (Scheme 3.12). Then, treatment with methyl sulfonium ylide installed allylic alcohol
3.99 in a 70% yield. Subsequent TBS protection resulted in 3.100 in a near quantitative yield;
then SAD, followed by oxidative cleavage with sodium periodate afforded aldehyde 3.101 in a
70% yield over 2 steps. Next, Horner-Wadsworth-Emmons olefination with keto phosphonate

3.102 installed the omega sidechain as enone 3.103 in a 90% vyield.
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K,CO,4
MeOH

// OH 65%

Me;SI, n-BuLi TBSCI, ImH
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99%

THF
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3.97 3.98

1. AD-mix-ot, CH3SO,NH,
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2. NalOy4, CH,Cl,
70% Over 2 Steps

3.100

Scheme 3.12. Conversion of 3.97 to furan 3.103 through a 5-exo-tet cyclization and
installation of the omega side-chain through a HWE reaction.

Luche reduction of 3.103 afforded allylic alcohols 3.104 and 3.105 which were separable
by flash chromatography. They also were able to diastereoselectively reduce 3.103 to either 3.104

or 3.105 as single diastereomers with either (+) or (-) DIP-CI in good yields (Scheme 3.13).

TBSO, OH

1:1
Yield not reported

Cstn (+,- DIP-CI)

THF

3.103 83% 85%
3.104 3.105

Single Diasteromers Isolated
Scheme 3.13. Reduction of enone 3.103 to alcohols 3.104 and 3.105 via DIP-CI or NaBHa.

Secondary alcohol 3.105 was then protected with TBSCI to afford compound 3.106 in 91%
yield. With the omega sidechain installed and the C15 stereocenter set, their goal was to bring the

alpha side chain to the correct oxidation state (Scheme 3.14). This was achieved by first
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semireducing compound 3.106 with P-2 nickel under an atmosphere of hydrogen to afford cis
olefin 3.107 in 83-89% vyields. The benzyl group was subsequently removed with lithium
napthalide to provide alcohol 3.108 in excellent yields. Finally, the synthesis was completed with
oxidation of the alcohol to the aldehyde with Dess-Martin Periodinane (DMP), followed by
Pinnick oxidation and tetrabutylammonium fluoride deprotection to allow access to compound
3.109 in a 57% yield over 3 steps. Using this synthetic sequence, the Taber group was able

synthesize two of the A'3-8 isofurans (epi-ent-SC-A'3-8 Isof and ent-SC-A3-8 Isof).

Hit TBSCI, ImH
—_—

CHCl  1gs0
91%

Li, napthalene

1. DMP, CH,Cl,

2. NaH,PO,, NaCIO,
MTBE, H,0

3. TBAF, THF
57% over 3 Steps

THF
85-94%

3.108

Scheme 3.14. Conversion of furan 3.105 to A%-13 isofuran 3.109.

The two previous synthetic routes toward the isofurans only accessed a few isofurans and
the ee’s were not reported. When testing some of the A'3-9 isofurans, the Taber group announced
the biological results were not consistent between batches. This suggests their products were not
enantiomerically pure, they believe the SAD was not consistently diastereoselective which resulted
in contamination of undesired stereoisomers. To address this issue the Taber group set out to make
a synthetic route to access all 32 isomers of the A3-9 isofurans and as single enantiomers. Their
chosen starting material, bromo crotyl ester 3.110, was reduced with aluminum hydride to the

alcohol; then copper-mediated coupling with propargyl alcohol gave a 1:0.5 ratio of 3.112 (desired
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Sn2 product) to 3.113 (undesired Sn2’ product) as a mixture of isomers in a good yield over 2
steps. Next, and LAH reduction reduced the propargyl alcohols to the trans allylic alcohols 3.114
and 3.115 in a 76% vyield. Desired 3.114 compound is symmetrical and can be desymmetrized by
treatment with trityl chloride afford mono-tritylated compound 3.116 in fair yield. SAE is the first
point of stereodivergence where 3.116 is stereoselectively oxidized to epoxide 3.117 or 3.118

depending on the use of either (+) or (-) diethyl tartrate (Scheme 3.15).
o OH
HO\/\/\/ HO AN
Br/\/\n/o""e 1. LAH, AICl5, OEt, + LAH 3.114

[e] _— \ OH MeOH, THF HO
OH 76%
3.110 3.1
2. K,CO3, Nal, Cul, Heptane | | =
75% Over 2 Steps . OH _ OH

3.113
1:0.5 3112:3.113

Y

Rte]
HO\/‘\E/\/\/OTr

TBHP 76%
TrCl, EtsN o or Ti(O'Pr),, DET 3117
—_ A
CHCl NN oM (+)-DET
62% O
HO AL~ _OTF

3.116
88%
3.118
(-)-DET

Scheme 3.15. Conversion of bromo crotyl ester 3.110 to epoxides 3.117 and 3.118.

Both epoxides were carried forward separately in the synthetic sequence to a brosylation
with brosyl chloride which yielded compounds 3.119 and 3.120. Both compounds were
asymmetrically dihydroxylated with either AD mix alpha or beta, and then treatment with
potassium carbonate induced a 5-exo-tet cyclization which set the furan core of the molecules.
TBS protection then gave rise to furans 3.121-3.124 in good yields over 3 steps. The specific
reagents for the SAE and SAD furnished the furan core (four of eight possible stereoisomers)
which is outlined in Scheme 3.16. The other four stereoisomers of the furan core can be accessed

through a through a three-step sequence involving a tetrabutylammonium fluoride deprotection,
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followed by a Mitsonobu inversion, and then ester methanolosis to afford furans 3.125-3.128 in
excellent yields (Scheme 3.16). The use of the SAE, SAD, and Mitsonobu inversion allowed for

access of all 8 stereoisomers of the isofuran core.
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(-)-DET (-)-DET
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66% 3:1 57% >9:1

O,

1. TBAF, THF 1. TBAF, THF
2. PNBA , PPh;, DEAD, THIi 2. PNBA , PPh3, DEAD, THIi
o 3. K,CO3, MeOH o 3. K,CO3, MeOH o
BSO" - 95% over 3 steps 95% over 3 steps
‘\OTr
3.123 3.126 3.124 3.128
(+)-DET (-}-DET
AD-mix-p AD-mix-o
54% 2.2:1 62% >9:1

Scheme 3.16. Conversion of epoxides 3.117 and 3.118 to furans 3.121-3.124 where the
stereochemistry is determined by a SAE and SAD.

All eight isomers were carried forward in the sequence, however; only 3.121 will be shown
for clarity (Scheme 3.17). The alpha side chain was introduced through a nucleophilic epoxide
opening with alkyne 3.80 in the presence of BFzeOEt, to afford alkyne 3.128 in high yields. Then
the alkyne was semi-reduced to the cis olefin with P-2 nickel under an atmosphere of hydrogen to
access olefin 3.129 in 95% yield. The secondary alcohol was protected with TBSCI which
afforded 3.130 84% yield. With the alpha side chain successfully installed, efforts towards the
installation of the omega sidechain began. The sequence began with removing the trityl group

with diethyl aluminum chloride to afford alcohol 3.131 in 84% yield. Alcohol 3.129 can be
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inverted through an oxidation with Dess-Martin Periodinane, followed by a reduction with L-
selectride to provide alcohol 3.132 in 77% vyield over 2 steps, allowing access to 16 total

stereoisomers of the A'*-9 isofurans (Scheme 3.18).

n-BuLi, BF3eOEt,
NG

9.

— HO,

T d
3.80 Q\

—_—
THF 0 3 CN
91% TBSO
OTr
3.121 3.128

TBSCI, ImH, DMAP

CH,Cl,
84%

Et,AICI
CH,Cl,
84%

Scheme 3.17. Conversion of epoxide 3.121 to furan 3.131.

HO,’ HO,
/ _ CN s CN
1. DMP, CH,Cl,
O - i (o]
TBSO’q_\J 27l7|;AzS:\|/Zit;d§teps TBSO
OTr OTr
3.129 3.132

Scheme 3.18. Inversion of the C8 alcohol through an oxidation and reduction sequence.

Then, oxidation with Dess-Martin Periodinane oxidation of alcohol 3.131, followed by
Horner-Wadsworth-Emmons olefination with keto phosphonate 3.102 afforded enone 3.132 which
finished the synthesis of the carbon framework in 84% yield over 2 steps. Enone 3.132 was then
reduced with sodium borohydride resulting in a 1:1 mixture of separable diastereomers 3.133 and
3.134 which were separated by flash chromatography in good yields. This final point of
divergence allows access to all 32 stereoisomers of the A'3-9 isofurans. The synthesis was finished
with desilylation with tetrabutylammonium fluoride, followed by nitrile hydrolysis to the
carboxylic acid with sodium hydroxide which gave rise to isofurans 3.135 and 3.136 in excellent
yields over 2 steps. To confirm the structure of isofuran 3.135 it was treated with TMS

diazomethane to afford methyl ester 3.137 which was easier to analyze by NMR. The Taber group
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employed this synthesis to access all 32 stereoisomers of the A*®-9 isofurans which is an impressive

feat (Scheme 3.19).

1. DMP, CH,Cl,
2. NaH, THF

[¢] o
L
MeO™ CsH1y

MeO
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84% Over 2 steps 3.133 R,=OH, R,=H 38%

3.134 R,=H, R,=OH 35%

1. TBAF, ImH, CH,Cl,

TMS Diazomethane

MeOH, Benzene
96%

2. NaOH, EtOH

3.135 R4=0OH, Ry=H 89% Over 2 Steps
3.136 R4=H, R,=OH 92% Over 2 Steps

Scheme 3.19. Conversion of furan 3.131 to isofurans 3.135 and 3.136. Esterification of
3.135 to 3.137 allows for NMR confirmation of the structure.

Stereodivergent Synthesis of Linoleic Triol Methyl Esters

Oxidative metabolites of fatty acids have been a synthetic target of the Sulikowski lab in
recent years. The group has employed a stereodivergent approach to four triols which are derived
from linoleic acid. In this synthesis two of the stereocenters are accessed from the chiral pool
which allows for high enantiopurity of the starting material which allows for high enantiopurity in
the final product compared to previous syntheses which use achiral or racemic starting material
and introduce stereocenters through asymmetric means which do not afford single diastereomers.

2-deoxy-L-ribose and D-tartaric acid are used as the enantiomerically pure starting
materials (Scheme 3.20). Both compounds were transformed into alkynols which are
diastereomers. This was achieved with 2-deoxy-L-ribose 3.138 by first protecting the diol as the
acetonide with PTSA in acetone followed by the Colvin reaction with LDA and TMS

diazomethane which yielded alkynol 3.139 in 53% yield over 2 steps. D-tartaric acid 3.140 is first
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treated with PTSA, methanol and 2,2-dimethoxypropane to install a methyl ester and acetonide;
then, LAH reduction revealed a diol which was followed by desymmetrization of the molecule
with TBDPSCI and NaH, then triflation of the remaining alcohol, displacement with TMS
acetylide, and removal of the TMS group with potassium carbonate and methanol furnished

alkynol 3.141 in a 22% yield over 5 steps.

Me
(o] OH *Me
1. p-TSA, Acetone o
p—> % 0
HO 2. LDA, TMSCHN,
OH THF OH
3.138 3.139
2-Deoxy-L-Ribose 53% Over 2 Steps
1. p-TSA, 2-DMP, MeOH Me
O 2. LAH, THF J<Me
HO OH 0
§ . TBDPSCI, NaH, THF
3 3 SCI, NaH, > X S
wd oH 4. THO, EtN, CH,Cl, Y
4 TMSCLLI, THF, HMPA oH
5. TBAF, THF
3.140 3.141
D-Tartaric Acid 22% Over 5 Steps

Scheme 3.20. Synthesis of enantiomerically pure diols 3.139 and 3.141 which are accessed
from enantiomerically pure compounds 3.138 and 3.140.

Using compounds 3.139 and 3.141 allowed access to diols with a syn relationship (3.139)
or an anti relationship (3.141). Both compounds were taken forward but only 3.139 will be shown
for simplicity (Scheme 3.21). The carbon framework of 3.139 was extended by a Sonogashira
reaction with vinyl iodide 3.142 to afford enyne 3.143 in 82% yield. Then the enyne was reduced
with P-1 nickel to the aliphatic compound 3.144 in near quantitative yields. The final side chain
was introduced through oxidation of 3.144 Dess-Martin Periodinane which afforded aldehyde
3.145 in 82% vyield. Subsequent treatment with keto phosphonate 3.102 afforded enone 3.146 in
82% yield. Next treatment with sodium borohydride afforded a mixture of diastereomers 3.147
and 3.148 which were separable by flash chromatography, and both were isolated in 37% yield.
Then, both compounds were separately treated with aqueous HCI to cleave the acetonide and

reveal diols 3.149 and 3.150 in good yields. Using this synthetic route, four linoleic triol methyl
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esters were synthesized (3.149-152). This approach significantly inspired the future synthesis of
the A'3-9 isofurans through a stereodivergent approach using optically pure starting material and

substrate-controlled reactions to access multiple stereocisomers of natural products (Scheme 3.22).
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Scheme 3.21. Stereodivergent synthesis of linoleic triols 3.147 and 3.148 from cis acetonide

3.139.
OH OH
OH
=
O HOG,3CsHy O HO"G13CsHn
OMe OMe
From 2-Deoxy-L-Ribose From D-Tartaric Acid
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Scheme 3.22. Four linoleic triol methyl esters which are accessed from compounds 2-
Deoxy-L-Ribose and D-Tartaric Acid.

References

30) Corey, E. J.; Shih, C.; Shih, N. Y.; Shimoji, K. Preferential Formation of 8-Epi-
Prostaglandin F2a via the Corresponding Endoperoxide by a Biomimetic Cyclization.
Tetrahedron Letters. 1984, pp 5013-5016. https://doi.org/10.1016/S0040-4039(01)91105-

41



(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)
(40)

(41)

0.

Vanrheenen, V.; Kelly, R. C.; Cha, D. Y. An Improved Catalytic OSO4 Oxidation of
Olefins to Cis-1,2 Glycols Using Tertiary Amine Oxides as the Oxidant. Tetrahedron Lett.
1976, 17 (23), 1973-1976.

Lindlar, H.; Dubuis, R. Palladium Catalyst for Partial Reduction of Acetylenes. Org.
Synth. 1966, 46 (5), 880. https://doi.org/10.15227/orgsyn.046.0089.

Durand, T.; Guy, A.; Vidal, J.-P.; Rossi, J.-C. Total Synthesis of (15R) and (15S) F2t
Isoprostanes by a Biomimetic Process Using Hte Cyclization of Acyclic Dihydroxylated
Octa 5,7 Dienyl Radicals. J. Or 2002, 67, 3615-3624.

Just, G.; Luthe, C. Oxidation Products of Arachidonic Acid I. The Synthesis of Methyl
8R, 11R, 15-Trihydroxy-9S, 12-Oxyeicosa-5Z, 13E-Dienoate (19). Can. J. Chem 1980,
58, 1799. https://doi.org/10.1016/S0040-4039(00)78823-X.

Schiesser, C.; Beckwith, A. Regio- and Stereo-Selectivity of Alkenyl Radical Ring
Closure: A Theoredical Study. Tetrahedron 1985, 41 (19), 3925-3941.

Spellmeyer, D. .; Houk, K. A Force-Field Model for Intromolecular Radical Additions. J.
Org. Chem. 1987, 52 (6), 959-974.

Brown, C. A.; Ahuja, V. K. “P-2 Nickel” Catalyst with Ethylenediamine, a Novel System
for Highly Stereospecific Reduction of Alkynes to Cis-Olefins. Journal of the Chemical
Society, Chemical Communications. 1973, pp 553-554.
https://doi.org/10.1039/C39730000553.

Mitsunobu, O.; Yamada, M. Preparation of Esters of Carboxylic and Phosphoric Acid via
Quaternary Phosphonium Salts . Bull. Chem. Soc. Jpn. 1967, 40 (10), 2380-2382.
https://doi.org/10.1246/bcsj.40.2380.

Baldwin, J. E. Rules for Ring Closure. J.C.S. Chem. Comm. 1976, No. 734, 734-736.

Shankar, M.; Mohan, H. R.; Prasad, U. V.; Krishna, M. H.; Rao, P. M.; Lakshmikumar,
T.; Subbaraju, G. V. A Facile Route for Synthesis of (x)-Dinoprost, (x£)-Carboprost and Its
Analogs. Asian J. Chem. 2013, 25 (2), 913-920.
https://doi.org/10.14233/ajchem.2013.13139.

Davis, R. W.; Allweil, A.; Tian, J.; Brash, A. R.; Sulikowski, G. A. Stereocontrolled
Synthesis of Four Isomeric Linoleate Triols of Relevance to Skin Barrier Formation and
Function. Tetrahedron Lett. 2018, 59 (52), 4571-4573.
https://doi.org/10.1016/j.tetlet.2018.11.033.

42



Chapter 4: Stereodivergent Synthesis of A'3-9-1sofurans
Introduction and Analysis

Previous work by the Taber, Snapper and Sulikowski groups demonstrated stereodivergent
approaches to access A'*-9-isofurans, F2-isoprostanes, and isomeric linoleic triols. In part, based
on our group’s work on linoleic acids, we chose to employ a stereodivergent strategy to the A3-9-
isofurans starting from the same set of four isomeric diols (vide infra).

In contrast to employing optically active starting materials combined with stereospecific
transformations, the Taber group synthesized the A'3-9-isofurans using a strategy dependent on
reagent-controlled selectivity starting from prochiral substrates. In the Taber approach,
stereocenters were introduced through a combination of Sharpless asymmetric epoxidations and
dihydroxylations to produce common stereocisomeric furans. The isolated side-chain C15
secondary alcohol was introduced by a non-selective reduction of the corresponding keto group.
Our route to isomeric furans establishes stereodivergency by starting from one of four acetonide-
protected optically pure diols (4.1 to 4.4, Figure 4.1). The remaining ring and neighboring
secondary alcohol stereocenters were introduced by two sequential stereospecific reactions, an
alkene epoxidation and epoxy-alcohol cyclization (Figure 4.2). As described in the linoleic acid
synthesis, optically pure 1,2-diols 4.1 to 4.4 were derived from tartaric acid or 2-deoxy ribose,

respectively (Figure 4.1).
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Figure 4.1. Known optically pure 1,2-diols (4.1-4.4) can be used to introduce two
stereocenters (shown in red) in the isofuran synthesis.
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Figure 4.2. All cis/trans epoxides (stereocenters in blue) which are accessed from L/D
Tartaric Acid and 2-deoxy-L/D-ribose.

HO' "D

As discussed above, the second set of stereocenters (highlighted in blue Figure 4.1 were

to be introduced from a stereospecific, non-stereoselective, epoxidation of a geometrically defined

olefins leading to a mixture of two epoxide isomers (4.9/4.10; 4.11/4.12; 4.13/4.14, etc, Figure

4.2). Removal of the acetonide protecting group reveals a 4-hydroxy epoxide poised for a 5-exo-
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tet cyclization leading to all furan stereoisomers (cf. Figures 4.3 and 4.5).%° In order to obtain
single isomer furans, we anticipated either the epoxide or furan product isomers could be separated
by chromatography. We planned to assign structure (stereochemistry) following cyclization as this
produces a secondary alcohol (C8) which would be subjected to a Mosher ester analysis. From the
C8 absolute stereochemistry we would assign the C8-C9 relative stereochemistry by extension of
the stereospecificity of the cis or trans epoxide ring closure (for an analysis of the stereospecific
ring closure, see Figure 4.5). This stereodivergent strategy would allow access to all sterecisomers

of the furan ring (All possible furan rings shown in Figure 4.3).
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Figure 4.3. All possible isomers of the furan core which can be accesses by a
stereospecific 5-exo-tet cyclization.

Several variations of reaction sequence were projected to install the remaining side-chains
to complete the small library of isofurans. The omega side-chain, terminating in an n-pentyl group
would be installed by a Horner-Wadsworth-Emmons (HWE) olefination reaction by conversion
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of the silyl-protected primary alcohol to an aldehyde. The latter aldehyde would be condensed with
a f-keto phosphonate 4.42 (cf. Figure 4.4).4° The remaining C15 stereocenter was anticipated to
be installed via a non-stereoselective reduction of the enone produced from the HWE reaction.
Once again, we considered the possibility of chromatographic separation of diastereomers (as in
the case of Taber synthesis of A'*-9-isofurans. For the side-chain terminating in a carboxylic acid,
PMB protected alkyne 4.41% (Figure 4.4) would serve as a precursor with the terminal alkyne

serving as a site of carbon-carbon bond formation.

OPMB
= (/)3 Alpha-sidechain

4.41

meoN Omega-sidechain
MeO” CsHaq

4.42

Figure 4.4. The alpha sidechain can be introduced through PMB protected alkyne 4.41. The
sidechain can be installed using keto phosphonate 4.42.

Discussion and Results The synthetic strategy described in the previous section is capable
of leading to all 32 isomers of A'*—9-isofurans or stated differently, 16 of each enantiomeric series.
Based on the synthetic strategy, the 16 A!3-9-isofuran sterecisomers were conveniently divided
into four sets of isomers, each consisting of four sub-sets. Stated differently, trans (from tartaric
acid) or cis (from 2-deoxy ribose) acetonides each diverge to either cis or trans alkenes, then to
mixtures of epoxides and subsequently furans (cf. Figures 4.2 and 4.3). By the described route, an
single isomer of epoxide would diverge to four isomeric furans (cf. Figure 4.3) and following
introduction of the C18 secondary alcohol would further diverge from four isomers to eight A*-9-
isofurans. Ultimately, the synthetic plans were divided into two, between myself and my colleague
Dr. Zach Austin. This synthesis began with trans acetonides (4.1 or 4.2, Figure 4.1) from L-tartaric
acid. Dr. Austin fashioned L-tartaric acid to furans 4.27 and 4.28 (Figure 4.3) via trans epoxides.

Each of these two furans diverged to two A!3-9-isofurans following non-selective reductio of a

46



C15 keto group leading epi-15- A'3-9-isofurans and the corresponding 15S-isomers. My thesis
work will focus on using 2-deoxy-L-ribose as a starting material leading to cis acetonides (4.3 or

4.4, Figure 4.1) and installing a cis epoxide to access furan cores (4.37 and 4.38, Figure 4.3).
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Ho,, R HO,, R R
(&35 “, = °
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OH\O 0
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Cis epoxide
—_——

Syn relationship
TBDPSO TBDPSO

l f
R R
¥l Y
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Trans epoxide ”|
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-~ H .- ~0 A -
e, H o7

H

TBDPSO

Figure 4.5. 2D and 3D representation of the stereospecific 5-exo-tet, cyclization and how the
stereochemistry of the epoxide determines the stereochemistry of the furan product. The cis
epoxide will afford a syn relationship between the two oxygens (shown in blue dots). The
trans epoxides will afford an anti-relationship between the two oxygens (shown in blue dots).

As mentioned earlier, inspiration for the described stereodivergent synthetic strategy
originated from a synthesis of four linoleic triols previously described by the Sulikowski group.*
L- and D-tartaric acids are ideal starting materials because they are commercially available and
inexpensive, 12 cents per gram for L-tartaric acid and 1 dollar per gram for D-tartaric acid. This
allowed the synthetic sequence to start on a 100-gram scale or an even higher scale. However, a
drawback is conversion to alkynes 4.1 and 4.2 required six steps and proceeded in 7-10 % overall
yield.** By comparison 2-deoxy- ribose costs $7.20 per gram ($4.00 per gram at the time of
purchase in 2019) for the L-isomer and $0.80 per a gram for the D-isomer. While these materials

are more expensive than tartaric acid, they only require a 3-step reaction sequence to advance to
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alkynes 4.3 and 4.4 (Figure 4.1). The short reaction sequence proceeds in 37 % yield over 3 steps.

This route allowed material to be accessed quicker and in quantity.

