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Arachidonic acid (AA, 4, Figure 1) is a 20:4 (ω-6) fatty acid with a 20-carbon chain
and four cis-double bonds, and the esterified form of AA in phospholipids can be
enzymatically liberated by phospholipases (PL) and subsequently metabolized into a variety
of physiologically important mediators known as eicosanoids (Figure 2). One of the most
important eicosanoids is 5-oxo-6,8,11,14-eicosatetraenoic acid (5-oxo-ETE, 17). The 5-oxoETE (17) is the most known potent chemotactic factors for human eosinophils, and it can
stimulate the late-phase asthma attacks.1 To determine how the biosynthesis of 5-oxo-ETE
is regulated, so as to determine its pathophysiological roles in the late-phase asthma attack,
we designed and synthesized affinity chromatography ligands for the purification of 5-
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HEDH (Figure 2). Also, because of the potent activity of 5-oxo-ETE, we designed and
synthesized a series of 5-oxo-ETE receptor antagonists for the asthmatic disease (Figure
2). This dissertation describes the studies I have accomplished.
In addition to the enzymatic pathways, radical reactions are another important
transformation pathways of AA (4, Scheme 1). The reaction between reactive oxygen species
(ROS) and AA produces isoprotanes (iPF2α, 21, 25, 29, and 33, Scheme 1), which are
important biomarkers of the severity of oxidative stress.2 It is now widely accepted that the
iPF2α could be a specific, sensitive, and selective biomarker for measuring the severity of
AD.2a, 2c, 2d, 3 This dissertation describes a novel strategy for the synthesis of iPF2α, which
allows the development of a reliable diagnostic assay for AD.
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Chapter 1
Introduction: The Enzymatic and Non-Enzymatic
Transformations of Arachidonic Acid
1.1 Poly Unsaturated Fatty Acid
Poly unsaturated fatty acids (PUFAs) are a series of biologically important organic
molecules with a flexible unsaturated aliphatic carbon chain and a carboxylic acid terminal
(α-end, Figure 1). Unlike saturated fatty acid, which can be synthesized from the
carbohydrates in the presence of the type I fatty acid synthase (FAS I), PUFAs are usually
synthesized from two essential fatty acids known as linoleic acid (1) and α-linoleic acid (5,
Figure 1). As shown in Figure 1, linoleic acid (1) is an ω-6 (first double bond in the sixth
position from the ω-end CH3 carbon) fatty acid with 18 carbons and 2 unsaturated double
bonds (18:2). During the enzymatic synthesis of PUFA, such as arachidonic acid (AA, 4),
linoleic acid (1, 18:2, ω-6) undergoes a desaturation process by the fatty acid desaturase 2
(FAD2) and generates γ-linoleic acid (2), which is an 18:3 (ω-6) fatty acid. In the presence
of the fatty acid chain elongase 5 (ELOVL5), γ-linoleic acid (2) can further react with the
malonyl coenzyme A (malonyl-CoA) to extent the chain length to 20 carbons, generating the
20:3 (ω-6) fatty acid 3 after a series of complex enzymatic reactions.4,5 The desaturation of
the fatty acid 3 by FAD1 generates AA (4) as the product. The ω-3 PUFAs, such as
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eicosapentaenoic acid (EPA, 8) and docosahexaenoic acid (DHA, 9), can be generated in a
similar manner from α-linoleic acid (5, 18:3, ω-3) as described in Figure 1.
Normally, the PUFAs are not stored as a source of energy for the aerobic tissues,
and research supports that the PUFAs are absent in the human fat tissue.6 Indeed, once the
PUFAs are formed, most of them are converted into membrane phospholipids. It has been
well demonstrated that the cis-double bond configuration of the PUFA produces a bend in
the phospholipid molecule, and consequently introduces stability, fluidity, permeability, and
elastic compressibility to the biological membranes.7 Also, the PUFA derived membrane
lipids are precursors of molecules involved in the modulation of cell growth, inter- and
intracellular communication, protein function, and gene expression.8 Some of the important
molecules derived from AA (4) will be described in detail in the next section (Figure 2).

3

Figure 1. The enzymatic synthesis of PUFAs. In human body, the AA and DHA are synthesized
from linoleic acid (1) and α-linoleic acid (5) respectively.