Me  Me
o o (e} OH o
p-TSA TMSCHN,, LDA K ;o ImH, DMAP
HO Acetone,0°C THF Ho TBDPSCI, CH,Cl,
OH 51-64% Me/‘ 64-66% / >95%
[gram scale] Me [gram scale] / [gram scale]
4.43 4.44 4.45
2-Deoxy-L-Ribose Me Me
M
AV i. n-BuLi, -78 °C S
% :_o ii. (CH0),, 40 °C TBDPSO 1. P-2 Ni, EtOH, H, >
TBDPSO 64-77 % 2. VO(acac),
[gram scale] Y +-BuOOH, CH,Cl,
// o [gram scale]
4.46 4.47
Me Me Me  Me
QXO C_)Xo
TBDPSO + TBDPSO
o 9)
OH OH
4.21 4.22
49 % over 2 steps 32 % over 2 steps

separable diastereomers

Scheme 4.1. Synthesis of epoxides 4.21 and 4.22 from 2-deoxy-L-ribose as the first point
of stereodivergence.

The synthesis of epoxides 4.21 and 4.22 as shown in Scheme 4.1 began with 2-deoxy-L-
ribose in acetone and a catalytic amount of p-TSA. This afforded acetonide 4.44 in yields ranging
from 51 to 64% on multi-gram scale. Early in our studies, yields were often irreproducible and
low, subsequently we determined careful maintaining of reaction temperature 0 °C was critical for
reproducibility. If there was any increase to the temperature, the yield of the reaction would often
decrease.  Lactol 4.44 was then subjected to a Colvin alkynylation starting with
trimetylsilyldiazomethane, deprotonation with LDA in THF at -78 °C followed by addition of 4.44.
This reaction was previously reported, but in our hands the yield was significantly lower.*?

Eventually, it was discovered the product, alkynol 4.45, was slightly volatile and if left on
the vacuum pump overnight, the product was lost resulting in a lower yield. Lowering time under

vacuum resulted in increased yields similar to that reported in the literature.*? Silylation of alcohol
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4.45 proceeded smoothly to afford TBDPS ether 4.46 in >95% yield. Deprotonation of the alkyne
followed by quenching with paraformaldehyde at 40 °C generated propargyl alcohol 4.47 in 64-
77% yield. This represents a key point in the synthesis because the propargyl alcohol can be semi-
reduced to afford either the cis olefin or the trans olefin leading to either cis or trans epoxide
(Figure 4.2) serving as a key divergent point of stereochemistry. My work focused on generating
the cis olefin, which was accessed by semireduction of 4.47 with P-2 nickel, and when followed
by VO(acac) epoxidation gave rise to epoxides 4.21 and 4.22 in 49 and 32% yield respectiviey.*344
Gratifyingly, these diastereomers are separable by flash chromatography, allowing the first key
point of divergence in the synthetic route. With the diastereomers separated, 4.21 and 4.22 were

subjected to parallel reaction sequences (Scheme 4.2).
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Scheme 4.2. Conversion of compounds 4.21 and 4.22 to 4.52 and 4.57 respectively via a
stereospecific cyclization to install the furan core and installation of the alpha sidechain.

Epoxy alcohol 4.21 was treated with p-toluensulfonyl chloride, DMAP, and triethylamine
as a solution in dichloromethane at 0 °C to afford tosylate 4.48 in high yield. Subjection of 4.48
to a solution of TFA and trace water in dichloromethane resulted in acetonide removal followed
by 5-exo-tet cyclization to give furan 4.49 as a single isomer (Figure 4.5). In preparation for
introduction of the alpha-side-chain, 4.49 was treated with K2COsz in methanol at 0 °C to give
epoxide 4.50 in 90-95% vyield. The latter was added to a lithium anion of alkyne 4.41 in the
presence of BF3eOEt, to afford furan 4.51, upon peracetylation diactetate 4.52 was obtained in
high yield. Following an identical reaction sequence, epoxy alcohol 4.22 was converted to
isomeric diacetate 4.57 (Scheme 4.2). The stereochemistry of epoxides 4.50 and 4.55 were

assigned by Mosher ester analysis (vide infra Figure 4.8 and 4.9).
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Scheme 4.3. Elaboration of the alpha side chain to the correct oxidation state of the isofurans,
resulting in alcohols 4.62 and 4.67.
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With furans 4.52 and 4.57 in hand, we turned our attention to functionalization of the alpha-
side chain starting with oxidation state adjustment of the primary alcohol. To this end the PMB
protecting group of 4.52 was removed using DDQ and trace water in dichloromethane to afford
alcohol 4.58 (Scheme 4.3) in excellent yield. Next, a standard two-step oxidation was employed
starting with Dess-Martin periodinane oxidation to afford aldehyde 4.59.%° Further oxidation
under Pinnick conditions provided the corresponding carboxylic acid and immediate reaction with
TMS diazomethane gave methyl ester 4.60 with yields ranging from 10-78% over 2 steps.*4’
Semi-hydrogenation of the isolated alkyne with Lindlar’s catalyst provided cis-alkene 4.61 in near
quantitative yield and completed the alpha-side-chain. Installation of the omega-sidechain began
with removal of the silyl ether protecting group using acetic acid buffered-TBAF to give 4.62 in
80-89% yield. If acetic acid buffer was not used, acyl migration of the secondary acetate to the

primary alcohol was observed. A parallel sequence advanced furan 4.57 to 4.67.

With the alpha-sidechain installed in the correct oxidation state the synthetic focus moves
to installing the omega-sidechain (Scheme 4.4). The sequence begins with Moffat oxidation of
alcohol 4.62 followed by immediate olefination of the crude aldehyde under Horner-Wadsworth-
Emmons condition with ketophosphonate 4.42 to give enone 4.68 in a 33-46% yield.*®*° Luche
reduction afforded an insperable mixture of epimeric C15 alcohols. Separation was conveniently
achieved using lipase Amano AK to selectively acetylate one stereoisomer. Three enzymes were
used in the initial screen, Novozyme 435. Amano AK and Amano SD. Novozyme 435 failed to
give any reasonable conversion, however, Amano AK and Amano SD gave promising conversion
and eventually the Amano AK conditions were optimized to fully convert 4.69 to triacetylated
compound 4.71 in 45-50% yield as a single diastereomer and provided the enriched, bis-acetate
compound 4.70 in 45-50 % yield as a single diastereomer.
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Scheme 4.4. Synthesis of final isofurans 4.8, 4.74, 4.80, and 4.82 through a stereodivergent
approach.

Through Mosher ester analysis it was discovered that the (R) stereocisomer was selectively
acetylated leaving the (S) isomer as the allylic alcohol (vide infra figure 4.10). After the
stereoisomers had been resolved and separated by flash chromatography compounds 4.71 and 4.70
were separately treated with K2COz3 in methanol to afford triol’s 4.72 and 4.73. Then treatment
with LiOH in aqueous THF gave rise to isofurans 4.8 and 4.74 in a good yield over 2 steps. The
deprotection procedure could likely be done in one step by treating compounds 4.71 and 4.70 with

excess LIOH (Scheme 4.4). However, storage of the methyl ester isofuran was preferred, so a
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two-step deprotection sequence where most of the compounds would be stored as the isofuran
methy| ester and hydrolyzed to the carboxylic acid so they can be tested as needed.
Mosher Ester Analysis

A challenge of employing a stereodivergent strategy to synthesize isofurans is the
stereochemical assignment of the stereocenters (Figure 4.6). When using a chiral reagent such as
CBS reduction, BINAL reduction, Sharpless epoxidation or Sharpless dihydroxylation, there is
typically a model to predict which stereoisomer will be generated in the chemical reaction,
although not always correct. By using reactions which give equal distributions of diastereomers,

these models cannot be used.

| | Known stereocenter

y B Needs assignment
HO'

B Needs assignment

Figure 4.6. Stereocenters shown in red C(11, 12) are known because of the starting material.
Stereocenters in blue C(8, 9) are introduced via stereoselective epoxidation. The stereocenter
in green C(15) is introduced via non-selective Luche reduction.

However, the use of Mosher ester analysis can assign the stereochemistry of secondary
alcohols.>®>! After installing epoxides 4.21 and 4.22 the stereochemistry of these epoxides were
not known. To discover the stereochemistry of the epoxides we needed to ensure only the C8

alcohol can react with the Mosher acid.
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Scheme 4.5. Conversion of epoxide 4.50 to Mosher esters 4.85 (R) and 4.85 (S), and
conversion of epoxide 4.55 to Mosher ester 4.88 (R) and 4.88 (S).

The Mosher ester analysis began by treating epoxides 4.50 and

455 (whose

stereochemistry was unknown at the time) with TBSCI to install TBS ether 4.83. Then treatment
of with lithiated alkyne 4.41 in the presence of BFzeEtO- afforded 4.84 which had the appropriate
C8 alcohol which was exposed to DCC for a Steglitch esterification of the corresponding R/S
Mosher acid.5? This allowed access to Mosher esters (R)-4.85 and (S)-4.85 which enables the
assignment of the C8 stereocenter. The lowest energy conformation of the Mosher ester is in the

s-trans conformation allowing the methine of unknown stereochemistry, and trifluoromethyl



group to eclipses the carbonyl (C=0) bond. This allows for a predicted confirmation of the Mosher
ester (Figure 4.7). Furthermore, the phenyl ring shields the protons through anisotropy. This
means the Ry protons on the (S) Mosher ester will be shielded, while in the (R) Mosher ester the
Rz protons will be shielded. The difference between the two *H NMR shifts (listed as ppm) can

be listed as the ASSR=8s-5r. In this case the R1 protons will have a ASSR < 0 and the Rz protons will

have a ASSR> 0. Ifthe R groups are of the other diastereomer then the AR values will be inverted.

Ph. OMe MeQ, Ph
)\"/ _O_Ri
. T TR
o H
K/ The methine of the K/

secondary alcohol and the
trifluoromethyl group are
syn-coplanar.

(S)-Mosher ester (R)-Mosher ester

o CF3

Ry
R A) &VRZ

Phenyl group sheilding Phenyl group shielding

R3

Figure 4.7. The model for Mosher ester analysis presented by the Hoye group which
allows for stereochemical assignment of secondary alcohols.

NMR analysis of chemical shift of protons at the C7 and C9 position showed the C8
stereocenter of compounds 4.85 (S) and 4.85 (R) (Figure 4.8, Table 4.1) was in the S
configuration. Since the cyclization of cis epoxide 4.48 to 4.49 is stereospecific the

stereochemistry of C9 can be extrapolated to be the S configuration (See Figure 4.5).

( (

4.38 ppm cs OPMB 428 ppm C8 OPMB
TBSON ?/Tj%% 241 ppm ?,)f A H 26,2. 55 ppm
oTBS OTBS
4.85 (S) Mosher Ester 4.85 (R) Mosher Ester
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Figure 4.8. Chemical shift of C7 and C9 protons allowing for stereochemical assignment of
the C8 position (S) of compound 4.85 based on the Ady value.

Proton Identification AdH 4.85(S)-4.85(R)
H7 - 0.095

Table 4.1. Based off the ASySR values in figure 4.8 of H7 and H9 the stereochemistry of 4.85 (R) and 4.85 (S)
C8 is determined as S.

The stereochemistry of compounds 4.87 (S) and 4.87 (R) was determined by the same
NMR analysis resulting in stereochemical assignment of the C8 stereocenter as the R
configuration (Figure 4.9, Table 4.2) and the C9 stereocenter was assigned as the R
configuration. Similarly, in compound 4.48 the stereochemistry of the C9 stereocenter is set by a
stereospecific cyclization, so it can be extrapolated from the C8 stereocenter. With
stereochemistry of compounds 4.48 and 4.53 assigned, the stereochemistry of epoxides 4.21 and

4.22 were assigned, allowing for continuation of the synthesis of the isofurans.

PMBO

3
X
OTBDPS H N OTBDPS
2.61, 2.55 ppm 2.58,2.41 ppm
c7 Cc7
4.88 (S) Mosher Ester 4.88 (R) Mosher Ester

Figure 4.9. Chemical shift of C7 and C9 protons allowing for stereochemical assignment of
the C8 position (R) of compound 4.88 based on the Ady value.

Proton Identification AdH 4.88(S)-4.88(R)
H7 +0.085
H9 - 0.07

Table 4.2. Based off the ASHR values in Figure 4.9 of H7 and H9 the stereochemistry of 4.88 (R) and 4.88 (S)
C8 is determined as R.
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After the enzymatic resolution of allylic alcohols 4.70 and 4.76 the stereochemistry of the
C15 carbon was unknown for both the triacetylated compound and the bis-acetylated compound.
To solve this task the recovered enriched allylic alcohol 4.76 with unknown stereochemistry was
esterified with R/S MPTA to give rise to Mosher esters 4.89 (S) and 4.89 (R) (Scheme 4.6). Then
NMR analysis of the chemical shift of proton on carbons C13, 14, and 16 was used to determine
the stereochemistry of the C15 position. Based off the chemical shifts of protons H13, H14 and
H16 in both the R and S Mosher ester the absolute stereochemistry of the 15 carbon is
the S configuration (Figure 4.10 and Table 4.3). This implies the enzymatic resolution of
compounds 4.76 to tri acetylated compound 4.78 acylated the (R) stereoisomer while the (S)
stereocenter is recovered. Due to the lack of material so far into the synthetic sequence (21 steps)

the (ST) series could not be tested to confirm the stereochemistry of the C15 stereocenter.

(R/S)-MTPA, DCC, DMAP

CH,Cl,
79-95%

HO" “CsHyy

4.76
C15 Stereochemistry 4.89 (R) Mosher ester
Unknown 4.89 (S) Mosher ester

Scheme 4.6. Conversion of allylic alcohol to Mosher esters 4.89 (R) and 4.89 (S).

However, given the structural similarities between the AT and ST series the
stereochemistry of the AT series can be presumed to acetylate the R stereoisomer. Also, Dr. Zach
Austin performed a similar Mosher ester analysis using on the SC series and had the same result
of acetylating the R stereoisomer giving further confidence to our assumption that Amano AK is

acetylating to R stereoisomer and not acetylating the S stereoisomer.
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) H c15 C16 o) H Cc15 C16

W HH WO A

N N\ —/k N N\ —/k
HO CF. HO CF.
O%Hg oj!é [ ® CiHo
H
eO

4.89 (S) Mosher Ester 4.89 (R) Mosher Ester

Figure 4.10. Chemical shift of C13, C14 and C16 protons allowing for stereochemical
assignment of the C15 position (S) based on the Ady value.

Proton Identification AdH 4.89(S)-4.89(R)
H13 +0.20
H14 +0.20
H16 -0.08

Table 4.3. Based off the ASHSR values in Figure 4.10 of H13, H14, and H16 the stereochemistry of C15 is
determined to be S.

Conclusion

In conclusion four of the A'*-9-1sofurans from the ST and AT series have been synthesized
from 2-deoxy-L-ribose with a LLS of 23 steps. In conjunction with Zach Austin who has accesses
four other diastereomers of the A'3-9-Isofurans from the AC and SC series we have developed a
route to install the furan core of the A*-9-Isofurans, install the alpha and omega-sidechain and
separate the diastereomers through flash chromatography or enzymatic resolution. This shows we
have a robust route to access all the A'®-9-Isofurans which will enable our collaborators in the
West lab to probe their function in the pathogenesis of PAH.
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1. General Procedure: All non-aqueous reactions were performed in flame-dried or oven dried
round-bottomed flasks under an atmosphere of argon. Stainless steel syringes or cannula were used
to transfer air- and moisture-sensitive liquids. Reaction temperatures were controlled using a
thermocouple thermometer and analog hotplate stirrer and monitored using liquid-in-glass
thermometers. Reactions were conducted at room temperature (approximately 21-23 °C) unless
otherwise noted. Flash column chromatography was conducted using silica gel 230-400 mesh or
Silica RediSep Rf flash columns on a CombiFlash Rf automated flash chromatography system.
Reactions were monitored by analytical thin-layer chromatography, using Analtech silica gel GF
250 micron glass-backed pre-coated silica gel plates. The plates were visualized with UV light
(254 nm) and stained with potassium permanganate or p- anisaldehyde-sulfuric acid followed by
charring. Yields were reported as isolated, spectroscopically pure compounds.

2. Materials: Solvents and chemicals were purchased from Sigma-Aldrich, Acros Organics, TCI
and/or Alfa Aesar and used without further purification. Solvents were purchased from Fisher
Scientific. Dry dichloromethane (CH2Cl,) was collected from an MBraun MB-SPS solvent system.
Triethylamine, N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSQO) were used as
received in a bottle with a Sure/Seal.  Tetrahydrofuran (THF) was distilled for a
sodium/benzophenone still. Deuterated solvents were purchased from Cambridge Isotope
Laboratories.

3. Instrumentation: Infrared spectra were obtained as thin films on NaCl plates using a Thermo
Electron IR100 series instrument and are reported in terms of frequency of absorbance (cm™). *H
NMR spectra were recorded on Bruker 400 or 600 MHz spectrometers and are reported relative to
internal chloroform (*H, & 7.26). Data for *H NMR spectra are reported as follows: chemical shift

(6 ppm), multiplicity (s = singlet, d = doublet, t = triplet, dd = doublet of doublet, ddd = doublet of
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doublet of doublet, m = multiplet, br=broad), coupling constants (Hz), and integration. **C NMR
were recorded on Bruker 100 or 150 MHz spectrometers and are reported relative to internal
chloroform (*3C, § 77.1). Low-resolution mass spectra were acquired on an Agilent Technologies
Series 1200 series 6130 using electrospray ionization (ESI) in positive mode.
ve me 4.46: To a solution of alcohol 4.45% (3.8 g, 22 mmol) in CH2Cl. (28 ml) was
? £ added imidazole (3.3 g, 49 mmol) and DMAP (270 mg, 2.2 mmol). The resulting
TBDPSO\/} solution was then cooled to 0 °C, and TBDPSCI (6.4 ml, 25 mmol) was added
448 dropwise over 10 min. The reaction mixture was allowed to warm to room
temperature and maintained for 16 h. The reaction was quenched with satd. ag. NaHCO3z (20 mL).
The aqueous layer was extracted with CH.Cl> (3 x 25 ml) and the combined organics were dried
(MgSQsa), then filtered, and conc. in vacuo. The residue was purified by flash chromatography
(gradient: hexanes to 19:1 to 9:1 hexanes/EtOAC) to afford 9.1 g (>95%) 4.46 as a clear oil: R 0.8
(4:1 hexanes: EtOAC); [a]*®p +2.0 (¢ 1.0, CHCI3); *H NMR (400 MHz, CDCls) & 7.70-7.67 (m,
4H), 7.45-7.37 (m, 6H), 4.38, (m, 1H), 4.26, (m, 1H), 3.79 (ddd, J = 6.8, 10.8, 20.9 Hz, 2H), 2.68
(ddd, J = 2.6, 5.3, 16.7 Hz, 1H), 2.54 (ddd, J = 2.7, 7.8, 16.8 Hz, 1H), 2.00 (t, J = 2.7 Hz, 1H),
1.44 (s, 3H), 1.37 (s, 3H), 1.07 (s, 9H); 13C NMR (100 MHz, CDCl3) 5 135.7, 133.3, 129.9, 127.9,
108.7, 81.2, 77.7, 75.8, 69.9, 62.3, 28.2, 27.3, 25.8, 20.6; LRMS calculated for C2sH3203Si
[M+Na]* m/z 431.2; measured LC/MS (ESI) R¢1.3 min, m/z 431.0 [M+Na]".

Me Me

4.47: To a cooled stirred solution of 4.46 (9.10 g, 22.3 mmol) in THF (55 mL),

e o
TBDPSO at -78 °C, was added n-BuLi (11 ml, 26.7 mmol) in a 2.5 M solution in hexanes

4
o 2 dropwise over 10 min. Then the reaction mixture was maintained at -78 °C for

4.47
15 min, and allowed to warm to 0 °C for 45 min. The mixture was then cooled

to -78 °C and (CH20)n (1.7 g, 55 mmol) was added by solid addition funnel in one portion. The
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reaction mixture was stirred at -78 °C for 15 min, allowed to warm to 0 °C for 15 min, then brought
to room temperature for 15 min. Then the reaction mixture was heated to 40 °C for 24 h. After
24 h the reaction was quenched at 0 °C with saturated ammonium chloride (30 mL). Then the
reaction mixture was partitioned with EtOAc (40 mL). The aqueous layer was extracted with
EtOAc (3 x 40 mL). The combined organics were washed with brine (40 mL), dried (MgSOQa),
filtered and concentrated in vacuo. The crude residue was purified by flash chromatography
(gradient: 9:1 to 4:1 Hexanes/EtOAC) to afford 6.90 g (70 %) of propargyl alcohol S5 as an amber
oil: Rf 0.2 (4:1 hexanes: EtOAc); [a]®b-4.1 (c 0.4, CHCI3); *H NMR (400 MHz, CDCls) & 7.69-
7.66 (m, 4H), 7.45-7.26 (m, 6H), 4.33 (m, 1H), 4.23 (m, 1H), 4.19 (s, 2H), 3.70 (ddd, J = 7, 10.9,
24.6 Hz, 2H), 2.63 (dt, J = 1.9, 16.7 Hz, 1H), 2.48 (dt, J = 2.1, 16.9 Hz, 1H), 1.43 (s, 3H), 1.35, (s,
3H), 1.09, (s, 9H); 13C NMR (100 MHz, CDCls) § 135.7, 133.3, 129.9, 127.89, 108.7, 83.0, 80.0,
77.3,75.9,62.4,54.5, 30.0, 27.0, 25.5, 20.6, 19.3; LRMS calculated for C26H3404Si [M+Na]" m/z
461.2; measured LC/MS (ESI) Rt1.1 min, m/z 461.0 [M+Na]".
Me, ~ Me (Z2)-4.47: To a suspension of Ni(OAc)2[14H20 (724 mg, 2.55 mmol) in
EDPSO 3P thoroughly degassed EtOH (19 mL) was added NaBHs (90.4 mg, 2.42
\ mmol) in a solution of EtOH (2.4 mL). The suspension turned black
2as accompanied by evolution of gas. Ethylene diamine (156 pL, 2.3 mmol)
was added ;‘ollowed by a solution of propargy!l alcohol 4.47 (5.6 g, 12.8 mmol) in EtOH (130 mL).
The final solution was then evacuated and refilled with hydrogen gas three times and allowed to
stir for 2 h. The mixture was diluted with ether (150 mL) and filtered through a plug of silica
washed with Et,O (ca. 100 mL). The filtrate was concentrated in vacuo to afford 5.3 g (95 %) of

crude (Z)-4.47 as a yellow oil: Rf 0.2 (4:1 Hexanes: EtOAc); [a]*®o +8.6 (¢ 1.0, CHCI3); *H NMR

(400 MHz, CDCls) 5 7.68-7.65 (m, 4H), 7.46-7.37 (m, 6H), 5.83 (m, 1H), 5.67 (m, 1H), 4.20 (m,
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3H), 4.02 (dd, J = 6.6, 12.4 Hz, 1H), 3.78-3.67 (m, 2H), 2.54-2.41 (m, 2H), 1.39 (s, 3H), 1.32 (s,
3H), 1.07 (s, 9 H); 3C NMR (100 MHz, CDCls) & 135.73, 135.71, 133.4, 133.3, 131.1, 130.0,
129.5, 127.91, 127.90, 108.2, 77.7, 76.6, 62.7, 58.0, 27.9, 27.8, 25.4, 19.3; LRMS calculated for

C26H3604Si [M+Na]* m/z 463.2; measured LC/MS (ESI) R¢1.1 min, m/z 463.0 [M+Na]".

Me  Me Me)<Me To a solution of crude allylic alcohol (Z)-4.47 (5.3
(e)

0 )
. 0 . P g, 12 mmol) in CH.Cl, (120 mL) at 0 °C was

TBDPSO

added VO(acac), (127 mg, 0.48 mmol) and t-

21 - °" BuOOH (3.3 mL of 5.5 M nonane solution, 18
mmol). The reaction was allowed to warm to room temperature and maintained for 24 h. The
reaction was quenched with ag. Satd. sodium thiosulfate (50 mL). The aqueous layer was extracted
with CH2Cl> (3 x 50 mL), combined organic extracts were washed with brine (20 mL), dried
(MgSQsy), filtered and concentrated in vacuo. The residue was purified by flash chromatography
(gradient: 4:1 to 2:1 Hexanes/EtOAC) to afford 2.54 g (46% vyield) of 4.21 and 2.22 g (38 %) of
4.22 as clear oils. 4.21: Rf0.55 (1:1 Hexanes: EtOAc); [a]*b +2.0 (¢ 1.0, CHCI3); *H NMR (400
MHz, CDCls) § 7.62-7.67 (m, 4H), 7.36-7.47 (m, 6H), 4.40 (ddd, J = 1.6, 6.5, 10.9 Hz, 1H), 4.23
(m, 1H), 3.68 (ddd, J = 4.9, 10.1, 12.0 Hz, 1H), 3.66 (m, 2H), 3.46 (ddd, J = 3.6, 8.2, 12 Hz, 1H),
3.20 (m, 1H), 3.13 (m, 1H), 2.93, (dd, J = 3.6, 10.1 Hz, 1H), 2.34 (ddd, J = 1.6, 4.5, 14.4 Hz, 1H),
1.66 (ddd, J = 9.0, 11.3, 14.4 Hz, 1H), 1.39 (s, 3H), 1.35 (s, 3H), 1.05 (s, 9H); 3C NMR (100
MHz, CDCIs) 6 135.7, 133.1, 130.0, 128.0, 108.7, 77.4, 74.4, 62.3, 60.1, 55.6, 55.1, 27.9, 27.6,
25.3, 19.3; LRMS calculated for C26H3s0sSi [M+Na]* m/z 479.2; measured LC/MS (ESI) R:1.0
min, m/z 479.0 [M+Na]*. 4.22: Rf 0.5 (1:1 Hexanes: EtOAc); [a]®b +2.0 (¢ 1.0, CHCIs); H
NMR (400 MHz, CDCls) § 7.59-7.67 (m, 4H), 7.34-7.46 (m, 6H), 4.36 (dt, J = 5.6, 7.9 Hz, 1H),

4.24, (dt, J =5.4, 7.9 Hz, 1H), 3.79 (m, 1H), 3.75-3.64 (m, 3H), 3.24 (dt, J = 4.4, 6.2 Hz, 1H), 3.16
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(dt, J=4.5, 6.3 Hz, 1H), 1.98 (m, 2H), 1.76 (t, J = 6.7 Hz, 1H), 1.39 (s, 3H), 1.34 (s, 3H), 1.05 (s,
9H); 13C NMR (100 MHz, CDCls) 6 135.7 (2), 133.2, 133.1, 128.0, 127.9, 108.6, 77.3, 75.6, 62.5,
60.9,56.2,54.9, 28.4, 28.0, 27.0, 25.1, 19.3; LRMS calculated for C26H3s05Si [M+Na]* m/z 479.2;
measured LC/MS (ESI) R:1.0 min, m/z 479.0 [M+Na]".
General procedure for synthesis of tosylates 4.48 and 4.53
To a solution of alcohol 4.21 (1.36 g, 2.98 mmol) in CH2Cl, (30 mL) at 0 °C was added
triethylamine (1.0 mL, 7.5 mmol), DMAP (37 mg, 0.30 mmol) and p-toluenesulfonyl chloride
(680 mg, 3.57 mmol). The subsequent solution was stirred to 0 °C for 3 h and quenched with
water (10 mL). The aqueous layer was extracted with CH2Cl> (3 x 15 mL). The combined organic
extracts were washed with brine (20 mL), dried (MgSOQa), filtered and concentrated in vacuo. The
residue was purified by flash chromatography (gradient: 9:1 to 4:1 hexanes/EtOAc) to afford 1.74
g (95 %) of tosylate 4.48 as clear oil.

Me, Me 4.48: Rr 0.3 (4:1 Hexanes: EtOAc); [a]*®p -4.0 (¢ 1.0, CHCIs3); *H NMR
S (400 MHz, CDCl3) 8 7.79 (d, J = 8.3 Hz, 2H), 7.64-7.61 (m, 4H), 7.46-7.35

TBDPSO

(m, 6H), 7.31 (d, J = 8.1 Hz, 2H), 4.35 (m, 1H), 4.32 (m, 1H), 4.18 (m,

O™  1H), 3.93 (dd, J = 7.1, 11.5 Hz, 1H), 3.66-3.58 (m, 2H), 2.42 (s, 3H), 1.90

4.48

(ddd, J = 2.3, 6.8, 14.2 Hz, 1H), 1.67 (m, 1H), 1.33 (s, 3H), 1.31 (s, 3H),
1.01 (s, 9H); 13C NMR (100 MHz, CDCl3) 5 145.1, 135.7, 133.1, 133.1, 130.0, 128.1, 128.0, 127.9,
1085, 74.4, 69.1, 62.4, 54.5, 53.9, 28.9, 28.0, 26.9, 25.4, 21.8, 19.3; LRMS calculated for

C33H4207SSi" [M+NH4]" m/z 628.2, measured LC/MS (ESI) Rt 2.6 min, m/z 628.1 [M+NH4]".
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MeXMe 4.53: R 0.3 (4:1 Hexanes: EtOAC); [a]*®p +8.6 (¢ 1.0, CHCIs); *H NMR

O
‘0

(400 MHz, CDCls) $7.79 (d, J = 8.3 Hz, 2H), 7.67-7.60 (m, 4H), 7.48-7.

TBDPSO

35 (m, 6H), 7.32 (d, J = 7.9 Hz, 2H), 4.29 (dt, J = 5.4, 8.5 Hz, 1H), 4.23-

o)
OTs

i3 4.14 (m, 2H), 4.08, (dd, J = 6.2, 11.3 Hz, 1H), 3.66 (m, 2H), 3.22 (m, 1H),
3.17 (m, 1H), 2.43 (s, 3H), 1.85 (m, 2H), 1.35 (s, 3H), 1.31 (s, 1H), 1.02 (s, 9H); 3C NMR (100
MHz, CDCl3) & 145.3, 135.7, 133.1, 133.0, 132.9, 130.1, 130.0, 128.1, 128.0, 127.9, 108.5, 77.3,
75.3,68.0, 62.4, 54.5,52.9, 28.4, 28.1, 27.0, 25.6, 21.8, 19.3; LRMS calculated for C33sH4207SSi*
[M+NH4]* m/z 628.2, measured LC/MS (ESI) Rt 2.6 min, m/z 628.2 [M+NH.]".
General procedure for synthesis of furans 4.49 and 4.54
To a solution of epoxide 4.48 (4.05 g, 6.60 mmol) in CH2Cl, (66 mL) was added water (4.2 mL)
dropwise, the mixture was stirred vigorously for 5 min, TFA (0.75 mL, 10 mmol) was added and
stirring continued for 2 h. Additional TFA (0.75 mL, 10 mmol) was added, and stirring continued
for 2 h. The reaction mixture was then concentrated in vacuo and the residue purified by flash
chromatography (gradient: 2:1 to 1:1 hexanes: EtOAc) to afford 3.5 g (93 %) of furan 4.49 as clear
oil.

HO 4.49: Rr 0.35 (2:1 hexanes/EtOAc); [a]®p -6.5 (¢ 0.75, CHCI3); *H NMR (400

OTs

MHz, CDCl3) § 7.80 (d, J = 8.3 Hz, 2H), 7.65-7.92 (m, 4H), 7.46-7.36 (m, 6H),
Ho” orepps  7-32(d, J = 8.0 Hz, 2H), 4.44 (dt, J = 3.4, 6.8 Hz, 1H), 4.25 (m, 1 H), 4.05 (m,
wto 2H), 3.80 (m, 1H), 3.73-3.65 (m, 3H), 2.73 (br s, 1H), 2.42 (s, 3H), 2.17 (ddd, J
= 6.5, 8.1, 13.8 Hz, 1H), 1.92 (ddd, J = 3.6, 6.7, 13.0 Hz, 1H), 1.80 (br s, 1H), 1.04 (s, 9H); 1*C
NMR (100 MHz, CDCl3) 5 145.0, 135.7, 135.6, 133.0, 132.9, 132.8, 130.1 (2), 130.0, 128.1, 128.0,
86.6, 77.3, 73.3, 70.9, 70.8, 64.2, 37.1, 27.0, 21.8, 19.3; LRMS calculated for CaoH3s07SSi

[M+Na]* m/z 593.2; measured LC/MS (ESI) Ri1.1 min, m/z 592.9 [M+Na]".
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Ho, 4.54: Rr 0.35 (2:1 hexanes/EtOAC); [a]®b -15 (¢ 0.2, CHCI3); *H NMR (400

OTs

MHz, CDCls) 5 7.80 (d, J = 8.2 Hz, 2H), 7.66-7.59 (m, 4H), 7.46-7.31 (m, 8H),

HO™

oreops 435 (M, 1H), 4.20-4.09 (m, 3H), 4.02 (m, 1H), 3.18 (ddd, J = 2.2, 4.6, 7.3 Hz,
4.54 1H), 3.62 (dd, J = 3.9, 10.8 Hz, 1H), 3.52 (dd, J = 5.5, 10.8 Hz, 1H), 2.50-2.40
(m, 4H), 1.91 (m, 1H), 1.04 (s, 9H); 3C NMR (100 MHz, CDCls) § 145.3, 135.7 (2), 133.3, 132.7,
130.1, 130.0, 129.9, 128.2, 127.9, 88.4, 78.3, 73.6, 71.9, 71.8, 64.9, 37.2, 27.0, 21.8, 19.3; LRMS
calculated for C3oH3307SSi [M+Na]" m/z 593.2; measured LC/MS (ESI) R¢2.1 min, m/z 592.9
[M+Na]".
General procedure for synthesis of epoxides 4.50 and 4.55
To a solution of tosylate 4.49 (3.4 g, 6.0 mmol) in MeOH (60 mL) at 0 °C was added K>COs (2.5
g, 18 mmol). The resulting slurry was allowed to stir at 0 °C for 2.5 h and water (30 mL) was
added to the reaction followed by EtOAc (45 mL). The aqueous layer was extracted with EtOAc
(3 x 45 mL), the combined organic extracts were washed with brine, dried (MgSOa), filtered and
concentrated in vacuo. The residue was purified by flash chromatography (gradient 2:1 to 1:1
hexanes/EtOAC) to afford 2.4 g (89 %) of epoxide 4.50 as a clear oil.
o 4.50: Rf 0.3 (2:1 hexanes/EtOAc); [a]*®p -6.8 (¢ 1.0, CHCIs); *H NMR (400
MHz, CDCls) § 7.71-7.63 (m, 4H), 7.74 (m, 6H), 4.46 (m, 1H), 4.00 (dt, J = 5.9,
HO™ roope 90 HZ/ 1H), 3.89 (m, 1H), 3.7 (dd, J = 4.2, 10.6 Hz, 1 1H), 3.61 (dd, J = 6.5,
450 10.6 Hz, 1H), 2.96 (m, 1H), 2.74 (t, J = 4.7 Hz, 1H), 2.65 (dd, J = 2.6, 5.2 Hz,
1H), 2.08 (ddd, J = 6.0, 9.0, 13.0 Hz, 1H), 1.99 (ddd, J = 3.0, 6.4, 13.0 Hz, 1H), 1.79 (br s, 1 H),
1.06 (s, 9H); 3C NMR (100 MHz, CDCls) & 135.7 (2), 133.3, 133.2, 130.0, 129.9, 127.9, 87.0,

78.6,74.3,64.8,53.7,44.3,37.4,27.0, 19.4; LRMS calculated for C23H3004Si [M+Na]* m/z 421.5;

measured LC/MS (ESI) R:0.9 min, m/z 421.0 [M+Na]".

66



o 4.55: Rf 0.3 (2:1 hexanes/EtOAC); [a]*p -11.4 (c 0.65, CHCl3); *H NMR (400

MHz, CDCls) 5 7.68-7.62 (m, 4H), 7.46-7.35 (m, 6H), 4.42 (dt, J = 2.2, 9.4 Hz,

orsops  1H), 4.30 (M, 1H), 3.95 (t, J = 4.3 Hz, 1H), 3.63 (m, 2H), 3.51 (dd, J =5.4,10.8
455 Hz, 1H), 3.10 (m, 2H), 2.88 (t, J = 4.7 Hz, 1H), 2.54 (ddd, J = 6.0, 9.4, 13.6 Hz,
1H), 1.99 (m, 1H), 1.05 (s, 1H); 3C NMR (100 MHz, CDCls) 5 135.7, 135.68, 133.3, 133.2,
129.93, 129.89, 127.89, 127.88, 88.6, 75.4, 73.2, 65.1, 55.2, 46.8, 37.8, 27.0, 19.3; LRMS
calculated for C23H3004Si [M+Na]* m/z 421.2, measured LC/MS (ESI) R;1.40 min, m/z 421.0
[M+Na]".
General procedure of synthesis of alcohols 4.51 and 4.56
To a solution of 4.41 (5.0 g, 23 mmol) in THF (21 mL) at -78 °C was added n-BuL.i (7.6 mL, 18
mmol) as a solution in hexanes (2.5 M). The solution was allowed to stir at -78 °C for 15 min,
then warmed to 0 °C for 15 min. The solution was cooled to -78 °C and epoxide 4.50 (1.5 g, 3.7
mmol) was added to the reaction in a solution of THF (28 mL). BF3eOEt> (1.6 mL, 13 mmol) was
added to the reaction in a solution of THF (5.6 mL). The reaction mixture was maintained at -78
°C for 2 h, then -40 °C for 2 h. The reaction was quenched at 0 °C with saturated ammonium
chloride (30 mL). The aqueous layer was extracted with EtOAc (3 x 30 mL). The combined
organic extracts were washed with brine (30 mL), dried (MgSOa), filtered and concentrated in
vacuo. The residue was purified by flash chromatography (4:1 to 2:1 Hexanes: EtOACc) to afford
2.1 g (90 %) of diol S9 as a yellow oil. Stereochemical assignments of diols (8R, 9R,) 4.56 and
(8S, 9S) 4.51 were based on NMR analysis of Mosher esters derived from secondary alcohols at

Cs.
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HQ 4.51: R:0.3 (2:1 hexanes/EtOAC); [a]*®p +15.6 (¢ 1.0, CHCl3); "H NMR
Y AN (400 MHz, CDCls) § 7.70-7.63 (m, 4H), 7.48-7.35 (m, 6H), 7.25 (d, J =
o
i oreops | OPMB 8.3 Hz, 2H), 6.87 (d, J = 8.6 Hz, 2H), 4.45 (m, 1H), 4.43 (5, 2H), 4.33
4.51 (ddd, J=4.1, 6.6, 8.4 Hz, 1H), 3.86 (m, 1H), 3.80 (s, 3H), 3.73-3.70 (m,
2H), 3.56 (m, 1H), 3.45 (t, J = 6.4 Hz, 2H), 2.60 (d, J = 7.3 Hz, 1H), 2.41 (dt, J = 2.4, 6.5 Hz,
1H), 2.16 (it, J = 2.3, 10.3 Hz, 2H), 2.10 (ddd, J = 6.4, 8.3, 13.0 Hz, 1H), 1.94 (ddd, J = 3.5, 6.5,
12.9 Hz, 1H), 1.88 (d, J = 4.1 Hz, 1H), 1.69 (m, 2H), 1.56 (m, 2H), 1.06 (s, 9H); *C NMR (100
MHz, CDCl3) & 159.3, 135.8, 135.7, 133.1 (2), 130.8, 130.0 (2), 129.4, 128.0, 113.9, 86.5, 82.3,
79.7, 76.4, 73.7, 72.7, 72.6, 69.7, 64.4, 55.4, 37.4, 29.0, 27.0, 25.8, 24.7, 19.3, 18.7; LRMS

calculated for C37H4s06Si [M+Na]" m/z 639.3; measured LC/MS (ESI) Rt2.4 min, m/z 639.0

[M+Na]".

HQ,

4.56: Rr0.3[a]*p-14.1 (c 1.0, CHCI3); (2:1 hexanes/EtOAc); *H NMR

(400 MHz, CDCl3) § 7.69-7.64 (m, 4H), 7.44-7.37 (m, 6H), 7.25 (d, J =

HO

8.3 Hz, 2H), 6.89 (dd, J = 8.5 Hz, 2H), 4.42 (s, 3H), 3.56 (br, 1H), 4.20

456 (dt, J=2.9, 9.2 Hz, 1H), 4.05 (m, 1H), 3.83 (br, 1H), 3.90 (s, 3H), 3.68
(dd, J = 3.8, 10.7 Hz, 1H), 3.64-3.55 (m, 2H), 3.44 (t, J = 6.3 Hz, 2H, 3.02 (br, 1H), 2.55 (ddt, J =
2.3, 7.8, 16.7 Hz, 1H), 2.50-2.38 (m, 2H), 2.17 (t, J = 6.9 Hz, 2H), 1.88 (m, 1H), 1.68 (m, 2H),
1.56 (m, 2H), 1.06 (s, 9H); 3C NMR (100 MHz, CDCls) & 159.2, 135.7 (2), 133.3 (2), 130.7,
129.9,129.8,129.4,127.8 (2), 113.9, 88.0, 82.7, 80.0, 76.6, 72.8. 72.6, 69.6, 65.1, 55.4, 37.5, 29.0,
26.9, 25.7, 24.6, 19.3, 18.7; LRMS calculated for C37HO0sSi [M+Na]* m/z 639.3; measured
LC/MS (ESI) Rt 2.4 min, m/z 639.0 [M+Na]*.

General procedure for synthesis of biacetylated compounds 4.52 and 4.57
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To a solution of diol 4.51 (2.0 g, 3.3 mmol) in CH2Cl2 (66 mL) was added pyridine (2.7 mL, 33.2
mmol), DMAP (40 mg, 0.33 mmol) and acetic anhydride (1.25 mL, 13.3 mmol, 1.4 g). The
reaction mixture was maintained at room temperature for 20 h. Then the reaction was
concentrated in vacuo. The residue was purified by flash chromatography (gradient: 4:1
Hexanes: EtOAC) to afford 2.4 g (91 % over 2 steps) of biacetylated compound 4.52 as a pale-
yellow oil.

4.52: Rf 0.3 (2:1 Hexanes: EtOAc); [a]*®p -11.0 (c 1.0, CHCIls); *H

AcO

\ NMR (400 MHz, CDCls) § 7.71-7.68 (m, 4H), 7.44-7.34 (m, 6H), 7.25
. (0]
Aco? 3 (m, 2H), 6.78 (d, J = 8.6 Hz, 2H), 5.36 (M, 1H), 4.92 (M, 1H), 4.42 (s,

OTBDPS OPMB

452 2H), 4.36 (q, J = 5.2, 1H), 4.02 (m, 1H), 3.81-3.77 (m, 4H), 3.63 (dd, J
= 5.0, 10.9 Hz, 1H), 3.44 (t, J = 6.3 Hz, 2H), 2.57 (ddt, J = 2.3, 6.6, 16.6 Hz, 1H), 2.46 (m, 1H),
2.15 (tt, J = 2.3, 10.5 Hz, 2H), 2.05 (s, 3H), 2.01-1.93 (m, 2H), 1.91 (s, 3H), 1.67 (m, 2H), 1.56
(m, 2H), 1.04 (s, 9H); *C NMR (100 MHz, CDCls) 5 170.6, 170.5, 159.3, 135.8, 133.4, 133.3,
130.8,129.9, 129.8, 129.3, 127.9, 127.8, 113.9, 84.8, 82.4, 78.3, 76.3, 75.1, 72.9, 72.7, 69.7, 64.2,
55.4,34.4,29.0, 26.9, 25.7, 21.7, 21.3, 21.0, 19.4, 18.7; LRMS calculated for C4:Hs20Si [M+H]*
m/z 701.3; measured LC/MS (ESI) Rt1.4 min, m/z 701.0 [M+H]".

A, 4.57: R: 0.3 (4:1 hexanes/EtOAC); [a]*®0-26.0 (¢ 1.0, CHCI3); *H NMR

(400 MHz, CDCls) § 7.70-7.66 (m, 4H), 7.44-7.36 (m, 6H), 7.25 (d, J

AcO*™’

= 8.7 Hz, 2H), 6.87 (d, J = 8.6 Hz, 2H), 5.35 (m, 1H), 5.00 (dd, J = 6.1,

11.6 Hz, 1H), 4.43 (m, 1H), 4.41 (s, 2H), 4.08 (m, 1H), 3.80 (s, 3H),

4.57

3.76 (m, 2H), 3.41 (t, J = 6.4 Hz, 2H), 2.62-2.42 (m, 3H), 2.11 (s, 3H), 2.10 (M, 2H), 2.05 (s, 3H),

1.83 (ddd, J = 4.1, 6.2, 13.7, 1H), 1.64 (m, 2H), 1.51 (m, 2H), 1.04 (s, 9H); 3C NMR (100 MHz,

CDCl3) 6 170.7 (2), 159.2, 135.8, 135.7, 133.3, 130.8, 129.9, 129.8, 129.3, 127.9, 127.8, 113.9,
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84.2,82.4,79.0,76.0,75.1, 73.3, 72.7, 69.6, 64.8, 55.4, 34.8, 29.0, 26.9, 25.7, 21.7, 21.3 (2), 19.3,
18.6; LRMS calculated for C41Hs520sSi [M+H]* m/z 701.3; measured LC/MS (ESI) Rt 1.4 min,
m/z 701.0 [M+H]*.
General procedure for synthesis of compounds 4.58 and 4.63 via PMB deprotection
To a solution of the PMB ether 4.52 (3.46 g, 4.90 mmol) in CH2Cl, (40 mL) was added water (2
mL). The heterogenous solution was stirred vigorously for 5 min, then DDQ (1.68 g, 7.4 mmol)
was added and the solution was stirred vigorously for 1 h. The solution was filtered through a
plug of celite and rinsed with CH2Cl> (2 x 15 mL). The mixture was concentrated in vacuo, the
residue was purified by flash chromatography (gradient: 2:1 to 1:1 Hexanes: EtOAC) to afford
2.8 0 g (>95 %) of primary alcohol 4.58 as a red oil.

Ao 4.58: Rr 0.3 (2:1 Hexanes: EtOAC); [a]®p-16.4 (¢ 1.0, CHCIs); 'H NMR
\ (400 MHz, CDCl3) 5 7.63-7.24 (m, 4H), 7.34-7.44 (m, 6H), 5.36 (m, 1H),
oo™ M7\, 4.95 (g, J = 6.2 Hz, 1H), 4.34 (m, 1H), 4.02 (m, 1H), 3.79 (dd, J = 3.9,

OTBDPS
4.58 10.9 Hz, 1H), 3.59-3.69 (m, 3H), 2.55 (ddt, J = 2.3, 6.6, 16.6 Hz, 1H),

2.48 (ddt, J= 2.7, 6.2, 16.7 Hz, 1H), 2.18 (t, J = 6.8 Hz, 2H), 2.08 (s, 3H), 1.94-2.02 (m, 2H), 1.93
(s, 3H), 1.65 (m, 2H), 1.55 (m, 2H), 1.05 (s, 9H); 3C NMR (100 MHz, CDCls) 5 170.7, 170.6,
135.8, 133.4, 133.3, 129.9, 129.8, 127.9, 127.8, 84.8, 82.3, 78.4, 76.4, 75.4, 73.0, 64.2, 62.6, 34.5,
31.9,27.0,25.1,21.7,21.3,21.0,19.4, 18.6; LRMS calculated for C33H407Si [M+Na]* m/z 603.3;
measured LC/MS (ESI) rt1.2 min, m/z 603.0 [M+Na]".

AcO, 4.63: Rr 0.3 (2:1 hexanes/EtOAc); [a]*°p -28.2 (c 1.0, CHCls); *H NMR
(400 MHz, CDCl3) § 7.71-7.65 (m, 4H), 7.44-7.36 (m, 6H), 5.32 (m, 1H),

AcO*™’

5.02 (m, 1H), 4.42 (m, 1H), 4.08 (m, 1H), 3.76 (m, 2H), 3.61 (t, J = 6.3

Hz, 2H), 2.59-2.53 (m, 2H), 2.47 (m, 1H), 2.16-2.10 (m, 5H), 2.05 (s,
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3H), 1.83 (m, 1H), 1.61 (m, 2H), 1.51 (m, 2H), 1.05 (s, 9H); 3C NMR (100 MHz, CDCls) § 170.8
(2),135.7 (2), 133.2(2), 129.9, 129.8, 127.8 (2), 84.2, 82,3, 79.1, 76.0, 75.3, 73.3,64.7,62.4, 34.7,
31.9,26.9,25.1,21.7,21.3,21.2,19.3, 18.6; LRMS calculated for C33H407Si [M+Na]* m/z 603.3;
measured LC/MS (ESI) R:1.4 min, m/z 602.9 [M+Na]"

General procedure for synthesis of aldehydes 4.59 and 4.64

To a solution of primary alcohol 4.58 (2.8 g, 4.8 mmol) in CH2Cl, (64 mL) was added DMP (4.1
g, 9.6 mmol). The solution was stirred for 1.5 h, then was quenched with a 1:1 mixture of sodium
thiosulfate and sodium bicarbonate (70 mL) and stirred vigorously for 15 min. The aqueous layer
was extracted with Et,O (3 x 75 mL). The combined organic extracts were washed with brine (75
mL), dried (MgSQg), filtered and concentrated in vacuo. The residue was purified by flash

chromatography (gradient 4:1 to 2:1 Hexanes: EtOAC) to afford 2.3 g (83 %) of aldehyde 4.59 as

a clear oil.
AcO, 4.59: Rt 0.4 (2:1 hexanes/EtOAc); [a]*®p -16.0 (¢ 1.0, CHCIs); 'H NMR
I N\, (400 MHz, CDCl3) 5 9.79 (s, 1H), 7.64-7.21 (m, 4H), 7.33-7.45 (m, 6H),
" orapps B 5:36 (M, 1H), 4.93 (m, 1H), 4.34 (q, J = 5.1, 1H), 4.02 (m, 1H), 3.79 (dd,
499 J =3.4,10.9 Hz, 1H), 3.63 (dd, J = 5, 10.9 Hz, 1H), 2.56 (m, 3H), 2.47

(ddt, J = 2.3, 5.8, 16.7 Hz, 1H), 2.22 (m, 2H), 2.08 (s, 3H), 1.96 (m, 2H), 1.92 (s, 3H), 1.80 (g, J
= 7.0 Hz, 2H), 1.05 (s, 9H); *C NMR (100 MHz, CDCls3) & 202.0, 170.6, 170.4, 135.8, 133.4,
133.3, 129.9, 129.8, 127.9, 127.8, 84.9, 81.3, 78.3, 76.3, 76.2, 72.7, 64.2, 42.9, 34.4, 27.0, 21.6,
21.4,21.4,21.3,21.0, 19.4, 18.3; LRMS calculated for C33H4207Si [M+H]" m/z 579.3; measured

LC/MS (ESI) re1.2 min, m/z 579.0 [M+H]".

4.64: R 0.4 (2:1 hexanes/EtOAc); [a]*®p -29.8 (¢ 1.0, CHCI3); 'H NMR
AcO*’

(400 MHz, CDCls) 6 9.74 (t, J = 1.3 Hz, 1H), 7.70-7.66 (m, 4H), 7.42-7.36
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(m, 6H), 5.63 (m, 1H), 5.00 (dd, J = 6.1, 11.5 Hz, 1H), 4.43 (m, 1H), 4.08 (dd, J = 3.4, 6.8 Hz,
1H), 3.67 (m, 2H), 2.61-2.44 (m, 5H), 2.15 (m, 2H), 2.13 (s, 3H), 2.05 (s, 3H), 1.82 (m, 1H), 1.74
(m, 2H), 1.05 (s, 9H); 3C NMR (100 MHz, CDClIs) & 202.0, 170.8, 170.7, 135.7, 133.3, 133.2,
129.9, 129.8, 127.9, 127.8, 84.3, 81.3, 79.0, 76.2, 76.0, 73.1, 64.8, 42.8, 34.8, 26.9, 21.6, 21.3 (3),
19.3, 18.2; LRMS calculated for CasH207Si [M+H]" m/z 579.3; measured LC/MS (ESI) R; 1.2

min, m/z 579.8.
General procedure for synthesis of methyl esters 4.60 and 4.65

To a solution of aldehyde 4.59 (2.3 g, 4.4 mmol) in t-BuOH (20 ml) and 2-methyl-2-butene (13
mL, 120 mmol) was added NaClO> (840 mg, 9.3 mmol) and NaH2PO4 (970 mg, 8.1 mmol) in a
solution of water (3.1 mL). The mixture was stirred for 2 hours then quenched with saturated
sodium thiosulfate (10 mL). The aqueous layer was extracted with EtOAc (3 x 10 mL), the
combined organic extracts were washed with brine (25 mL), dried (MgSOsa), filtered and
concentrated to afford 2.50 g (>95 %) of crude carboxylic as a clear oil which was carried forward
without further purification. To a solution of crude carboxylic acid (2.50 g, 4.0 mmol) in benzene
(32 mL) and MeOH (8 mL) was added TMSCHN (10 mL, 20 mmol) in a solution in Et2O (2.0
M). The solution was stirred for 2 h, then concentrated. The residue was purified by flash
chromatography (gradient: 4:1 Hexanes: EtOAc) to afford 1.7 g (71 % over 2 steps) of methyl

ester 4.60 as a clear oil.

4.60: Rr 0.3 (4:1 hexane/EtOAC); [a]*%p-13.6 (¢ 1.0, CHCls); *H NMR

AcO

\ (400 MHz, CDCls) § 7.70-7.67 (m, 4H), 7.42-7.35 (m, 6H), 5.37 (m,

Ao0" M 1H), 4.92 (m, 1H), 4.35 (q, J = 5.1 Hz, 1H), 4.02 (m, 1H), 3.79 (dd, J =
oteops  OMe

460 3.9, 10.9 Hz, 1H), 3.67 (s, 3H), 3.63 (dd, J = 5.0, 10.9 Hz, 1H), 2.58 (ddt,
J=2.3,6.9,16.6 Hz, 1H), 2.47 (m, 1H), 2.41 (t, J = 7.4 Hz, 1H), 2.21 (m, 2H), 2.07 (s, 3H), 2.01-
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1.93 (m, 2H), 1.91 (s, 3H), 1.79 (q, J = 7.2 Hz, 2H), 1.05 (s, 9H); 3C NMR (100 MHz, CDCl3) &
173.8, 170.6, 170.5, 135.8, 133.4, 133.3, 129.9, 129.8, 127.9, 127.8, 84.9, 81.3, 78.3, 76.3, 75.9,
72.3, 64.2, 51.7, 34.4, 32.9, 26.9, 24.1, 21.6, 21.3, 21.0, 19.4, 18.3; LRMS calculated for

C34H440gSi [M+Na]* m/z 631.3; measured LC/MS (ESI) Rt1.3 min, m/z 631.60 [M+Na]".

4.65: Rr 0.3 (4:1 hexane/EtOAC); [a]*®p -35.4 (¢ 1.0, CHCIs); *H NMR

AcO,

(400 MHz, CDCls) § 7.70-7.61 (m, 4H), 7.46-7.32 (m, 6H), 5.36 (m,

Aco™’

1H), 5.00 (p, J = 5.89, 1H), 4.43 (m, 1H), 4.08 (m, 1H), 3.77 (dd, J =

4.65 3.5, 11 Hz, 1H), 3.73 (dd, J = 3.9, 10.9 Hz, 1H), 3.66 (s, 3H), 2.62-2.51
(m, 2H), 2.46 (m, 1H), 2.38 (t, J = 2.4 Hz, 1H), 2.15 (m, 2H), 2.12 (s, 3H), 2.02 (s, 3H), 1.82 (ddd,
J=4.0,6.3,13.7 Hz, 1H), 1.75 (g, J = 7.2 Hz, 2H), 1.05 (s, 9H); *C NMR (100 MHz, CDCls) §
173.7,170.8, 170.7, 135.7 (2C), 133.28, 129.9, 129.8, 127.9, 127.8, 84.3, 81.4, 79.0, 76.0, 75.9,
73.2, 64.8, 51.7, 34.8, 32.9, 26.9, 24.1, 21.7, 21.3, 21.27, 19.3, 18.3; LRMS calculated for

C34H4408Si [M+Na]* m/z 631.3; measured LC/MS (ESI) Rt1.2 min, m/z 631.6.

General procedure for synthesis of semireduced alkenes 4.61 and 4.66

To a solution of alkyne 4.60 (1.7 g, 2.7 mmol) in MeOH (91 mL) was added Lindlar’s catalyst
(420 mg). The flash was evacuated and refilled with H> gas three times then stirred vigorously for
15 h, filtered through celite and concentrated to afford 1.7 g (>95 %) of olefin 4.61 as a clear oil.

AcQ ome 4.61: Rr0.3 (4:1 Hexane: EtOAC); [a]*p-10.4 (c 1.0, CHCI3); *H NMR

© (400 MHz, CDCls) § 7.72-7.66 (m, 4H), 7.46-7.34 (m, 6H), 5.46 (dt, J
=7.0, 11 Hz, 1H), 5.41 (m, 1H), 5.35 (m, 1H), 4.91, (m, 1H), 4.18 (m,

4.61 1H), 3.99 (m, 1H), 3.80 (dd, J = 3.9, 10.7 Hz, 1H), 3.65 (m, 4H), 2.39
(m, 2H), 2.29 (t, J = 7.6 Hz, 2H), 2.07 (m, 5H), 1.90 (m, 5H), 1.68 (q, J = 7.5 Hz, 2H), 1.05 (s,

9H); 3C NMR (100 MHz, CDCls) & 173.9, 170.4 (2), 135.6, 133.2, 133.1, 131.8, 129.7, 129.6,
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127.7,127.6,124.7,84.6, 78.6, 73.7, 64.0, 51.4, 34.3, 33.3, 29.1, 26.7, 26.5, 24.6, 21.1, 20.8, 19.1;
LRMS calculated for C3sH60sSi [M+Na]* m/z 633.3; measured LC/MS (ESI) R¢1.3 min, m/z

633.7 [M+Na]*.

AcO, ome 4.66: Rf0.3 (4:1 hexane/EtOAC); [a]*®p +0.2 (¢ 0.65, CHCIs); 'H NMR

O (400 MHz, CDCls) & 7.70-7.65 (m, 4H), 7.44-7.35 (m, 6H), 5.46 (m,
o 1H), 5.40 (m, 1H), 5.34 (m, 1H), 4.98 (m, 1H), 4.25 (m, 1H), 4.09 (m,

4.66 1H), 3.76 (m, 2H), 3.65 (s, 3H), 2.48 (dt, J = 7.5, 13.9 Hz, 1H), 2.37
(m, 2H), 2.30 (t, J = 7.5 Hz, 2H), 2.09 (m, 4H), 2.05 (m, 4H), 1.77 (ddd, J = 4.2, 6.4, 13.6 Hz,
1H), 1.69 (q, J = 7.5 Hz, 2H), 1.05 (s, 9H); ); *C NMR (100 MHz, CDCls) § 174.1, 170.9, 170.8,
135.8, 133.34, 133.29, 131.9, 129.9, 129.8, 127.9, 127.8, 125.1, 84.1, 79.6, 76.0, 74.4, 64.8, 51.6,
34.9, 33.6, 29.2, 26.9, 26.8, 24.8, 21.33, 21.26, 19.3; LRMS calculated for C3sH460sSi [M+Na]*

m/z 633.3; measured LC/MS (ESI) Rt1.3 min, m/z 632.6.
General procedure for synthesis of compounds 4.62 and 4.67

To a solution of silyl ether 4.61 (1.7 g, 2.7 mmol) in THF (27 mL) was added acetic acid (0.78
mL, 14 mmol), followed by a TBAF (14 mmol) in a solution of 1.0 M THF (14 mL). The reaction
mixture was maintained for 3 h, then quenched with saturated ammonium chloride (25 mL). The
aqueous layer was extracted with EtOAc (3 x 25 mL). The combined organic extracts were washed
with brine, dried (MgSOa), filtered and concentrated in vacuo. The crude residue was purified by
flash chromatography (1:1 to 1:2 hexanes: EtOAC) to afford 900 mg (90 %) of the desired primary

alcohol 4.62 as a clear oil.
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AcQ =\ PMe 462: Rf 0.3 (1:2 Hexane: EtOAc); [a]®pb +85.7 (c 0.3, CHCIs); 'H

3
o

NMR (400 MHz, CDCls) § 5.50 (dt, J = 7.3, 10.0 Hz, 1H), 5.39 (dt, J

AcO’

= 7.3, 10.8 Hz, 1H), 5.16 (m, 1H), 4.90 (dt, J = 5.6, 7.4 Hz, 1H), 4.23

OH

62 (dt, J =5.2, 7.9 Hz, 1H), 4.00 (m, 1H), 3.73 (m, 1H), 3.67 (s, 3H), 3.63

(m, 1H), 2.56 (dd, J = 4.8, 8.8 Hz, 1H), 2.38 (m, 2H), 2.31 (t, J = 7.5 Hz, 1H), 2.10 (m, 2H), 2.09
(s, 3H), 2.06 (s, 3H), 1.99 (m, 2H), 1.70 (g, J = 7.4 Hz, 2H); 13C NMR (100 MHz, CDCl3) 5 173.9,
171.0,170.6, 132.1, 124.5, 85.1, 79.2, 77.1, 74.5, 63.0, 51.4, 34.9, 33.3, 29.1, 26.5, 24.5, 21.0(2);
LRMS calculated for C1gH290s [M+H]" m/z 373.2; measured LC/MS (ESI) R:1.3 min, m/z 372.8

[M+H]".

AcO, ome 4.67: R 0.3 (1:2 hexane/EtOAC); [a]*p-15.0 (¢ 1.0, CHClI3); *H NMR

© (400 MHz, CDCls) § 5.46 (m, 1H), 5.37 (m, 1H), 5.12 (dt, J = 4.7, 7.8
o Hz, 1H), 4.96 (m, 1H), 4.16 (dt, J = 5.8, 7.5 Hz, 1H), 4.02 (q, J = 4.25
467 Hz, 1H), 3.73 (dt, J = 4.4, 11.7 Hz, 1H), 3.65 (s, 3H), 3.62 (m, 1H),
2.49-2.27 (m, 5H), 2.21 (t, J = 6.2 Hz, 1H), 2.13-2.07 (m, 4H), 2.07-2.01 (m, 4H), 1.80 (m, 1H),
1.68 (g, J = 7.4 Hz, 2H); 3C NMR (100 MHz, CDCl3) 5 174.1, 171.0, 170.8, 132.0, 124.9, 83.8,
78.8,75.0,74.2,62.5,51.7,34.4, 33.5, 29.0, 26.7, 24.7, 21.3, 21.1; LRMS calculated for C1gH290g
[M+H]" m/z 373.4; measured LC/MS (ESI) R:0.9 min, m/z 373.0.
General procedure for synthesis of compounds 4.68 and 4.75
To a solution of alcohol 4.62 (200 mg, 0.54 mmol) in benzene (2.1 mL) was added DMSO (360
ML) followed by pyridine trifloroacetate (52 mg, 0.27 mmol) and DCC (350 mg, 1.7 mmol). The
reaction was maintained for 1.5 h then filtered through a plug of cotton and saturated sodium

bicarbonate (2 mL) was added. The aqueous layer was extracted with diethyl ether (3 x 5 mL).

The combined organic extracts were washed with brine (1 x 5 mL), dried (MgSQ.), filtered and
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concentrated. The residue was purified by flash chromatography with pH 7 buffered silica
(gradient: 4:1 to 3:2 hexanes: EtOAc) to afford 160 mg of crude aldehyde which was immediately
carried forward to the next step.

To a solution of phosphonate 4.42 (110 mg, 0.5 mmol) in THF (2.5 mL) at 0 °C was added
NaHMDS dropwise (0.44 ml, 0.44 mmol) in a 1.0 M solution of THF. The reaction was allowed
to stir at 0 °C for 5 min then warmed to room temperature and maintained for 30 min. Then cooled
to 0 °C and crude aldehyde from the previous step was added to the reaction (150 mg, 0.4 mmol)
in a solution of THF (2.5 mL). The reaction was allowed to warm to room temperature and stir
for 14 h. The reaction was quenched with water (5 mL) and partitioned with EtOAc (5 mL). The
aqueous layer was extracted with EtOAc (3 x 5 mL). The combined organic extracts were washed
with brine (5 mL), dried (MgSOg), filtered and concentrated in vacuo. The residue was purified

by flash chromatography (gradient: 4:1 hexanes: EtOAc) to afford 62 mg (24 % over 2 steps) of

enone 4.68 as a clear oil.

4.68: R 0.4 (2:1 hexane/EtOAC); [a]®p-12.2 (¢ 0.7, CHCls3); 'H NMR
(400 MHz, CDCls) 6 6.80 (dd, J = 4.4, 15.7 Hz, 1H), 6.50 (dd, J = 1.8,
15.8 Hz, 1H), 5.49 (m, 1H), 5.40 (m, 1H), 5.03 (m, 1H), 4.94 (dt, J =

4.4,6.7 Hz, 1H), 4.56 (m, 1H), 4.30 (m, 1H), 3.66 (s, 3H), 2.56 (t, J =

7.4 Hz, 2H), 2.43 (t, J = 7.0 Hz, 1H), 2.31 (t, J = 7.5 Hz, 1H), 2.09 (m, 9H), 1.95 (ddd, J = 1.4,
5.5, 13.4 Hz, 1H), 1.82 (ddd, J = 5.5, 10.5, 13.6 Hz, 1H), 1.69 (q, J = 9.9 Hz, 2H), 1.61 (m, 2H),
1.29 (m, 6H), 0.89 (t, J = 6.9 Hz, 3H); 3C NMR (100 MHz, CDCls) § 200.6, 174.1, 170.7, 170.6,

1422, 132.3, 130.1, 124.7, 83.2, 79.5, 78.2, 73.6, 51.6, 41.0, 33.6, 33.0, 31.6, 29.5, 26.8, 24.8,
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23.8,22.6,21.2,21.1, 14.1; LRMS calculated for C2sH330g [M+H]* m/z 467.3; measured LC/MS
(ESI) rt 1.4 min, m/z 466.7 [M+H]".

AcQ, oMe  4.75: Rf0.3 (4:1 hexane/EtOAc); [a]*p-23.2 (¢ 0.6, CHCI3); *H NMR

) (400 MHz, CDCls) § 6.74 (dd, J = 4.5, 15.9 Hz, 1H), 6.31 (dd, J = 1.8,
- 15.9 Hz, 1H), 5.49 (m, 1H), 5.40 (m, 1H), 5.04-4.99 (m, 2H), 4.62 (td,
o7 Ceth J =17, 4.1 Hz, 1H), 3.66 (s, 3H), 2.55 (t, J = 7.4 Hz, 2H), 2.38 (m,

3H), 2.32 (t, J = 7.5 Hz, 2H), 2.13-2.04 (m, 9H), 1.82 (ddd, J = 4.2,

6.3, 13.9 Hz, 1H), 1.70 (m, 2H), 1.60 (m, 2H), 1.35-1.24 (m, 6H), 0.89 (t, J = 7.0 Hz, 3H); 1*C
NMR (100 MHz, CDCls) § 200.4, 174.0, 170.8 (2), 141.8, 132.2, 129.9, 124.8, 82.4, 78.9, 77.7,
74.1,51.6,40.7, 33.5 (2), 31.6, 29.1, 26.8, 24.8, 23.8, 22.6, 21.3, 21.1, 14.1; LRMS calculated for

CasH3s80g [M+H]" m/z 467.26; measured LC/MS (ESI) R:1.3 min, m/z 467.0.
General procedure for synthesis of 4.69/4.70 and 4.76/4.77

To a solution of enone 4.68 (60 mg, 0.13 mmol) in MeOH (3 mL) was added Ce(Cl3)e7H20 (58
mg, 0.15 mmol). The reaction was allowed to stir for 5 min, then NaBHa4 (5 mg, 0.13 mmol) was
added accompanied by evolution of gas. The reaction was allowed to stir for 50 min, then the
reaction was concentrated in vacuo and the residue purified by flash chromatography (3:2 to 1:1
hexanes: EtOAC) to afford 60 mg (>95 %) of allylic alcohols 4.69 and 4.70 as an inseperable 1:1

mixture of isomers as a colorless oil.

AcC, OMe  4.69/4.70: R¢ 0.4 (2:1 Hexane: EA); *H NMR (400 MHz, CDCls) 5 5.88

(m, 1H), 5.68 (M, 1H), 5.47 (M, 1H), 5.40 (m, 1H), 4.97 (m, 1H), 4.93

(m, 1H), 4.38 (m, 1H), 4.23 (m, 1H), 4.11 (g, J = 6.4 Hz, 1H), 3.66 (s,

HO™ ~Caftn 1H), 2.40 (m, 2H), 2.31 (t, J= 7.5 Hz, 2H), 2.12-2.06 (m, 8H), 1.89 (m,
4.69/4.70

2H), 1.68 (g, J = 7.4 Hz, 2H), 1.51 (m, 2H), 1.29 (m, 6H), 0.88 (t, J =
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6.7 Hz, 3H); *C NMR (100 MHz, CDCl3) & 174.2, 170.7, 170.68 (isomers); 170.6, 135.8, 135.6
(isomers); 132.1, 128.2, 128.1 (isomers); 124.9, 83.9, 83.8 (isomers); 78.9, 78.8, 74.2, 74.1
(isomers); 72.3, 72.2 (isomers); 51.7, 37.3, 33.6, 33.3, 33.27 (isomers) 31.8, 29.3, 26.7, 25.22, 25.2
(isomers); 24.8, 22.7, 21.2, 14.1; LRMS calculated for C2sH00s [M+Na]* m/z 491.3, measured

LC/MS (ESI) Rt 1.2 min, m/z 491.0 [M+Na]".

4.76/4.77: R 0.3 (2:1 hexane/EtOAc); *H NMR (400 MHz, CDCls) &

AcO, OMe

o 5.79 (m, 1H), 5.63 (dt, J = 6.15, 15.2 Hz, 1H), 5.47 (m, 1H), 5.38 (m,

AcO*’

1H), 5.00-4.94 (m, 2H), 4.45 (m, 1H), 4.17 (m, 1H), 4.11 (m, 1H), 3.66

o Cat (s, 3H), 2.44-2.34 (m, 3H), 2.31 (t, J = 7.6 Hz, 2H), 2.13-2.04 (m, 8H),

4.76/4.77 1.75 (m, 1H), 1.68 (m, 3H), 1.50 (m, 2H), 1.34-1.25 (m, 6H), 0.87 (t, J
= 6.7 Hz, 3H); 3C NMR (100 MHz, CDCls) & 173.9; 170.6, 170.5 (isomers); 135.8, 135.7
(isomers); 131.8; 127.2, 127.1 (isomers); 124.7; 82.7; 77.9, 77.8 (isomers); 77.7; 74.0; 72.1, 71.9
(isomers); 51.4, 37.0 (isomers); 33.4; 33.3; 31.6; 28.9; 26.5; 25.0, 24.9 (isomers); 24.6; 22.5; 21.1,
21.0 (2 isomers); 13.9; LRMS calculated for C2sHzsOg [M+Na]™ m/z 491.3; measured LC/MS

(ESI) Rt0.8 min, m/z 491.0.
General procedure for the enzymatic resolution of alcohols 4.69/4.70 and 4.76/4.77

To a solution of allylic alcohols 4.69/4.70 (56 mg, 0.12 mmol) in vinyl acetate (1.2 mL) in a
microwave vial was added powered sieves (56 mg). Then Lipase Amano AK (390 mg) was added,
the microwave vial was sealed and heated to 40 °C for 8 days. The mixture was cooled to room
temperature and filtered through a plug of celite and washed with EtOAc (3 x 10 mL). The mixture
was concentrated in vacuo and the residue purified by flash chromatography (gradient: 4:1 to 2:1
Hexanes: EtOACc) to afford 26 mg (43 %) of diastereomerically pure acetate 4.71 as a yellow oil

and 24 mg (43 %) of the diastereomerically pure allylic alcohol 4.70 as a yellow oil.
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Stereochemical assignment of was based on NMR analysis of Mosher esters derived from

secondary alcohols at C15.

AcQ, oMe 4.71:Rf0.4 (4:1 Hexane: EtOAC); [a]*®p+2.0 (¢ 0.9, CHCI3); *H NMR

(400 MHz, CDCls) 5 5.83 (ddd, J = 1.4, 6.4, 15.5 Hz, 1H), 5.70 (m,
1H), 5.48 (m, 1H), 5.40 (m, 1H), 5.26 (m, 1H), 4.96 (m, 1H), 4.92 (m,
Aco” Cattr 1H), 4.38 (m, 1H), 4.23 (m, 1H), 3.66 (s, 3H), 2.40 (t, J = 6.9 Hz, 2 H),

a1 2.31 (t,J = 7.5 Hz, 2H), 2.11-2.03 (m, 13H), 1.88-1.83 (m, 2H), 1.96

(g, J = 7.5 Hz, 2H), 1.27 (m, 6H), 0.87 (t, J = 6.6 Hz, 3H); 1*C NMR (100 MHz, CDCl3) § 174.1,
170.7, 170.4, 132.1, 130.7, 130.1, 124.9, 83.6, 79.0, 78.8, 74.0, 73.9, 51.3, 34.5, 33.6, 33.1, 31.7,
29.4,26.8,24.9,24.8,22.7,21.4, 21.2, 21.19, 14.1; LRMS calculated for C27H4200" [M+Na]* m/z

533.3, measured LC/MS (ESI) R 1.4 min, m/z 533.0 [M+Na]*.

AcQ ome 4.70: R;0.4 (2:1 Hexane: EtOAC); [a]*°p-15.2 (c 0.2, CHCIs); *H NMR

© (400 MHz, CDCl3) 6 5.90 (ddd, J = 1.5, 6.2, 15.8 Hz, 1H), 5.70 (m,
1H), 5.48 (m, 1H), 5.40 (m, 1H), 4.98 (m, 1H), 4.93 (m, 1H), 4.39 (m,
HO™ CsHiy 1H), 4.23 (m, 1H), 4.12 (m, 1H), 3.66 (s, 3H), 2.46-2.36 (m, 2H), 2.31

470 (t, J = 5.0 Hz, 2H), 2.13-2.04 (m, 8H), 1.89 (m, 2H), 1.69 (q, J = 7.4

Hz, 2H), 1.51 (m, 2H), 1.29 (m, 6H), 0.88 (t, J = 6.7 Hz, 3H); 3C NMR (100 MHz, CDCls) &
174.2,170.7,170.6, 135.6, 132.1, 128.1, 124.9, 83.8, 78.9, 78.8, 74.1, 72.4, 51.2, 37.3, 33.6, 33.3,
31.9,29.4, 26.7, 25.2, 24.8, 22.7, 21.2, 14.2; LRMS calculated for CasH00s [M+Na]* m/z 491.3,

measured LC/MS (ESI) Rt 1.2 min, m/z 491.0 [M+Na]".
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4.78: Rt 0.3 (4:1 hexane/EtOAC); [a]*p +15.0 (c 0.4, CHCIs); *H NMR

(400 MHz, CDCl3) § 5.71 (dd, J = 5.8, 15.7 Hz, 1H), 5.63 (dd, J = 4.6,

AcOM

15.7 Hz, 1H), 5.46 (m, 1H), 5.39 (m, 1H), 5.24 (m, 1H), 5.01-4.94 (m,

2H), 4.45 (t, J = 3.9 Hz, 1H), 4.16 (m, 1H), 3.66 (5, 3H), 2.42-2.34 (m,

478 3H), 2.31 (t, J = 7.5 Hz, 2H), 2.12-2.03 (m, 11 H), 1.75 (m, 1H), 1.69
(m, 2H), 1.62-1.55 (m, 2H), 1.31-1.23 (m, 6H), 0.87 (t, J = 6.4, 3H); 13C NMR (100 MHz, CDCls)
5 174.1, 170.9, 170.7, 170.4, 132.0, 131.0, 129.4, 125.0, 82.8, 78.2, 78.0, 74.3, 73.8, 51.6, 34.4,
33.6,33.5, 31.6, 29.1, 26.8, 24.9, 24.8, 22.6, 21.4, 21.3, 21.2, 14.1; LRMS calculated for C27Hz200

[M+Na]" m/z 533.3; measured LC/MS (ESI) Rt1.9 min, m/z 533.0.

ome 4.76: Rt 0.3 (2:1 Hexane: EtOAc); [a]®p +23.0 (c 0.3, CHCI3); *H

AcO,

0  NMR (400 MHz, CDCls) § 5.80 (dd, J = 5.7, 15.6 Hz, 1H), 5.65 (dd, J
o = 5.6, 15.6 Hz, 1H), 5.48 (m, 1H), 5.39 (m, 1H), 4.99 (m, 2H), 4.46 (m,
o Catt 1H), 4.17 (m, 1H), 4.12 (m, 1H), 3.66 (s, 3H), 2.45-2.34 (m, 3H), 2.31

76 (t, J = 7.6Hz, 2H), 2.13-2.05 (m, 8 H), 1.77 (m, 1H), 1.69 (m, 3H),
1.54-1.48 (m, 2H), 1.35-1.26 (m, 6H), 0.88 (t, J = 6.5 Hz, 3H); 3C NMR (100 MHz, CDCl3) &
174.2,170.9, 170.8, 136.0, 132.0, 127.4, 124.9, 83.0, 78.1, 78.0, 74.2, 72.1, 51.7, 37.2, 33.6, 33.5,
31.9, 29.1, 26.8, 25.2, 24.8, 22.7, 21.3, 21.2, 14.2; LRMS calculated for CosHas0s [M+Na]* m/z

491.3; measured LC/MS (ESI) R{0.8 min, m/z 491.0.
General procedure synthesis of isofuran methyl esters 4.72, 4.73, 4.79, and 4.81

To a solution of triacetate 4.71 (16 mg, 0.03 mmol) in MeOH (1 mL) was added K>CO3 (22 mg,
0.16 mmol). The reaction mixture was maintained for 2 h and quenched with 1 M HCI until pH
2 was reached (ca 0.2 mL). The mixture was diluted with water (1 mL), and EtOAc (1 mL). The

aqueous layer was extracted with EtOAc (3 x 2 mL). The combined organic extacts were
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washed with brine (1 mL), and dried (Na2SQa), filtered and concentrated in vacuo. The crude
mixture was purified by flash chromatography (gradient: 1:3 hexanes: EtOAc to EtOAC) to

afford 11 mg (>95 %) of methyl ester 4.72 as a colorless oil.

HQ OMe  4.72: Rt 0.3 (EtOAC); [a]®p-13.0 (¢ 0.2, CHCIl3); *H NMR (400 MHz,

_ CDCl3) § 5.82 (ddd, J = 1.0, 5.9, 15.4 Hz, 1H), 5.66 (ddd, J=1.2, 6.7,
HOY
15.5 Hz, 1H), 5.54-5.47 (m, 2H), 4.25 (m, 1H), 4.18-4.09 (m, 3H), 3.67
HO™ Caftr (s, 3H), 3.53-3.48 (m, 2H), 2.32 (t, J = 7.4 Hz, 2H), 2.29-2.26 (m, 2 H),

2.21 (d, J = 5.7 Hz, 1H), 2.13-2.08 (m, 2H), 2.02-1.97 (m, 1H), 1.89

(ddd, J = 3.1, 6.4, 13.0 Hz, 1H), 1.82 (d, J = 4.4 Hz, 1H), 1.71 (q, J = 7.4 Hz, 2H), 1.35-1.27 (m,
6H), 0.89 (t, J = 6.8 Hz, 3H); *C NMR (125 MHz, CDCls) 6 174.4, 136.2, 131.4, 128.8, 126.2,
86.8, 80.8, 77.0, 73.7, 72.2, 51.7, 37.4, 36.8, 33.6, 32.1, 31.8, 26.8, 25.2, 24.8, 22.7, 14.2.; LRMS
calculated for Co1HzsOs [M+Na]® m/z 407.3, measured LC/MS (ESI) Rt 0.9 min, m/z 407.5

[M+Na]".

4.73: R 0.3 (EtOAC); [a]*p -6.9 (c 0.7, CHCI3); *H NMR (400 MHz,

CDCl3) § 5.81 (m, 1H), 5.64 (m, 1H), 5.54-5.47 (m, 2H), 4.25 (m, 1H),

HO

4.16 (m, 1H), 4.12 (m, 2H), 3.67 (s, 3H), 3.51 (M, 1H), 2.33 (t, J = 7.4

Hz, 2H), 2.29-2.23 (m, 3H), 2.10 (m, 2H), 2.00 (m, 1H), 1.93 (br s, 1H),

4.73

1.89 (ddd, J = 2.9, 6.3, 13.0 Hz, 1H), 1.70 (q, J = 7.4 Hz, 2H), 1.53 (m,
2H), 1.39 (m, 1H), 1.30 (m, 6H), 0.89 (t, J = 6.9 Hz, 3H); 1*C NMR (100 MHz, CDCls) § 174.4,
136.2, 131.4, 128.9, 126.3, 86.8, 80.8, 77.1, 73.7, 72.3, 51.7, 37.3, 36.8, 33.6, 32.1, 31.8, 26.8,
25.3,25.2,24.8,22.7,14.2; LRMS calculated for C21H3606 [M+Na]* m/z 407.3, measured LC/MS

(ESI) Rt 0.9 min, m/z 407.4 [M+Na]".
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OMe  4.79: Rf 0.3 (EtOAC); [a]*p-15.3 (¢ 0.6, CHCI3); *H NMR (400 MHz,

‘ CDCl3) 5 5.74 (ddd, J = 1.0, 6.3, 15.5 Hz, 1H), 5.58-5.44 (m, 3H), 4.47
HO'
(d, 5.3 Hz, 1H), 4.15 (dt, J = 2.9, 9.5 Hz, 1H), 4.12-4.04 (m, 2H), 3.67
HO™ ~Catn (s, 3H), 3.56 (ddd, J = 2.2, 5.3, 7.8 Hz, 1H), 2.47 (m, 1H), 2.39-2.31 (m,

e 4H), 2.13 (M, 2H), 1.85 (m, 1H), 1.71 (m, 3H), 1.54-1.45 (m, 2H), 1.34-

1.26 (m, 6H), 0.88 (t, J = 6.7 Hz, 3H); 3C NMR (100 MHz, CDCls) 6 174.4, 134.7, 132.3, 129.7,
126.3,87.6,79.7, 75.8, 73.6, 72.3, 51.8, 37.3, 36.5, 33.6, 32.4, 26.7, 25.2, 24.9, 22.7, 14.2; LRMS
calculated for Co1Hzs0s [M+Na]® m/z 407.3, measured LC/MS (ESI) Rt 1.0 min, m/z 407.0

[M+Na]".

4.81: Rr 0.3 (EtOAC); [a]®p -26.1 (c 0.7, CHCI3); *H NMR (400 MHz,
CDCl3) §5.71 (ddd, J = 1.1, 6.0, 15.5 Hz, 1H), 5.62-5.44 (m, 3H), 4.48

HO™

(d, J = 5.2 Hz, 1H), 4.16 (dt, J = 2.9, 9.6 Hz, 1H), 4.12-4.06 (m, 2H),

3.67 (s, 3H), 3.57 (ddd, J = 2.4, 5.4, 7.9 Hz, 1H), 2.44 (m, 1H), 2.39-

481 2.30 (m, 4H), 2.14 (m, 2H), 1.85 (m, 1H), 1.72 (m, 3H), 1.51 (m, 2H),
1.35-1.26 (m, 6H), 0.88 (t, J = 6.7 Hz, 3H); 13C NMR (100 MHz, CDCl3) § 174.4, 134.7, 132.4,
128.7,126.2, 87.5, 79.7, 75.8, 73.6, 72.2, 51.8, 37.4, 36.4, 33.6, 32.4, 31.9, 26.8, 25.2, 24.9, 22.7,
14.2; LRMS calculated for C21H3606 [M+Na]* m/z 407.3, measured LC/MS (ESI) Rt 1.0 min, m/z

407.0 [M+Na]*.
General procedure for synthesis of Isofurans 4.8, 4.74, 4.80, and 4.82

To a solution of 4.79 (10.8 mg, 0.028 mmol) in THF (0.3 mL) was added LiOH (93 uL, 0.093
mmol, 1 M in water). The mixture was maintained for 8 h, then quenched with KH2PO4 (0.5 mL,
1 M in water) and HCI (0.3 mL, 1 M in water). The reaction was concentrated in vacuo to remove

the THF. The aqueous layer was extracted with EtOAc (3 x 2 mL). The combined organic extracts
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were washed with brine, dried (Na2SO4), filtered, and concentrated in vacuo to afford 9.4 mg
(91%) of 4.80 as a colorless oil.

HO ot 4.8: Rf 0.3 (EtOAC); *H NMR (400 MHz, CDCls) & 5.83 (dd, J = 6.0,

© 155 Hz, 1H), 5.67 (dd, J = 5.9, 15.5 Hz, 1H), 5.56-5.44 (m, 2H), 4.24

o (m, 1H), 4.17-4.09 (m, 4H), 3.50 (m, 1H), 2.37-2.31 (m, 3H), 2.28-2.19

HO™ CsHis (m, 2H), 2.17-2.07 (m, 2H), 2.03 (m, 1H), 1.91 (ddd, J = 3.5, 6.6, 12.9

4.8 Hz, 1H), 1.71 (m, 2H), 1.51 (m, 2H), 1.29 (m, 6H), 0.88 (t, J = 6.7 Hz,

3H); 1°C NMR (125 MHz, CDCl3) 6 177.4,135.7, 131.4, 129.1, 126.6, 86.4, 81.0, 76.7, 73.7, 72.3,

37.1, 36.4, 32.9, 32.0, 31.8, 26.4, 25.2, 24.5, 22.7, 14.2; LRMS calculated for C20H310s [M+Na]*
m/z 393.2, measured LC/MS (ESI) Rt 0.14 min, m/z 393.4 [M+Na]".

HO, oW 4.74: Rr 0.3 (EtOAC); 'H NMR (400 MHz, CDCls) & 5.81 (dd, J = 6.0,

© 157 Hz, 1H), 5.70 (dd, J = 6.3, 15.6 Hz, 1H), 5.57-5.44 (m, 2H), 4.26

- (m, 1H), 4.18-4.10 (m, 3H), 3.50 (M, 1H), 2.41-2.33 (M, 3H), 2.23-2.16

Ho” CsHis (m, 2H), 2.12-2.05 (m, 2H), 1.91 (ddd, J = 3.4, 6.6, 12.9 Hz, 1H), 1.78-

1.67 (m, 2H), 1.60-1.49 (m, 2H), 1.33-1.1.27 (m, 6H), 0.88 (t, J = 6.8

Hz, 3H); 13C NMR (100 MHz, CDCl3) § 177.2, 135.1, 131.5, 129.6, 126.8, 86.1, 81.2, 76.8, 73.5,

72.8, 37.0, 36.5, 32.7, 32.1, 31.8, 26.3, 25.2, 24.4, 22.7, 12.2; LRMS calculated for C2oHz406
[M+Na]* m/z 393.2, measured LC/MS (ESI) Rt 0.14 min, m/z 393.5 [M+Na]".

HO, on  4.80: Rf 0.3 (EtOAC); *H NMR (400 MHz, CDCls) 8 5.73 (dd, J = 5.8,

© 155 Hz, 1H), 5.58 (dd, J = 5.2, 15.5 Hz, 1H), 5.53-5.46 (m, 2H), 4.46
HO*
(d, 3 =5.0 Hz, 1H), 4.17-4.06 (m, 3H), 3.55 (dt, J = 2.3, 6.8 Hz, 1H),
HO" CsHis 2.40-2.30 (m, 5H), 2.19-2.13 (m, 2H), 1.84 (m, 1H), 1.76-1.70 (m, 2H),

1.53-1.47 (m, 2-3 H), 1.28 (m, 7H), 0.88 (t, J = 6.7 Hz, 3H); 13C NMR
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(100 MHz, CDCls) & 177.6, 134.5, 132.0, 129.0, 126.4, 87.0, 79.5, 75.6, 73.7, 72.5, 37.2, 36.2,
33.2,32.2,31.8, 26.5, 25.2, 24.6, 22.7, 14.2; LRMS calculated for C20Hz10s [M+Na]* m/z 393.2,
measured LC/MS (ESI) R; 0.16 min, m/z 393.5 [M+Na]".

Ho, on 4.82: R 0.3 (EtOAC); 'H NMR (400 MHz, CDCls) § 5.73 (dd, J = 5.8,

0 15.9 Hz, 1H), 5.56 (dd, J = 5.7, 15.5 Hz, 1H), 5.52-5.46 (m, 2H), 4.46
o (d, J = 5.5 Hz, 1H), 5.73 (dt, J = 5.8, 16.0 Hz, 1H), 4.11-4.06 (m, 2H),
o Cetn 3.54 (dt, J = 2.2, 6.8 Hz, 1H), 2.40-2.31 (m, 5 H), 2.18-2.13 (m, 2H),
1.85 (m, 1H), 1.71 (m, 2H), 1.53-1.42 (m, 2H), 1.28 (m, 6H), 0.88 (t, J
= 6.7 Hz, 3H); *C NMR (100 MHz, CDCls) 8 177.7, 134.7, 132.0, 128.7, 126.4, 87.2, 79.5, 75.7,
73.6,72.4,37.1, 36.3,33.2,32.2,31.8, 26.5, 25.2, 24.7, 22.7, 14.2; LRMS calculated for C20H340¢
[M+Na]* m/z 393.2, measured LC/MS (ESI) R; 0.16 min, m/z 393.4 [M+Na]".

Experimentals for Mosher Ester Analysis
General procedure for synthesis of compound 4.83

To a solution of alcohol 4.50 (68 mg, 0.17 mmol) in dichloromethane (1.3 mL) was added
imidazole (34 mg, 0.51 mmol), DMAP (2.0 mg, 0.017 mmol) and TBSCI (38 mg, 0.25 mmol).
The reaction was maintained for 4 h, then water (1 mL) was added to the reaction. The aqueous
layer was extracted with dichloromethane (3 x 2 mL), the combined organic extracts were
washed with brine (1 x 4 mL), dried (MgSOs), filtered and concentrated in vacuo. The residue
was purified by flash chromatography (gradient: 9:1 to 4:1 hexanes: EtOAc) to afford 62 mg

(71%) of epoxide 4.83 as a clear oil.

Procedure for synthesis of compound 4.84
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To a solution of alkyne 4.41 (43 mg, 0.2 mmol) in THF (0.2 mL) at -78 °C was added n-BuL.i
(0.07 mL, 0.17 mmol) as a solution in hexanes (2.4 M). The solution was allowed to stir at -78
°C for 15 min, then warmed to 0 °C for 15 min. The solution was cooled to -78 °C and epoxide
4.83 (67 mg, 0.13 mmol) was added to the reaction in a solution of THF (1.0 mL). BFzeOEt, (56
ML, 0.45 mmol) was added to the reaction in a solution of THF (0.2 mL). The reaction mixture
was maintained at -78 °C for 2 h, then -40 °C for 2 h. The reaction was quenched at 0 °C with
saturated ammonium chloride (2 mL). The aqueous layer was extracted with EtOAc (3 x 5 mL).
The combined organic extracts were washed with brine (5 mL), dried (MgSOs), filtered and
concentrated in vacuo. The residue was purified by flash chromatography (4:1 to 2:1 Hexanes:
EtOACc) to afford 39 mg (40 %) of the alcohol 4.84 as a clear oil.

General procedure for synthesis of Mosher esters 4.85 (R/S) and 4.85 (R/S)

To a solution of alcohol 4.84 (16 mg, 0.022 mmol) in CH>Cl (0.5 mL) was added R MTPA (16
mg, 0.069 mmol), DCC (14 mg, 0.069 mmol) and DMAP (4 mg, 0.036 mmol). The reaction
mixture was maintained for 14 h. CHCl. was added, the solution was filtered and concentrated.
The crude mixture was purified by flash chromatography (gradient: 9:1 Hexanes: EtOAC) to

afford 17 mg (81%) of desired Mosher ester 4.85 (R).

o,  pPMe 4.85 S: Rf 0.5 (4:1 hexanes/EtOAc); *H NMR (400 MHz, CDCls) &
.-|CF3
(¢) Ph

7.66 (M, 4H), 7.59 (m, 2H), 7.45-7.27 (m, 10H), 7.25 (m, 2H), 6.87
v\ (M, 2H), 5.11 (dd, J = 6.1, 11.9 Hz, 1H), 4.41 (s, 2H), 4.40-4.37 (m,
oraops  OPMB 2H) 3.91 (m, 1H), 3.80 (s, 3H), 3.60 (dd, J = 4.3, 10.9 Hz, 1H), 3.50-
488 3.46 (M, 4H), 3.41 (t, J = 6.3 Hz, 2H), 2.55 (m, 1H), 2.43 (m, 1H),
2.06 (M, 2H), 1.87 (m, 1H), 1.77-1.70 (m, 2H), 1.62 (m, 2H), 1.49 (m, 2H), 1.04 (s, 9H), 0.87 (s,

9H), 0.06 (s, 3H), 0.05 (s, 3H); 3C NMR (100 MHz, CDCls) § 166.2, 159.3, 135.7, 133.4, 133.3,
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132.3, 130.9, 129.9, 129.5, 129.3, 128.9, 128.4, 127.9, 113.9, 87.9, 82.6, 78.1, 76.5, 74.4, 74.1,

72.7,69.6, 64.6, 55.5, 55.4, 37.4, 29.0, 27.0, 25.9, 25.6, 21.4, 19.3, 18.6, 18.1, -4.5, -4.6.

o,  OMe 4.85 R: Rt 0.5 (4:1 hexanes/EtOAc); 'H NMR (400 MHz, CDCls3) &
- 1Ph

N 7.67-7.63 (m, 4H), 7.54 (d, J = 7.5 Hz, 2H), 7.45-7.35 (m, 7H), 7.32-

v\ 7.28 (m, 2H), 6.87 (d, J = 8.6 Hz, 2H), 5.16 (dd, J = 5.3, 12.1 Hz, 1H),

TBSO*™

oreops . OPMB 4.41 (s, 2H), 4.34 (m, 1H), 4.26 (m, 1H), 3.84-3.80 (M, 4H), 3.57-3.53

4.85R (m, 4H), 3.42 (t, J = 6.3 Hz, 2H), 3.35 (dd, J = 6.6, 10.8 Hz, 1H), 2.60
(m, 1H), 2.52 (m, 1H), 2.12 (t, J = 6.9 Hz, 2H), 1.69-1.61 (m, 3H), 1.58-1.51 (m, 3H), 1.04 (s, 9
H), 0.86 (s, 9H), 0.2 (s, 6H); **C NMR (100 MHz, CDCls) 5 166.0, 159.2, 135.7, 133.5, 133.4,
132.4, 130.9, 129.9, 129.6, 129.3, 128.3, 127.9, 127.8, 127.6, 113.8, 87.6, 82.7, 77.7, 76.0, 75.0,
73.9,72.7,69.6, 64.4, 55.7, 55.4, 36.5, 29.0, 27.0, 25.9, 25.6, 21.3, 19.3, 18.6, 18.1, -4.5, -4.6.

4.88 S: Rf 0.5 (4:1 hexanes/EtOAc); *H NMR (400 MHz, CDCls) &

O OMe
..|CF3

d 7.68-7.62 (m, 6H), 7.44-7.30 (m, 11 H), 7.24 (d, J = 8.6 Hz, 2H), 6.88

(m, 2H), 5.40 (dt, J = 4.8, 6.8 Hz, 1H), 4.44 (dd, J =5.2, 11.0 Hz, 1H),

TBSO*"

oews 440 (s, 2H), 4.25 (dd, J = 6.7, 13.4 Hz, 1H), 3.81-3.77 (m, 4H), 6.65-

488 3.61 (M, 3H), 3.59 (s, 3H), 3.41 (t, J = 6.3 Hz, 2H), 2.63 (m, 1H), 2.51
(ddt, = 2.2, 7.1, 16.9 Hz, 1H), 2.17-2.10 (m, 3H), 1.03 (s, 9H), 0.87 (s, 9H), 0.05 (s, 3H), 0.04 (s,
3H); 3C NMR (100 MHz, CDCls) 5 168.1, 159.3, 135.8, 135.7, 133.7, 133.4, 132.6, 130.9, 129.8
(2), 129.5, 129.3, 128.9, 128.3, 127.8, 127.0, 113.9, 86.1, 82.6, 78.176.0, 75.1, 72.7, 69.6, 63.9,

55.7,55.4,37.1, 29.0, 26.9, 25.9, 25.7, 21.2, 19.3, 18.6, 18.0, -4.6, -4.7.
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4.88 R: Rt 0.5 (4:1 hexanes/EtOAc); 'H NMR (400 MHz, CDCls) &
7.69-7.64 (m, 6H), 7.42-7.30 (m, 10 H), 7.25 (m, 2H), 6.87 (m, 2H),

5.36 (dd, J = 6.2, 12.3 Hz, 1H), 4.48 (dd, J = 4.9, 10.7 Hz, 1H), 4.41

TBSO*

(s, 2H), 4.32 (dd, J = 7.2, 13.5 Hz, 1H), 3.86 (dd, J= 3.6, 7.6 Hz, 1H),
3.80 (s, 3H), 3.67 (m, 2H), 3.60 (s, 3H), 3.40 (t, J = 6.3 Hz, 2H), 2.57
(m, 1H), 2.41 (m, 1H), 2.25 (m, 1H), 2.06 (M, 2H), 1.77 (dt, J = 5.6, 12.6 Hz, 1H), 1.62 (m, 2H),
1.48 (m, 2H), 1.04 (s, 9H), 0.88 (s, 9 H), 0.06 (s, 3H), 0.04 (s, 3H); 13C NMR (100 MHz, CDCl5)
8 166.2, 159.3, 135.8, 135.7, 133.6, 133.3, 132.7, 130.9, 129.8 (2), 129.4, 129.3, 128.9, 128.3,
127.8 (2), 113.9, 86.2, 82.5, 78.4, 76.2, 74.5, 72.8, 72.7, 69.7, 64.0, 55.7, 55.4, 37.6, 29.0, 26.9,
25.9, 25.6, 21.3, 19.3, 18.6, 18.0, -4.6, -4.7.

General procedure for coupling (R/S) Mosher Ester to compound 4.89 (R/S)

To a solution of allylic alcohol 4.78 (2.7 mg, 0.0057 mmol) in CH2Cl, (0.5 mL), was added S-
MPTA (4 mg, 0.018 mmol), DCC (3.7 mg, 0.018 mmol) and DMAP (2.2 mg, 0.018 mmol). The
reaction mixture was maintained for 14 h. CH2Cl> (1 mL) was added to the reaction mixture, the
solution was filtered and concentrated. The crude mixture was purified by flash chromatography

(gradient: 9:1 Hexanes: EtOAC) to afford 3.7 mg (95 %) of desired Mosher Ester 4.88 S.

AcQ, ove 4.89 R: R:0.4 (4:1 hexanes/EtOAc); *H NMR (600 MHz, CDCls) &

©  7:51-7.49 (m, 2H), 7.40-7.39 (M, 3H), 5.70-5.64 (M, 2H), 5.51-5.43 (m,
AcO*

2H), 5.41-5.36 (m, 2H), 4.98 (dd, J = 6.3, 12.2 Hz, 1H), 4.87 (m, 1H),

o Cats 4.44 (m, 1H), 4.12 (dd, J = 6.1, 13.7 Hz, 1H), 3.66 (s, 3H), 3.54 (s, 3H),
O)\(' 1Ph _

L 2.37-2.34 (m, 3H), 2.31 (t, J = 7.5 Hz, 3H), 2.11-2.07 (m, 6H), 2.05 (s,

489R 3H), 1.76-1.68 (m, 5H), 1.66-1.59 (M, 2H), 1.29-1.27 (m, 6H), 0.87 (m,

3H); 33C NMR (125 MHz, CDCls) § 174.1, 170.8, 170.3, 165.9, 132.5, 132.1, 131.2, 129.7, 129.4,
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128.5, 127.5, 124.9, 82.6, 78.3, 78.0, 76.6, 74.2, 55.6, 51.6, 34.2, 34.1, 33.5 (2), 31.5, 29.8, 29.1,
26.8,25.8,25.1, 24.8, 22.9, 22.6, 21.3, 21.2, 14.1.

AcO, ove 4.89 S: Rf0.4 (4:1 hexanes/EtOAc); *H NMR (600 MHz, CDCls) &

©  7.51-7.50 (m, 2H), 7.40-7.38 (m, 3H), 5.81-5.75 (M, 2H), 5.50-5.45 (m,

Aco™’

2H), 5.39 (m, 1H), 4.99 (dd, J = 6.2, 12.2 Hz, 1H), 4.46 (t, J = 3.6 Hz,

o CsHus 1H), 4.14 (dd, J = 6.1, 13.7 Hz, 1H), 3.66 (s, 3H), 2.53 (s, 3H), 2.39-
OMe
O)\V‘P“ 2.53 (m, 3H), 2.31 (t, J = 7.5 Hz, 2H), 2.10-2.08 (m, 5H), 2.07-2.06 (m,

CF;

reos 4H), 1.76 (ddd, J = 4.3, 6.2, 13.8 Hz, 1H), 1.72-1.67 (m, 3H), 1.62-1.56
(m, 2H), 1.22 (m, 6H), 0.84 (m, 3H); 3C NMR (125 MHz, CDCls) § 174.1, 170.8, 170.6, 166.0,
132.6,132.0, 131.8, 129.7, 129.5, 128.5, 127.5, 124.9, 82.7, 78.4, 78.0, 76.6, 74.2, 55.6, 51.6, 34.1,

33.5(2),31.4,29.8,29.1, 26.8, 24.8, 24.5, 22.5, 21.3, 21.1, 14.0.
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Appendix 1

Relevant Spectra for Chapter 4

89



£LO"
S9€E°
£Fy
Z00"
800"
ST0°
LOS"
£IS°
Les®
£ES°
6¥S°
66"
895"
SLS’
Lp9"
¥s9°
099"
L99°
689"
969"
20L”
60L"
LwL”
65L°
PLL®
LBL"
veL"
118"
128"
8e8"
0€Z”
vz’
6ST°
z9Z°
sLT’
85€E "
ZLE"
8LE"
Lee”
Z6E"
0%

aLE”
6LE"
veE"
Z6E"
0o%
90F "
TR
STR
610"
£2¥%
14
£EV
oFy
L
ZL9 "
9L "
89"
§89°
Z69°
969"
ToL”
voL”

TBDPSO

4

"HNMR Spectrum 4.46

quL

h

|

wnl (0
Sl e
| o

ZE 6T —_
vE 0T —
1662 _
L6 9T ——
v LT
LE"E9 ——
S6°69 —_
S8 GL—o -
$8 9L N\
9T LL—
% LL—
8y LL
NN.S.\\.
bL 80T ——

o
(2]
o
[a)]
om
-

Z

3CNMR Spectrum 4.46

ppm

20

40

0

6
Figure A.1 'H NMR (400 MHz, CDClI3) and **C NMR (100 MHz, CDClIs) of 4.46

80

100

120

0 160 140

18

200

220

90



£9°02 —
6L ST~
92° LT —
Tz 8z —"

99729 —

EZ 0L —
ET°9L —

69 LL ——
05" 18 ——

9T 8IT —_
TZ°0ET —
00" 9ET —_
O 9ET —

=_ O

o

Me

TBDPSO

Z

DEPT-135 Spectrum 4.46

I
ppm

T T T T T T
180 160 140 120 100 80 60

T
200

T
220

Figure A.2 DEPT-135 (100MHz, CDCls) of 4.46

2 0.

eX

= o

TBDPSO

Vi

HO

"HNMR Spectrum 4.47

L

Ih

0.0 ppm

0.5

5.0 4.5 4.0 a5 3.0 2.5 2.0 1.5 1.0

5.5

6.0

]

I
Figure A.3 'H NMR (400 MHz, CDCls) of 4.47

9.0

9.5

-(

o
(=]
|

91



F4 4

06"
LN
T LL —
BRLL—
96"

LE

8L~
L =

6L —
[4:

AR

0L 80T —

68°LTT

§6° 62T -

PEEET —

TE°EET—

ELTSET —
SL'SET

TBDPSO

AN

/
o

H
3CNMR Spectrum 4.47

T
ppm

T T T T T T
200 180 160 140 120 100

T
220

§9°0Z —
1T f—
L6 LT —
6% 15—
[4 24—
06" GL—
L LL—
68°LZT -
06" LTT—>
S6° 62—
ELTSET—
SLTGET—

(]

= O,

EMYA

o

TBDPSO

V4

HO

DEPT-135 Spectrum 4.47

PPpm

160 140 120 100 80 60 40 20

180

Figure A.4 *C NMR (100 MHz, CDClI3) and of DEPT-135 (100MHz, CDCl3) of 4.47.

92



TBDPSO

OH

"HNMR Spectrum (Z)-4.47

.

ppm

0.0

0.5

25 2.0

3.0

10.0 9.5 9.0 85 B.O 7.5 7.0 6.5 6.0 55 50 4.5 4.0 a5

10.5

Lo ——
SE'6T—
LT

00 EHV
2812 —=
Z6° LT
LF OE

20 85 ——
89°29 ——
19°9L
¥8 9L

9T LL —
LE LL -

ey LL

L9 LL
PZE0T ——
16°L2T
26°LTT-),
mm.mu.ﬂj/
nm.mNﬂV..yu
PTTET ——
82 EET —7
mn.mm._nu\.\.
ZLSET
EL SET/

)

= 0.

TBDPSO

OH

SCNMR Spectrum (Z)-4.47

T
ppm

40

T T T T T T
200 180 160 140 120 100 80

T
220

Figure A.5 'H NMR (400 MHz, CDClI3) and **C NMR (100 MHz, CDCls) of (Z)-4.47.

93



090" T+

ppm

20

£rsT

N

00" LE
S -

W LT—=

T6°LZ -~ ]
S.ﬁ.\.

20'85 —

T
60

L3929 — —_——

09°9L — _ —_—

89 LL— - -

80

T
100

T
120

06°LZT
67421~ ]
2S6TT- L
966212
ETTET

TLSET
EL'SET -

140

OH
T
160

= O

T
180

Figure A.6 DEPT-135 (100MHz, CDCls) of (2)-4.47.

TBDPSO

DEPT-135 Spectrum (Z)-4.47

[

L9

8

=]
-

|
|

94

10.0

10.5

Figure A.7 *H NMR (400 MHz, CDCls) of 4.21.

"HNMR Spectrum 4.21




EE"6T —
96762~

60° 87—~
9r 8z~

L 1
£2°95 -

28729 —

£9°SL-
SBT 9L

9T LL—"
8y LL—

95°80T—

vE LTI,
96" LET -2
¥0 0ET —
TT EET —.
T EET—,
L9 GET—7
0L SET

(N

|

13CNMR Spectrum 4.21

WWMUMLL__

T
pPm

20

T T T T T T T
200 180 160 140 120 100 80

T
220

L5'52

LD
ET’
88"
ES’

ES”
L

¥6°

£0
L9
oL

LT
87—
‘gz~

s -
95—
09 -

29 ——

5L —

L21 -

LET—>
"DET

SET—

GET—

DEPT-135 Spectrum 4.21

ppm

160 140 120 100 80 60 40 20

180

Figure A.8 *C NMR (100 MHz, CDCls) and DEPT-135 (100MHz, CDCls) of 4.21.

95



FSLT
99L”"
zeL”
06L"
z08°
z68°
606"
BI6"
BZE"
Z¥6"
¥96°
ZTL6"
6L6"

T66°
LOO"

TBDPSO

OH

"HNMR Spectrum 4.22

h

10.0

10.5

@
0
w0

w
=t
<t

897807 ——
96°LET —_
£0°0ET ——
T EET ——
ZLUSET ——
o)

s O,

TBDPSO

OH

3CNMR Spectrum 4.22

el UL

ppm

200 180 160 140 120 100 80 60 40 20

220

Figure A.9 *H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDCls) of 4.22.

96



L Ao
£9°

11
18

BE"
08"

"S5 —

s5—

09—
I8 —

PL—
iL—

¥6 LZT-,
36 LTT—>
70°0ET

TLSET——

TBDPSO

ppm

1.0 ppm

-0.5

40

60
I
8
™

w

S8 |

:

(=]
o

100 80
97

120

7.0

@
o

~
w

7.5
]

~
o
o

n

o

|

Figure A.11 *H NMR (400 MHz, CDCls) of 4.48.

140
90 85 80

9.5

OTs

OH
THNMR Spectrum 4.48

DEPT-135 Spectrum 4.22
160

105 100

180

1.0

Figure A.10 DEPT-135 (100MHz, CDClIs) of 4.22.




92761~

6E"SZ -
697~
L6 LT -
76 8T

MIF

Z6 £S5 —
6P PS5 —

or 79 ——
60°69

(o] R
9T LL—

80 LL—

180T ——

S6°LZT-,
86°LZT 0

TT 82T
Y0 0ET——
80" EET—
ET EET~
L9°GET

ZT SFT——

OTs

3CNMR Spectrum 4.48

N N 1110

T
ppm

T T T T T T T
200 180 160 140 120 100 80 60 40

T
220

08° 12—
6E°5Z -
96792 -
867 LT —
£6°87

A

26765 —_
67 VS —

0y 29 —

60763 —

or L —
T2 LL —

§6°LTT
66°LTT -
:.mNT...../
¥0 ' 0ET -
L9°SET —r
89°SET

OTs

DEPT-135 Spectrum 4.48

ppm

T T T T
160 140 120 100 80

T
180

Figure A.12 3C NMR (100 MHz, CDCls) and DEPT-135 (100MHz, CDCls) of 4.48.

98



L L e s bl

B P P P P P P P P P P P B B B B f fs s s s s P P P P P (1 [ o o o o o o o o R e R 60 60 60 ) 0 01 0

Lt

TBDPSO

OTs

THNMR Spectrum 4.53

0.5 1.0 ppm

08 0.0

1.0

2.0

105 100 95 90 85 80 75 70 65 60 65 50 45 40 35 30 25
| I
Vr Q‘W =)
& S =
< o o

11.0

I
@
-
-

~|
o
o

J
©
<
o

]
q
-

.

[}

(]
-]
(=]

o
]
=]

n
<
(3]

@
]
o

F

I
=]
<
|

=t
o
-

-4
N
©

o
rﬂl
o

113

o
%]
o
[a]
o
=

OTs

3CNMR Spectrum 4.53

WMW&LM.W

ppm

20

40

60

100

120

140

60

1

Figure A.13 *H NMR (400 MHz, CDCls) and C NMR (100 MHz, CDCls) of 4.53.

80

200 1

220

99



LS

5E°

'

Me

ppm

12— -
§2-_
97—
‘82—

82

20

40

I
60

i A —
LL—

I
100

2T -
LT
87T -2
OET—

..uﬂ%n
“0€T
.mSuNw

‘get -

120

140

OTs

Q
DEPT-135 Spectrum 4.53
T
160

180
Figure A.14 DEPT-135 (100MHz, CDCls) of 4.53.

o
T

TBDPSO

00 ppm

0.5

@0

N

ﬂ ‘
]
o

2.0
WJL,J

e
- [C!”".

o
-

b‘”
s
©

25
JLL)

o,

|

(=]

3.0

35
\

I~
-
L]

w0
o
-

38

o
™

4.0
qr

]
-

)L

i=
(=]

4.5

100

7.0

!

o~

@
(=]

@
B
©

-N

-
<

1)

-
ol

9.5 9.0 8.5 8.0

OTs

10.0

OTBDPS

10.5

Figure A.15 ‘*H NMR (400 MHz, CDCls) of 4.49.

"HNMR Spectrum 4.49

HO"



¥

62
6L

96

ST°

10—

BT —
1z ——

8T ——

LE

e
"oL

TN
T —
L
w

98 ——

OTs

OTBDPS

HO,
o}
HO"

3CNMR Spectrum 4.49

o

T
ppm

T T T T T T T
200 180 160 140 120 100 80

HO
o)
HO"

1
220

ST'0—

08’12 —

ppm

L6927 —

ET P9 ——
6L 0L~

88 0L —=
BT EL—
62 LL—-

9598 —

70 8TT
9T BT
T0°0ET -~

80 0ET —7
9T 0ET
S9°GET —7
PLSET

OTs
OTBDPS

DEPT-135 Spectrum 4.49

160 140 120 100 80 60 40 20

180
Figure A.16 3C NMR (100 MHz, CDCls) and DEPT-135 (100MHz, CDCls) of 4.49.

101



BED"

608"

THNMR Spectrum 4.54

00 ppm

w

-

2.5

3.0

w

i

)
&
o

9.0

n

10.0

10.5

[l
(=1
o

|

o+
o
-

o
<
<

I,
oo
Qe
- |-

|

o
rf-'!
=]

iy
~66¢
_E61

TE°

18

B6

6T —
12—

9z ——

3CNMR Spectrum 4.54

SRR NN (T

I
ppm

T T T T T T T
200 180 160 140 120 100 80

T
220

Figure A.17 *H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDCls) of 4.54.

102



8
66

06
BL
88
(4
LE

L1

L

T —
97—

vy —

T

TL—a
EL—
LL-
mﬁl\...\

B —

DEPT-135 Spectrum 4.54

160 140 120 100 80 60 40 20 ppm

180
Figure A.18 DEPT-135 (100MHz, CDClIs) of 4.54.

.
L
L

.._.n
-]
-]
e

e

HO

OTBDPS

0.0  ppm

05

1.0

"HNMR Spectrum 4.50

10.0 9.5 8.0 8.5 a0

10.5

0Z6
“
—160
o~ ¥'L
o -
—E01
“ 101
— 0L
2660
a—G01
P01
- =660
¥ 001
© 001
200t
=
“
a3
3
@
o
-
t __
¥09
D [R=m
— vor

Figure A.19 *H NMR (400 MHz, CDCls) of 4.50.

103



O T MOW e~ @O l‘_’l w " [ -~
S 5B '. > _T/]' b3 n ¥ Mm Moo
N7 ]
HO
OTBDPS
13CNMR Spectrum 4.50
] I I I I I I I I I I 1 I
220 200 180 160 140 120 100 80 60 40 20 0 ppm
0 E &8¢ Z @ 3 & 5
[V, | [
0
HO"
OTBDPS
DEPT-135 Spectrum 4.50
i) h e on Vol o A TR TSI sy
T I T | T | T | T T
180 160 140 120 100 80 60 40 20 ppm

Figure A.20 3C NMR (100 MHz, CDCls) and DEPT-135 (100MHz, CDCls) of 4.50.

104



050
895

ELS”
¥as’
88%°

8LE

Z10°
L
615"

LES

BES”

443
€86

198"
2Ls”
zLe”
£88°
c68”

6L0
980

160°
960"
660"
101"
wotT”

1444

L
808"
188"
SES”
609"

819

9€9°¢€
sra°
1L
Z86°
€967

LLe
262

roce”
61IE"
Z0®°
BO¥ "
{94 0

szv
1334

LEW®

09z L

99€
89¢g

£8€°
zow”
otE”
SIF”

(34
ZEW

ZE9”
9E9°
£¥9°
8r3”

259
659
£99

L99°

"HNMR Spectrum 4.55

T

20

25

3.0

T

35

T

4.0

T
4.5

T

5.0

5.5

T

6.0

10.0 9.5

10.5

w0
=]
-

|

I,
@
-]
o

|
=
S
-

||

L)L
(=
allo)
[

| [

\
o
=]
-

|
@0
9
-

@
b
=}

I

o !
d=]
'J ‘

J

=]
=]
-

EE”

LE”

gL

[+

3CNMR Spectrum 4.55

S i 1111

200 180 160 140 120 100 80 60 40 20 ppm

220

Figure A.21 *H NMR (400 MHz, CDCls) and C NMR (100 MHz, CDCls) of 4.55.

105



ppm

0.0 ppm

05

L6398 —

9L LE——

40

08'9% —

[T A - -p—

i

}

g

25

llj
n
o

|

)
=a

7

o

3.0

©
]
=

3.5

wj
@
-

1

L0°gy —

2TEL——
F'SL—

L5°88 —

68°L2T
Hm.pNHHMVr
06" 62T ——
P6 621
69" €T ——
EL'SET—"

I I
160 140

T
180

| T |
120 100 80

Figure A.22 DEPT-135 (100MHz, CDCls) of 4.55.

DEPT-135 Spectrum 4.55

4.0

|
wfn
a0
(=111

g

)

!

o
(]
-

4.5

:

™
-

|
106

6.0

6.5

!

(-]
-

7.0
o

|

-
S
©

I

8
<

|

Figure A.23 *H NMR (400 MHz, CDCls) 4.51.

105 100 8.5 9.0 a5 8.0

1.0

"HNMR Spectrum 4.51



8T —
6T ——=
PZ -
52 -
92—
67—

A1l

LE

68T ——

3CNMR Spectrum 4.51

— 1] -

T
Ppm

T T 1 T T T T
200 180 160 140 120 100 80

T
220

FL
L
LTA
86
50

1A

L VT

r
97—
7

LE —

L’
%
T0"
90"
oL®
BL”

ETT—

LZ1
mmﬂumvr
0ET—=
0ET
EET —m
SET "

DEPT-135 Spectrum 4.51

m

PP

20

40

60

80

100

120

140

160

180

Figure A.24 *C NMR (100 MHz, CDCl3) and DEPT-135 (100MHz, CDClI3) of 4.51.

107



"HNMR Spectrum 4.56

JUM M M’uu_. -

0.0 ppm

105 100 9.5 9.0 8.5 B.O 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 a5 a.0 25 2.0 1.5 1.0 1]

11.0

|

BT

"B -
BT —=
TRE
"§T——
9T —
6T

65T ——

SCNMR Spectrum 4.56

— 1] -

200 180 160 140 120 100 80 60 40 20 0 ppm

220

Figure A.25 *H NMR (400 MHz, CDCls) and C NMR (100 MHz, CDCls) of 4.56.

108



ppm

ppm

0.0

0.5

TL VT -, 1
9L°§T —

8697 —
5062~ 1

PP LE— b

40

Zh'es —

B ¥ — -

a.0

d

™

\

35
| T

!

£

4.0

A
wn
<
-

|

~
=
-

il
80

£5°98 —

T
100

16 ETT —

T
120

L6°LZT 3
LN T
107061 —=
90" 0ET

0L SET—r
BLSET

140
Figure A.26 DEPT-135 (100MHz, CDCls) of 4.56.

I
160

T
180

DEPT-135 Spectrum 4.56

i

[}
S
o

45

|
109

b 4
-

|

6.5 6.0 5.5

g

|

«
©
“w

1

-

l\
o

Figure A.27 *H NMR (400 MHz, CDCls) of 4.52.

10.0 9.5 9.0 8.5 8.0

10.5

THNMR Spectrum 4.52



LE 68T ——

LV OLT —
297 0LT—

3CNMR Spectrum 4.52

Q
]
<

200 180 160 140 120 100 80 60 40 20 0 ppm

220

00—

BZ 85 ——

S0P —
76 69—
S ZL—
L IL—

9T BL—
L' ¥ ——

LLETT—

OL*LET~,
BLTLET-0,
0Z" 621 w
0L 6217
9L 6TT
§9°GET—

9
o
<

DEPT-135 Spectrum 4.52

ppm

20

40

Figure A.28 3C NMR (100 MHz, CDCls) and DEPT-135 (100MHz, CDCls) of 4.52.

110



z9a°9

788 9
age hl..
092 7L
99 L
€86 L
oy L —
gz L

¥99 L~
089 nﬁ
969 L

"HNMR Spectrum 4.57

ko)
(5]
<

ppm

0.0

0.5

"

4.5 a0 a5 3.0 25 2.0

5.0

10.0 9.5 9.0 B85 8.0 Ei-] 7.0 65 6.0

105

o]
-
o
-

|
o
3]

|
IS
| ed| — |

d

("]
|
w

P
0|
=

\l\

|

9z

oL

LL

OLT —_
OLT —

ko)
o
<

3CNMR Spectrum 4.57

S N

ppm

200 180 160 140 120 100 80 60 40 20

220

Figure A.29 *H NMR (400 MHz, CDCls) and C NMR (100 MHz, CDCls) of 4.57.

111



or'ss —

0819 —
59769 —_

§9° 7L~
ST EL—
00°9L—
20°6L—

ST P8 —

68 ETT—

B8 6ZT
SLOSET—7
LLTGET

Q
|5}
<<

DEPT-135 Spectrum 4.57

160 140 120 100 80 60 40 20

180
Figure A.30 DEPT-135 (100MHz, CDCls) of 4.57.

HO

OAc

o)

OTBDPS

AcO”

THNMR Spectrum 4.58

| Y Uuudt JLU@

0.5 0.0 ppm

1.5
ﬁ
M)
o

2.0

4.0 35 3.0

45

g |

8.5 6.0 55

7.0

10,0 9.5 9.0 85 8.0

10.5

|

-
=]
-]

| |

|
=
(=]
)

|
oo
qﬁt]
-\

1)
e
g'!rc!
|

f

wn[w
ale
(=18

@
j"!
o

-l
a;rc
(=118

©
o
=]

|

N
[T
(=]

5

||

-
-]
L]

Figure A.31 *H NMR (400 MHz, CDCls) of 4.58.

112



BT
BT -
.._.um./..,n
1
Tz
ST~

.mmu\.\

“1E

BE —

03°
L3

HO

OAc

TLET o,
TLET -
A
“6TT —
TEET—

.m:.\\u

SET ~

OLT —

OLT —

o)

OTBDPS

AcO"

13CNMR Spectrum 4.58

200 180 160 140 120 100 80 60 40 20 0 ppm

220

LD

50

DE"
L 12—
T
96°
86"
(4

Ls"
6T

96"
LE"
b’

LS

587
68"
98°
16"
6L"

BT~
SAN

12—

sz—"—
9z~

E—
PE—

29—
Py—

L——
—0
BL—

ve—

L2T-
LZT !/Vr
62T—r
621

SET—

HO

OAc

OTBDPS

AcO™

DEPT-135 Spectrum 4.58

T
180

ppm

T T T T
140 120 100 80

T
160

Figure A.32 3C NMR (100 MHz, CDCls) and DEPT-135 (100MHz, CDCls) of 4.58.

113



969

9
|5}
<

THNMR Spectrum 4.63

L

Ll

0.0 ppm

0.5

(=]
-1
«©

5

|
3 |
-
o

20

J

25
rcr
=
-

3.0

mqutc
3 <N
ol

[
~
-

il

~
-
-

}

10.0 8.5 8.0 B.5 8.0 75 7.0 6.5 6.0

10.5

8"
g8
6L
Lg
zz°
vz
T
EL”

TOLT

‘BT,

ST
9z

€ —"
vE—"

LZT -,
LT -,

TEZT — N

62T —-

EET —r
EET
SET 7
SET

Q
]
<

3CNMR Spectrum 4.63

I
ppm

T T T T T
180 160 140 120 100 80 60 40

T
200

T
220

Figure A.33 H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDCls) of 4.63.

114



ppm

0.0

0.5

ey —
LIPS —

TEEL—

LO6L —

T
80

81'v8 —

T
100

T
120

18°L2T

a0 25

3.5
I~

?

o
=

|

[
(=]
-

4.0
{
=]

i

(=

4.5

|

wn
o
o

5.0

115

) MJM@
e

6.5

7.0

S8 LET -
6L ETT—
L8 621"
TLGET—

EL'GET | M
-

T
180

Figure A.34 DEPT-135 (100MHz, CDCls) of 4.63.

DEPT-135 Spectrum 4.63

Q
|5}
<<

ML
7.5
98

95 9.0 8.5 8.0
Figure A.35 'H NMR (400 MHz, CDClIs) of 4.59.

o

OTBDPS

10.0

10.5

THNMR Spectrum 4.59

AcO”



1€ 8T~
8E 6T,
10° T8 -
0E 12 —m
6E 1T -

v 12~
9692 "
A 0 13

8T 89 —_

L 2L~

0E° 9L -\
ve mpuzfr
9T LL

8y LL—7

9z 18-S/
68 p8 -~

S8°LZT -
68°LET -
98 62T —
26 6ZT —
LT EET—7
8E EET
6L SET

LV OLT
P9 OLT —

10202 ——

OHC

OAc

OTBDPS

AcO"

3CNMR Spectrum 4.59

MMMMM

T
ppm

T T T T T T
200 180 160 140 120 100 80

T
220

Te'8
W't
0T
BE'T
el
96'9

LB 2y ——

8T P9 —

0E"SL — _
62 8L —

68° P8 —

§8°LTT -,
68°LTT —
98° 62T —~
26621~
6L GET ——

OHC

OAc

OTBDPS

AcO"

DEPT-135 Spectrum 4.59

ppm

160 140 120 100 80 60 40 20

180
Figure A.36 3C NMR (100 MHz, CDCls) and DEPT-135 (100MHz, CDCls) of 4.59.

116



-1.0 ppm

0.5

ppm

20

T
|
o
@
@«

4L
ElO 1‘5 1
L
353
T

i

40

60

117

100

120

140
CDCls) and *C NMR (100 MHz, CDCls) of 4.64.

180 160

200

b —09°F
zlJ,.MM:n
L
FS ET €L~
66°GL-\\
PEIL-M
[ w ¥8° 9L
@ 9T LL—
£€0T mq.:x
te _—__  00°6L/-
-~ 660 TETIE/
—— 8z weS
w460
w -8
L2 2660
» 001
[ v
=
[ o
) YT EET —
“ 62 EET
nh.mﬂu\.
Lo
IS
- R
0 Faw
~
10t
2
@
89°0LT—
- LLOLT—
[ e
Lo
o
< [ o
© 3
< E— =v80
€ 0,|/| 00°Z0Z ——
=] e
2 s
]
w
& 2
14
= ]
B z = “,
o T (o]
Q - Q
< <

SCNMR Spectrum 4.64

220

Figure A.37 'H NMR (400 MHz



OAc

-3
=Y
sz'8t
Z,Hq./.
T T2 - Q
vE' 12—
vo 1z
26'92—
LLvE——
L O
[3: 34— i
=]
w
£8° 99—
ST EL—
66 GL—
98 LL—— —
00°6L—" 1%
82'%8 —
'8 <«
e o
<t
(Y
o
L)
=
e O
|2 D
¥8°LZT = O
§8°LZT N G
£87 621 — T
16" 621
SLOSET— - W
- o
N—r
n
™
-
T
< |m o
@ - W Q
p Q 8
S o] )
3 35 =
a <
Q.
» e o
%) — 09 o
e - >
L 2
o i B
< [a]

~
o

L=l
(q,
e liy]

nr'n
ol o

J
X}

o

-

(=]

-1

<

of=
.rc!
=

o
-

g (g

| |

(=]
o
-

|
| |
118

-

|

(=]

F

| LMJ\_/JLU

@
-]

Figure A.39 *H NMR (400 MHz, CDCls) of 4.60.

ML

OTBDPS

10.0

10.5

THNMR Spectrum 4.60

AcO"



8

89"

7T —

BT

5 ——

MeOOC

OAc

LTI,
TLTT -
6TT
62T —
TEET—
.mﬂ\

"SET

¥

OLT —
oLT—
CELT—

o)

OTBDPS

AcO”

3CNMR Spectrum 4.60

.

T
ppm

20

40

T T T T T T \
200 180 160 140 120 100 80

T
220

11
L1
a8z’
£y’
£T’
56"
1
v’

{£]
88
ve’
06"
8L

81
AN
12—
"
vz
55
1 —
PE—

LZM-,
[R4 SN
62T —
62T
SET—

MeOOC

OAc

"y

0]

OTBDPS

AcO™

DEPT-135 Spectrum 4.60

160 140 120 100 80 60 40 20 ppm

Figure A.40 3C NMR (100 MHz, CDCls) and DEPT-135 (100MHz, CDCls) of 4.60.

180

119



9
Q
<

"HNMR Spectrum 4.65

10.0 9.5

10.5

L)L
©
&”;TE.\-.}'%"#_
it el

=]
2™
-

|

w @
<@
™| 0

89"

‘8T,
LLENY
T
1T
1z
‘vT

‘sz
gE——
e

| {-p—

63°
LLe
wL

Q
Q
<

3CNMR Spectrum 4.65

I
ppm

180 160 140 120 100 80
Figure A.41 *H NMR (400 MHz, CDCls) and C NMR (100 MHz, CDCls) of 4.65.

T
200

I
220

120



0"’
L’
0E°
§9°
T
T6°
€6
L7

L9*

18°

10°
Z0°

(X

ve
88"
EB°
06"

LL”

2
v
9z

TE—
vE——

65—

¥ —

EL—
9L
6L ——

B ——

Lzt

LET -
62T —=
67T

SET—

SET

g

ko)
(5}
<C

DEPT-135 Spectrum 4.65

™

"

—

T

160 140 120 100 80 60 40 20 ppm
Figure A.42 DEPT-135 (100MHz, CDClIs) of 4.65.

180

[

MeOOC

OAc

o)

OTBDPS

AcO”

"HNMR Spectrum 4.61

_JU UL,

|

Figure A.43 *H NMR (400 MHz, CDCls) of 4.61.

ppm

8

ik

]

|

g

88

CH

121



PT0——

LE'6TA
80" TZ -\

0E Tz =
£8° 9T —_
YL 9T — =
56°9Z
6267

wr..m..nwx..l
LS PE

£9° 15

L 4

¥ITOLT
TT PLT

OTBDPS

AcO"

3CNMR Spectrum 4.61

et L L

T
ppm

1 T 1 T 1 T 1
200 180 160 140 120 100 80 60

T
220

80°

0E

8"

¥L

LLE
6Z°
LS

25"

9

Tz

96"
EE°
08"

ve’

Fe’

BE'L

L
68"
T0°
08"

vz
‘9% —
97—
62"
£
PE -

1z
.:..H/.

62T —-
6ZT—"
ZET -
SET—"

MeOOC

OAc

o)

OTBDPS

AcO”

DEPT-135 Spectrum 4.61

pPPmM

160 140 120 100 80 60 40 20

180
Figure A.44 3C NMR (100 MHz, CDCls) and DEPT-135 (100MHz, CDCls) of 4.61.

122



[

L L L L
——

L e e e e e R R R R R R R R R R R R R R R e e e R R R ]

"HNMR Spectrum 4.66

0.0 ppm

05

1.0

2.0

n

4.0 a5 a0

45

6.0

7.0 65

75
|/

10.0 95 9.0 85 80
2

10.5

o
Dj
(]

-]
o
o

e

(2]
-

-

|

o
-

|

|

(=]
-

g2

-
-

o

w

e —

bL
.wrj//r
9L

L=
o/l

g

ppm

20

40

60

80

100
123

120

200 180 160 140

220

i

Figure A.45 *H NMR (400 MHz, CDCls) and C NMR (100 MHz, CDCls) of 4.66.

3CNMR Spectrum 4.66




5z
EE”
£8°
8L
6"
LT
98"
Lg”

E9”

g8’

58—

E0°
£8"
L8’
4]
08
ig"
SL

T4

__.Nﬁl/n

LET -2

14—
62—

{3 S

TGET—

ppm

20

40

60

80

100

120

160 140

180
Figure A.46 DEPT-135 (100MHz, CDClIs) of 4.66.

DEPT-135 Spectrum 4.66

ke
[5)
<

ZEL"
696"
9LE"
f4:1
Z66
z00°
0EQ"
€90
zLo°
880"
601"
LZT
662"
a1e”
9€E
PSE"

6%
110

0.0

0.5

-

15

5

(=]
o

20
j
™~
]
o

|

| )
wn
i
-

|

-did
~l=
o™

F

25

-

)

o
i}
o

|

3.0

35
I\j

@
)|

[]
e
-

J

4.0
|
)
(=3
88|
=]

L=3
-

|

4.5

foe
124

A
S

(=]

g

5.5
|

(=]
-

6.5 6.0

7.0

OH
T T
9.5 90 85 80 75

10.0

10.5

Figure A.47 *H NMR (400 MHz, CDCls) of 4.62.

THNMR Spectrum 4.62

AcO™



6T TZ -
1218 —>
9ILWT —
9L 9T ——
62 62—
25 EE ——
TT SE—"
L9 15 ——
129 —
TLBL
¥EIOL -0
80°LL N>
9T rww../\i
sy L~
v 6L
6Z°58 —
69 ¥ET ——
0E"TET ——
T8 OLT —
0Z TLT —
ET BLT —
6]
@]
(o]

7]
=

[3)

<<

o= o

OH

AcO"

3CNMR Spectrum 4.62

Wmmm

200 180 160 140 120 100 80 60 40 20 0 ppm

220

0z 12—

2T 12—
LL 08—
9L 98—
0E" 68—
ZEEE——

se—"

B T6—

TEE—

Ll —
BOLL ——
EV BL—

62 88—

63721

0E"ZET

MeOOC

OAc

OH

AcO”

DEPT-135 Spectrum 4.62

160 140 120 100 80 60 40 20 ppm

180
Figure A.48 3C NMR (100 MHz, CDCls) and DEPT-135 (100MHz, CDCls) of 4.62.

125



£ze’
szg’
Les”
8ro”
Lso”

180
L60

E1T"
961"
[4t48
LT
98"
voE”
E2E”

SEE

ZSE”

99¢
€8E

968"

[40

g1
0EF”
SEV”
osy”
69v°
vo9”
§19°
0Z9"

£E9

269"

LoL

LIL”
62L"
9EL”
LwL”
8sL”
800"
LI0"
LZ0"

BED

PET"

(124
EST

£€91°
891"
Z8T"
ove"
¥EE”
EL6"
986"

660

T1T°

61T
ZZT
1ET
T

PEE”
zSE"
18€°
oL’
6LE"
L6E"
LEY”
1

¥v

ELY”

Z8¥

0sz”

Q
5]
<

"HNMR Spectrum 4.67

T
3.0

pRm

£

(=]
rc!
-

{0

|
e
ala
i

g8”

98"

20

z8°
oo
ST

TTT

o =
N

]
t
L

"Es ——
..w_m.l/

TRL -

.u...wx/f,ﬁ
L=
.hru\\
gL~

“EB

FZT——

2ET

LT —__
wr—"
LT ——

Q
Q
<

3CNMR Spectrum 4.67

SNSRI | B S 1

ppm

1é0 14|10 150 160 BIO
Figure A.49 *H NMR (400 MHz, CDCl5) and *C NMR (100 MHz

T
180

|
200

I
220

CDCls) of 4.67.

126



ST T2,

82° 12
PV —
£L°92—
06—
26 EE——

RE—"

59718 —

€589 ——

T2 Pl —

86" 9L——
58 BL—

LL'EB——

98 FIT——

0" ZET—

9
Q
<

DEPT-135 Spectrum 4.67

ppm

T T T T T
160 140 120 100 80 60 40

T
180

Figure A.50 DEPT-135 (100MHz, CDCls) of 4.67.

o

"HNMR Spectrum 4.68

T i

-1.0 ppm

3.0 2.5 20 1.5 1.0 0.5 00 05
GEREEL
N 1

35

4.0

5.0

A
o
<

100 95 90 85 80 75 70 65 60 55
AW J ”

10.5

[=]
ﬂj
L]

| 9|
b
Lellt-]

[
3]
-

|

)}
N
o

|

|
w
e
o~

J

)

g |

[=[=]
Q=
adled

[
‘q
L]

d

)L
=)
=]

L.

7]
Q
-

||

L
w
e
-

|

@
<
-

|

@
<
a

o
(=]
-

i

|

Figure A.51 *H NMR (400 MHz, CDCls) of 4.68.

127



8s”

T°ZvL

FIT—

L OET—
“ZET——

TOLT—
LT
TPLT——

008 ——

(0]

3CNMR Spectrum 4.68

ol i Lt g

I
ppm

89"
12
149
£T

ZT°
ge-

BT

EL
BL—_

BL—"
€8 —

TPT —

e}
|5}
<

DEPT-135 Spectrum 4.68

20 ppm

140 120 100 80 60 40
Figure A.52 3C NMR (100 MHz, CDClI3) and DEPT-135 (100MHz, CDCls) of 4.68.

160

180

128



I~ 1040 0 40 A0 40 10 %0 40 463 40 41 1) U 1) 40 6 BN N AN AN U N S P R P S S S S 0 0 08 08 08 08 08 00 OO0 08 O 08 08 08 00 08 el e e e ket e e e

"HNMR Spectrum 4.75

0.0 ppm

1.0 0.5
“ r

1.5

2.0

10.0 -2

105

i

€

-
a
1

b=l
i=]
Ll

4

J
o
™
-

.ﬂ'
a
w

‘\

©
<
o

|~
~.|v.
Nl

)1 )

1N

BL”

[1:0
LT

6L"

e

ET'0——

PeT ——

62T ——
TET —

T ——

"OLT —_

00z ——

3CNMR Spectrum 4.75

I

T
ppm

CDCl3) and *C NMR (100 MHz, CDCls) of 4.75.

Figure A.53 'H NMR (400 MHz

129



0.0 ppm

0.5

|
&N
o
o

1.0
)

| |

|
w
~
-]

|

1.5
Ll
| o
g2
L]

ol

20
L
3

L]

™
o

F:Im

25
|
[
Q(N=
CHE R

3.0

35
©
o

OH

E
&
P0— -
L ©
o
99°16 — |
-]
©
LOTPL—0
0L LL—_ o
£6°8L— L
or 78— ©
Q o
O I~
-«
Y
| o
®
o O
FN O
8L PIT — r C,
68 6TT—— L m
BT ZET — s
o
_ -8 S
6L TP — -
[Te)
™
-
n o W
~ —©
< - A
£
=} <t
g TS
o o &
v
™ — -
i -
o e “,
w LL w
o <

ECE

=13

i

(=3
-

g |
130

-

4

o

|

8

wid L

Figure A.55 'H NMR (400 MHz, CDClIs) of 4.69/70.

10.0 9.5 9.0 85 8.0 75 7.0 6.5 6.0

105

"HNMR Spectrum 4.69/4.70



/ NV ) \\l =
AcO™
3CNMR Spectrum 4.69/4.70
T T | T T T T T T T T T T
220 200 180 160 140 120 100 80 60 40 20 0 ppm
OAc Me00C R CHIE
AcO™
SCNMR Spectrum 4.69/4.70
I ' |
| I “ ‘
| |1 | |
] [l
|1l | |
f v | AT
i \ | A
J \ ; ~o N \ - 7
NN MVA,UW\N“\/V AA A WM AV SN
I T T T T T T T 1
74.5 74.0 73.5 73.0 72,5 72.0 71.5 ppm

Figure A.56 *C NMR (100 MHz, CDClI3) of 4.69/70 and *3C NMR (100 MHz, CDCls) of
4.69/70 71-75 ppm showing two distinct diastereomeric alcohols (74.2, 74.1, 72.3 and 72.1).

131



ppm

1.0 ppm

-0.5

ul
0.0

05

1.0
1N

| 1§
wl e

)1
~
L4

15
&

[=]

!

(=]
-

|

")
©

|

99°15 —

o
-

|
(e
h‘F‘“
ey

80

1
100

T
120

26 ¥IT—
¥T 82T ——
TT 26T —
LG GET —

|
140

T
160

180
Figure A.57 DEPT-135 (100MHz, CDCls) of 4.69/70.

DEPT-135 Spectrum 4.69/4.70

J |

33

L

w
o

|

-
-]
-

|
L]
]
o

| |
132

-

(]
o

! ’I
g

f

o

4

]
o

w0
(=]

Figure A.58 'H NMR (400 MHz, CDClIs) of 4.76/77.

OH

"HNMR Spectrum 4.76/4.77



Twwn WMo
Ao Saowma
TCOO L Rl ol
LT CELEEL
(IR B e
Ll Ly

AcO"

SCNMR Spectrum 4.76/4.77

T T 1 T T T T
220 200 180 160 140 120 100 80 60 40 20 0 ppm

o~ o ®
o E) o
- o
- r

—72

DEPT-135 Spectrum 4.76/4.77

[ RN ]\ /
AN AN AN "V\.f‘"\,-f\.,\,-'\/‘ VAR P AN A A ,\/\/‘\,f\/ VAl \" V"'V'"Mf-\f\nf\r”J\‘-J\/'/\'\f“ -

T T T T T T T |
74.5 74.0 73.5 73.0 72.5 72,0 7.5 ppm

Figure A.59 3C NMR (100 MHz, CDCls) of 4.76/77 and 3C NMR (100 MHz, CDCls) of
4.69/70 71-75 ppm showing two distinct diastereomeric alcohols (72.3 and 72.1 ppm).

133



DEPT-135 Spectrum 4.76/4.77

160 140 120 100 80 60 40 20

180
Figure A.60 DEPT-135 (100MHz, CDCls) of 4.76/77.

"HNMR Spectrum 4.70

T T
100 95

T
10.5

&

=
o

o
@®
o~

!

©0
o
o

|

|
]
w
o

|

©
o
o™

8

o
-
el

|

X
<
r-1

) 1)
IO[I\-
Qi

|

=
]
o~

=1

(=]
=]

Figure A.61 *H NMR (400 MHz, CDCls) of 4.70.

134



S e e b w (:\zlmc zlf.| ¢|:| ‘\\‘ (‘Iq/jv j.q.ju .I-q
‘ | | NS
SCNMR Spectrum 4.70
I I I I I | | T I T I T T
220 200 180 160 140 120 100 80 60 40 20 0 ppm

AcO"

3CNMR Spectrum 4.70

A ) |
o\ VAR

LN eV A ~ A N A Ao\ w YV N N A . A A A

A J;\"\r"'r\ CAaVAV: v /aad WV RV Y ALWION W ‘\‘-L "/"-J/ﬂ WAVARS v/f W W\ j‘f\'ﬂka v \'\A;' gl a Y W NN

I T T T T T T T 1

74.5 74.0 73.5 73.0 72.5 72.0 71.5 ppm

Figure A.62 *C NMR (100 MHz, CDCl5) of 4.70 and **C NMR (100 MHz, CDClIs) of 4.70
71-75 ppm showing a single diastereomeric alcohol (74.1 and 72.2).

135



99° 16 ——

BT 2L —_
80 PL-—
18°8L
T6'BL—

C8'E8 ——

76 92T ——
P 82T ——
TT'ZET——
LS SET——

DEPT-135 Spectrum 4.70

160 140 120 100 80 60 40 20 PpPmMm
Figure A.63 DEPT-135 (100MHz, CDCls) of 4.70.

180

OAc

"HNMR Spectrum 4.71

JU

4.0 ppm

100 95 8.0 a5 8.0 7.5 7.0 6.5 6.0 6.5 5.0 4.5 4.0 a5 3.0 25 2.0 15 1.0 0.5 a0 05
J

10.5

1.0

]
<9

©
~
w

L

LS
LET
vie
8L¢gh

s

|
~
o f e

Figure A.64 *H NMR (400 MHz, CDCls) of 4.71.

136



SN

06 ¥ZT
PTOET—
0L 0ET—=
§1°2€T—

T8 OLT ~
59°0LT —
TP ——

OAc

3CNMR Spectrum 4.71

ko)
Q
<

cmmrnomiirmssbosamsundHosracd e,

T
ppm

40

T T T 1 T T
200 180 160 140 120 100 80

T
220

96 EL—

BLUBL—
0 6L—
95 °E8 ——

LB PIT—
2T 0ET—,

L9 0ET—=
2T ZET—"

OAc

DEPT-135 Spectrum 4.71

20 ppm

140 120 100 80 60 40
Figure A.65 3C NMR (100 MHz, CDCls) and DEPT-135 (100MHz, CDCls) of 4.71.

160

180

137



"HNMR Spectrum 4.76

E
=
a
=]
=}

10.0 95

105

LT”
sZ°

re
£L
S8

aT”
08"
IT°
Ls”
8g”
z9°
e’

89"

¥6
8e"
90"
96

v
12 -
i £ AN

.wm//.
AN
5% —=
9% —

TPl —

LZT —
ZET ——

TEET —

13CNMR Spectrum 4.76

renedusondbomm il

ppm

20

40

60

80

100

120

40

1

Figure A.66 *H NMR (400 MHz, CDCls) and C NMR (100 MHz, CDCls) of 4.76.

60

1

80

00 1

2

220

138



74.24

72.12

3CNMR Spectrum 4.76

I
] A L
Ao MAN | ‘mﬂ". AP |‘|\' A ‘/\f.‘ A w / '\I f . .‘\"\‘
\N',\/\V\w" Vi L\'J v "'//\‘v'm\\"‘ W L\”N‘v’ b \‘N\’\;" s qu\ w‘”mj\‘\ﬂ'mw "\ /j \M\f V\MWJV“&-’W”‘ y '\u\/
v \/ 1%
I T T T T T T T 1
745 74.0 73.5 73.0 72.5 72.0 71.5 ppm
Figure A.67 *C NMR (100 MHz, CDClI3) of 4.76 71-75 ppm showing a single diastereomeric
alcohol (74.2 and 72.1).
| | | FY L SN .4///
AcO™
OH
DEPT-135 Spectrum 4.76
I
T T T T T T T T T T
180 160 140 120 100 80 60 40 20 ppm

Figure A.68 DEPT-135 (100MHz, CDClIs) of 4.76.

139



605
g8’
¥99”
Z89°
0oL

&1L

8EL”
098"
898"
e’
588

z68"
106"
606"
LI6"
856

¥LE
086"
966"
900°
210
BZO
6E0
890
S80
zZ0T
61T
122
sre
z292Z
08z

E0E
TEE
ore
S8F
00s
LEE]
Lo
z60
01T
92T
SET
ZFT
18T
€02
ziz
ez
Y44
LLY
16¥
vos
81s
L19
£€9
559
ZL9
FLL
68L
z18
:k4:
09z

TS

L

"HNMR Spectrum 4.72

0.0 ppm

05

4.5 4.0 35 3.0 25 20
‘\W
~

il

5.0

5.5

75

9.5

=
o™

L
%
&
-

) )
of=fw
""‘:".r"
MmN

)

]
o
-

L’

9z

6E"
81"

113

T8 ——

‘T
T
9L
L
LL —

e
‘08—

‘98—

9ZT ——

BET ——

TET—
9ET —

PLT——

6
SCNMR Spectrum 4.72

BRI |

ppm

20

60
CDCls) of 4.72.

180 160 140 120 100 80
Figure A.69 *H NMR (400 MHz, CDCl5) and *C NMR (100 MHz

200

220

140



ppm

o
.
040 O8O e 08 0 e e

L
[

0.0 ppm

0.5

2.0

25

.0

35

ST EL—_
18 €L—
68°9L—
£8°08 — B

80

PL98 ——

T
100

T
120

4.0

4.5

5.0

141

55
=) c:ju:‘

6.5 6.0

7.0

DE"98T ——
LO"6ET —
EV TIET —

ETT9ET—

T
140

T
160

I
180
OH
"HNMR Spectrum 4.73

Figure A.70 DEPT-135 (100MHz, CDClIs) of 4.72.

DEPT-135 Spectrum 4.72

| J\\ 1
10.0 9.5 9.0 8.5 8.0 7.5

105

Figure A.71 *H NMR (400 MHz, CDCls) of 4.73.



OH
3CNMR Spectrum 4.73
I I I I I | I | I I 1 I I
220 200 180 160 140 120 100 80 60 40 20 0 ppm
1 ERRRY \V
OH
DEPT-135 Spectrum 4.73
|l
1 i 11
T T T T T T T T T T
180 160 140 120 100 80 60 40 20 ppm

Figure A.72 3C NMR (100 MHz, CDCls) and DEPT-135 (100MHz, CDCls) of 4.73.

142



"HNMR Spectrum 4.79

)

)

0.0 ppm

1.5 1.0 05

2.0

|

35 3.0 2.5

[

wn
-
L]

10.0

10.5

)|
-
@
2

) |

)|
~
@
0|

-]
e
o

1)
=
-
(]

)

~
N
-

|
[v)
AR
o

o) -
-l
e

=)
4
-

1|
)|
|

[]
m\‘
-]

’

~
(=1
-

|

=]
<
-

iL”

L

T —
‘22

v
.mNW
9% ——
.
‘2 —
TEE—~7
"9
“LE

o

i\
‘.hhx

‘6L
L ———

92T ——

8ZT —
2ET ——

TPET ——

PLT ——

3CNMR Spectrum 4.79

S -

ppm

T T T T T T
180 160 140 120 100 80

I
200

T
220

CDCls) of 4.79.

Figure A.73 *H NMR (400 MHz, CDCls) and *C NMR (100 MHz

143



€27~
PO EL—

28'SL——
oL’ 6L —

PSLB——

27921 —
B9 82T —
6L ZET ——
ELPET—

DEPT-135 Spectrum 4.79

160 140 120 100 80 60 40 20 ppm
Figure A.74 DEPT-135 (100MHz, CDCls) of 4.79.

180

OH

"HNMR Spectrum 4.81

Lol Jut ]

0.0 ppm

0.5

<=

3.0

3.5
m‘ﬁ
o=

4.0

5.0

0
w

6.0

0.0

9.5

10.0

jl

m’|
{2
0

(]
(3]
L3

3}

oy

w
(]
(3]

=
]
P~

i

Te]
o
o~

{

1)
@
=]
o

-
o
-

s

-
|

!

o
(=]
-

8

00|

1.

ol

L

o
Q
-

6

]

(@
=i

-
(=]
L]

|

(=]
(=]

Figure A.75 *H NMR (400 MHz, CDCls) of 4.81.

144



8 ZL—,
¥9UEL-N

P8OL -

8y LLSY
TL 6L
S9°LB—

LT 92T -
ZL BZT-
TF ZET-
L PET -

Er Pl ——

3CNMR Spectrum 4.81

— W

T T T T T
180 160 140 120 100 80

T
200

\
220

LE'E

¥9°E
LB'EL—
TL76L-

59°L8

L2921 —
L BT —
TrZET——
9L PET—-

DEPT-135 Spectrum 4.81

ppm

T T T T
160 140 120 100 80

T
180

Figure A.76 3C NMR (100 MHz, CDCls) and DEPT-135 (100MHz, CDCls) of 4.81.

145



"HNMR Spectrum 4.8

£
&
Lo
o
i
ra
— Ao
-D.\wmn
— 185
[ oy
T
—.see
Lo Z60L
T84
“ore
[w ™
™
[o
o
0w — a1
ro L0 SE'ZTL,
LY TEL-N
mw.wh./u
L2 ¥89L )
T -
AT w',.hhul\;v.
LI'L LE LL—7 ~
Lo —  eriit/
< LE 08~
6E°38
Lo
I’
L2 —80e
e’k
e
o =o'}
ra
s 29°92T—— _
M@ ST 62T —
EP TET——
TLTSET
Lo
N
L@
N
o
M@
L@
o
BELLT —
Lo
>
Lw
B
=]
re
L]
re

6
3CNMR Spectrum 4.8

SNSRI 1 1

I
Ppm

T I I I I I
200 180 160 140 120 100

I
220

Figure A.77 *H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDCls) of 4.8.

146



7991 —

PT 62T ——

rIEl—

0L SET——

OH
DEPT-135 Spectrum 4.8

pPpPmM

160 140 120 100 80 60 40 20

180

Figure A.78 DEPT-135 (100MHz, CDClIs) of 4.82.

OH

"HNMR Spectrum 4.74

MJJU M v

0.0 ppm

05

3.0 25 2.0
|

=

ﬂq

35

75 7.0 6.5 6.0 55 5.0 45 4.0
=
ﬂ#
o

8.0

10.0 8.5 8.0 85

10.5

)

|
o
@
@

2

5

|
—|w
©|©
™[O

3

|
=)
pd
=]

8

-
<@

’

Figure A.79 *H NMR (400 MHz, CDCls) of 4.74.

147



BT

13-4

LE"

Z8°

ST
vL

LN

T

TEET —

¥Z N\

ze "
“5g 7
LES

ZE_——=

T9TT —

BET—
TET—

LLT ——

OH
13CNMR Spectrum 4.74

SR N 1 RV A

|
ppm

40

T T T T T T
200 180 160 140 120 100

T
220

81"
7
™
LT 62—
£E"
28"
§1° 26—
L 25
5"
0"

b8’
0s’
6L°
LT

T

| A E—

2
-\
b2\

e

9z -
-
ZE-

9E—~7
LE~

TL—_

EL—
9L —
m—

98—

PE 92T —
LS 62T ——
LY TET—
LO"SET—

DEPT-135 Spectrum 4.74

Ppm

I T I T T
160 140 120 100 80

|
180

Figure A.80 3C NMR (100 MHz, CDCls) and DEPT-135 (100MHz, CDCls) of 4.74.

148



"HNMR Spectrum 4.80

10.0 8.5

10.5

!

L
)
=]

I
57 #

|

3

©
-
-

:

PE9ZT —
B6°8ZT

ESPET ——

65 LLT——

3CNMR Spectrum 4.80

B

T
ppm

\ T T T T T
200 180 160 140 120 100 80

\
220

Figure A.81 '*H NMR (400 MHz, CDClI3) and **C NMR (100 MHz, CDClIs3) of 4.80.

149



8P ZL—
ELR S —
P9 SL—
¥ 6L ——

96°98 —

PRISTT —
86 82T —
T0 2ET —
ESTPET —

DEPT-135 Spectrum 4.80

ppm

T T T T T
160 140 120 100 80

180
Figure A.82 DEPT-135 (100MHz, CDCls) of 4.80.

OH

"HNMR Spectrum 4.82

JMLMM

-1.0 ppm

T
-0.5

T T
100 95

T
10.5

1.0

)\
-
=]
o

|
=1
o
-

JEEEE

T

o™
2| e
-

Figure A.83 'H NMR (400 MHz, CDClIs3) of 4.82.

150



L¥ 92T —_
EL BZT—
66 TET
TLOPET—

SCNMR Spectrum 4.82

B 1.

ppm

200 180 160 140 120 100 80 60 40 20

220

81"
rL
£9°
Lt
08"
s8°
2
Lie
TE"
[

LA
09°E
Gl ——
8y’

ZL

6T

T —

[44
¥z
MNHV.
97 —
1€
2E—
EE

LE

L
EL—

6L—

Lg——

Lt 92T —
L' BET —
00" ZET —
TLPET —-

DEPT-135 Spectrum 4.82

m

160 140 120 100 80 60 40 20 PP

Figure A.84 3C NMR (100 MHz, CDCls) and DEPT-135 (100MHz, CDCls) of 4.82.

180

151



0s0

8S0°
vLE
6¥0"

(4:34
8%
88k
108
8IS
09%
L8
£09
809
919
rZs

1€9°
ors”
STL
8zL’

EEL
TvL
9pL
6SL
ZLL
108
rog
SI8

8T8

144

190"

BE¥
StF
BFF
FS¥
6ZS
9€ES
44
¥6E
e0vr
SZr
osr

oLy’
LBY"
€0§"
1:1

33
ot9
129
oF9
B6L
Log
1413
:11:
S06
€06

99¢g"
TLE"
08E"
e

¥60
60T
FET
oge
Z88
LET
09z
962
11
Sit
0Ze

11
6SE"
9LE”"
BLE"

€6E
96E
0TF
Las
0zZw
BEF
€LS
BLS
S6S
&r9

159"
599"
L9g’

* opPmB

h

OMe

(o
(0}
OTBDPS

[0)

P
AN

(0]

TBSO""

"HNMR Spectrum 4.85 S

h

M

ppm

0.0

10.0 9.5 9.0 8.5 8.0

10.5

ooz

¥8'6
=852

—ELt

81"

® opmB

(

OMe

(o
O
OTBDPS

[0}
[¢)

Ph
AN

TBSO"

3CNMR Spectrum 4.85 S

i

ppm

40 20

60

200 180 160 140 120 100

220

Figure A.85 'H NMR (400 MHz, CDClIs) and *3C NMR (100 MHz, CDCls) of 4.85 S.

152



8"

(4]

65’

14
68

16"

86
10

43

1

8s

65"

£9
(A

£6°

(48

LB

Lg"
LS

13
38
1L

OMe

(o

0]

Lk

b

98-
65—

e —

69—
L

9L
8L——

LB——

ETT——

LZT
87T~

62—

_mﬁ”&.
‘621

SET—"

Ph

[0)

A\

(o)

TBSO""

OPMB

3

OTBDPS
DEPT-135 Spectrum 4.85 S

160 140 120 100 80 60 40 20 ppm

180
Figure A.86 DEPT-135 (100MHz, CDCls) of 4.85 S.

* opPwmB

OMe

(o
(0]
OTBDPS

[0}
O,

CF,
AN

TBSO"

THNMR Spectrum 4.85 R

0.0 ppm

0.5

1.0

10.0 a5 9.0 8.5 8.0 7.0 6.5 6.0 55 5.0 4.5 4.0 a5 3.0 25 2.0
L
w
-
o™

10.5

|

I
Figure A.87 *H NMR (400 MHz, CDCl;) of 4.85 R.

Iy

©
o
=

Il
=
)
o

,ﬁv
(1
0N
=y

|

153



OPMB

3

(o
(o]
OTBDPS

TBSO"

"CNMR Spectrum 4.85 R

R A T

T
ppm

T T T T \
180 160 140 120 100 80

T
200

T
220

85"
§g°

29"

TE

28’
06"
66"
z0°

18"

v

oL

6E
£9°

99
06

6"
oL’

£9°

06"

597
¥8’
L8
1€
e
85"
98"
ZL’

BTT -y

L
b

BT -
T
52—
§2-—u

mm..._mm
62

IE —

S5
S~

P9 —
69
2L
Y p—
SL-—
LL ="

LB ——

ETT —

12T~
L2\
LZT-

6217
621/

6ZT
SET

* opmB

OMe

o
(0]
OTBDPS

O,

0
CF4
AN

TBSO""

DEPT-135 Spectrum 4.85 R

ppm

40 20

60

140 120 100 80
, CDCls) of 4.85 R.

160

180
Figure A.88 1*C NMR (100 MHz, CDCl3) and DEPT-135 (100MHz

154



65"
LLv”
¥BEF-
L6V
SIS
¥ag”

98%

Z09°
919°
EZ9”
TE9°
6E9 "
LEL"

ZLL

PLL®
6BL"
E08”
BED®
¥¥0°
950"

890

ELDE
wET"
158"
98T"
STV’
oFF"
wESC
0552
9gg”
BBE”
LU
0E¥F”
9657
LS9
939"
LISy
LEL"
958"
988”°
0T1E”
9ZE"
80%F"
ZLW"
98r”
ERES
ast”
ELE
6BE”
098"
288"
9ET”
0sz”
S0E°
EZE”
TFE"
65E°

ZLE

EBE”
06t
oowr”
Low”
L4
%9
%9 "
859"
T39°
L
L39”
FLY
LLS”
189"

res

o

J

0

J

O
%]
m
[

"HNMR Spectrum 4.88 R

A

4.5

Ppm

0.0

0.5

25 2.0 1.5

3.0

a5

4.0

5.0

6.0

7.0

7.5

8.0

9.0

9.5

[}
=
O.

CF3

o

TBSO"

3CNMR Spectrum 4.88 R

A .

T T \ \ T T
180 160 140 120 100 80 6

T
200

T
220

Figure A.89 *H NMR (400 MHz, CDClI3) and *C NMR (100 MHz, CDCls) of 4.88 R.

155



L9 hm
R

65 8T -
2 1Z—
£8' 42~
09°67 —
€697
00" 62"

L0°6E——
98" LE —

{

1l

6£765 -,
EL'SE
§8°65

1969 -
§9° 2L~
18° 2L —
9T 9L —
0y BL—"

Vol

68 ETT ——

6L LZT
£8°L2T )
Dm_mﬁ%
ZE BT~
90 6T —7
8L 62T
S_m:.‘\
OL°SET
6L°GET

OMe

»—Ph

DEPT-135 Spectrum 4.88 R

ppm

20

140 120 100 80 60 40
Figure A.90 DEPT-135 (100MHz, CDCls) of 4.88 R.

160

180

BED”

L¥OD

rLE"

0c0

96¥F "

Fis

918"

(443

GES”
Z86°
9z9”
6EG”

Lve

£99°
ZL9”
-1

FOL

860"
Z0T"
oTT”
SIT°
EET”
616"
¥Zs”
6257

9ES

Z¥s’
009"
909"
Z19°
LT9"
S6E"
Tir"
9ZF”

LBS

[

veo

0E9”
aLL”
88L"

L6L

LOB"
ZTT"
6ET”
9sZ”

ZLe

90F"
T4
BER”

(414

§o9F”
9LE”
BBE"
E6E"

FOF

60F"

2r

;11

€98

rLe’

6LB

EE€T”
| 4T
08"
60E"

ETE

STIE”
ZZE"
LZE®

FEE

18€°
osE”
TLE"
06€E "

Tor

LOw"
Zer”
LZF®

919

zze’

SE9

159"
969"
099"

L9

9L9”
089"

"HNMR Spectrum 4.88 S

ppm

0.5 0.0

.0

2.5 2.0

3.0

6.5 6.0 5.5 5.0 4.5 4.0

7.0

10.0 9.5 8.0 8.5 8.0

105

659

oL

-z

Figure A.91 *H NMR (400 MHz, CDCls) of 4.88 S.



L9 o= —
65 b= —

00°8T -,
£578T -\

9ET6T N

\

TP SZ
99752 —3

E.mmk\n
v6°9Z 7/

z0'6z - _
607 LE —

zg et

SCNMR Spectrum 4.88 S

T
ppm

T T T T T T
180 160 140 120 100 80

T
200

T
220

L9’
65"

£
0z’

23"
Z0°

0T'L

63"

BT ——
17—
sz —
62—

o
N
]
[

DEPT-135 Spectrum 4.88 S

ppm

160 140 120 100 80 60 40 20

180

Figure A.92 ©*C NMR (100 MHz, CDCl3) and DEPT-135 (100MHz, CDCls) of 4.88 S.

157



6EE
cve
LS8’
£98°
898"
vig”
088"
S88°
168"
Loe”
LT
89g"
BLE"
v8Z "
06z "
vZe”
€EE”
6EE "
6pS”
BLY "
169"
goL”
SIL”
ozL”
LzL”
DEL"
LEL®
WL
osL”
950"
L0

40 20 ppm

60

€80°
£60°
80T
62"
80¢
0zZE"
TEE"
PRE”
EGE"
f4 1
ELE"
1se”
TES”
SFS°
L
£99°
€L9
vot”
LAY
LTIT
Lr4
LZT”
LETS
ZER”
LEV"
E¥F°
198"
898"
vig”
088"
988"
086
066
000
SLE"
LLE”
EBE "
Py
€50 °

Lobend )y

- §6'S9T ——
F o €57 0LT —
-]

TOLT —
LD FLT ——

NMITTITTTDT LD DT T DT OO0 00000000

nwn
[
[l
@

00 0w o
L

L)
ELY”
98F
L1:24
160
£99
L99
SL9
o0se
68€E
ZEE "
LEE"
T0F "
YER "
o0& "
Los”

CsHyy
CF3
T
9.5

T
10.5

"HNMR Spectrum 4.89 R
100

[ T R T

MRG0 0 90 0 6

o) [e)
° 5]
< <

100 80
158

120

140

180 160
Figure A.93 *H NMR (600 MHz, CDClI3) and *C NMR (125 MHz, CDCls) of 4.89 R.

200

3CNMR Spectrum 4.89 R
220




59°
297

(1
09°
9e"
00"
8z"

09

16"
[A
158"
9¢

oL’
114
90

6TT—=

hﬁ/

BL—7
‘78—

et

L2\

87T -

621

_5\
“ZET

DEPT-135 Spectrum 4.89 R

70 60 50 40 30 20 ppm

80

130 120 110 100 90

140
Figure A.94 DEPT-135 (125 MHz, CDCls) of 4.89 R.

170 160 150

S99
zeg

E¥8

vse

898"
088"
168"
Tor”
PLT”
Loz”

1zz

9zz"
EET”
B¥Z"
§§2°
esez”
L
LET"
EEE”
PO
x4
9¥s”

99%

4: 15
965"
109°
809"
ET8°
0Z9°
§99°

BLY

063"~
EoL”
STIL”
6FL"
gGL”
LSO"

830
ELO
580
880
960
80T
¥eT
LOg
oze
o¥E
ESE
99¢
9LE
88€
EES
198
SET
6FT
BS¥
¥I¥
oLy
016
LT6
226
826
6LE
€86
666
vLE
Z6E
65¥
LY
LY
6LV
ey
68%
65L
FLL
LLL
08L
o9z
oge
LBE
€8¢
S6€
86E
¥0S
0TS
LTS

CEREEEEERANNRANDNANN NS S T T I I T T I I FTAOANNHNNANNNNNNNNNNAddd A dddddddddddddddddddddddcoooo

10070,
0N

OMe

CsHyq
OMe
Ph

o
Oé\f.
CF3
"HNMR Spectrum 4.89 S

<)
5]
<

LL ULM_MJM\JL_

Figure A.95 *H NMR (600 MHz, CDCls) of 4.89 S.

T
10.0 a5

T
105

159



88°PIT -
BYLET -

16 82T -\
mv.mm‘.um./en
TL 62T —
wm.ﬁm‘,w\\.wu
LO"ZET S/

LS ZET

CsHyq
OMe
Ph

o
O)\‘;.
CF4

3CNMR Spectrum 4.89 S

AcO

T

ppm

T T T T T T
200 180 160 140 120 100 80 60

T
220

L
LA

13
¥

£S5

18

90

g8’

[

%"
¥a'
30°

LEN
LS

LAt

12—

1Z-)
7z

.:UV.
9z
67 ——

7~
1€ 7
EELSY
ge )/
ve-~

15—
1

DEPT-135 Spectrum 4.89 S

T T T T T
60 50 40 30 20

70

80

Figure A.96 3C NMR (125 MHz, CDCls) and DEPT-135 (125 MHz, CDCls) of 4.89 S.

T T T T T T T
150 140 130 120 110 100 90

170 160

Ppm

160