1.2 Enzymatic Metabolites derived from Arachidonic Acid
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As mentioned in the previous section, arachidonic acid (AA, 4, Figure 1) is a 20:4
(ω-6) fatty acid with a 20-carbon chain and four cis-double bonds, and it is abundant in
cellular phospholipids. The esterified form of AA in phospholipids can be enzymatically
liberated by phospholipases (PL) and subsequently metabolized into a variety of
physiologically important mediators known as eicosanoids (Figure 2). These eicosanoids
play important roles in a variety of pathological conditions, including inflammatory diseases,
allergic diseases,9 cardiovascular diseases, and tumor diseases.10 The oxidative
metabolization of AA into eicosanoids has three main pathways. The first one is
cyclooxygenases (COX 1 and COX 2) pathway (Figure 2), in which AA is converted into a
very unstable endoperoxide 14, and it is further transformed into prostaglandins (PGD2,
PGE2, PGF2α, PGI2) and thromboxanes (TXA2, TXB2). The second pathway involves
cytochrome P450. The third one is the 5-lipoxygenase (5-LO) pathway, and it has been well
demonstrated that this pathway plays an important role in asthma disease.11 In the presence
of 5-LO activating protein (FLAP), 5-LO oxidizes AA into 5-hydroperoxy eicosatetranoic
acid (5S-HpETE, 10), which is further metabolized to leukotrienes (LTs, 12 and 13). The 5SHpETE (10) can also be metabolized by peroxidase into 5S-hydroxy-6,8,11,14eicosatetraenoicacid (5-HETE, 16), which is then metabolized by 5-hydroxyeicosanoid
dehydrogenase (5-HEDH, Figure 2) in the presence of nicotinamide adenine dinucleotide
phosphate (NADP+), and produces 5-oxo-6,8,11,14-eicosatetraenoic acid (5-oxo-ETE, 17).
The 5-oxo-ETE (17) is the most potent chemotactic factors for human eosinophils, and it
stimulates the late-phase asthma attack.1 To determine how the biosynthesis of 5-oxo-ETE
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is regulated, so as to determine its pathophysiological roles, we designed and synthesized
affinity chromatography ligands for the purification of 5-HEDH (Figure 2). Also, because
of the potent activity of 5-oxo-ETE, we designed and synthesized a series of 5-oxo-ETE
receptor antagonists for the asthmatic disease (Figure 2). This dissertation describes the
studies we have accomplished.

Figure 2. Enzymatic oxidation of AA, and the enzymatic formation of 5-oxo-ETE. In this
dissertation, we describe the development of 5-oxo-ETE antagonist, and the synthesis of an affinity
chromatography for the 5-HEDH enzyme.
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1.3 The Formation of Isoprostanes: A Non-Enzymatic
Oxidation of AA
In addition to the enzymatic pathways (Figure 2), radical reaction is another
important transformation pathway of AA (4, Scheme 1). Because of the skipped double

bonds structure, AA is labile to reactive oxygen species (ROS) generated in the process of
oxidative stress and the reaction between ROS and AA produces isoprotanes (iPF2α, 21, 25,
29, and 33, Scheme 1), which are important biomarkers of the severity of oxidative stress.2
The mechanism of the iPF2α formation is shown below (Scheme 1). In the initial step, the
skipped double bond structure of AA makes the hydrogens at the C-7, C-10, and C-13
positions (4, Scheme 1) available to be abstracted by ROS, and leave a radical electron on
AA. The sequential radical electron can further attack its adjacent double bonds, and
generates four different intermediates (19, 23, 27, and 31), which can undergo ring
cyclization and further produce four different groups of iPF2α (21, 25, 29, and 33), depending
on the positions and directions of the radical attack (Scheme 1).
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Scheme 1. Transformation of AA through radical reactions. AA can react with ROS at three
different positions and generate four groups of iPF2α.

Accumulating studies demonstrate that the formation of the iPF2α through the ROS
pathway leads to cell damage.12 In the event of oxidative stress, the ROS, which is generated
from the pathological oxidation reactions, attacks the phospholipid and converts the AA
molecule into the iPF2α. As it is shown in Figure 3, the iPF2α molecule has three polar
hydroxyl groups, a rigid cyclo-pentane structure, and a completely different conformation
comparing to the AA molecule. These extensive changes in the molecular structures of the
membrane lipids can cause damage to the fluidity and integrity of cellular membranes, and
eventually cause severe cellular dysfunction or death (Figure 3B).12b It is now widely
accepted that the formation of ROS in brain is closely associated with the neuron
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degeneration during the progress of the Alzheimer's disease (AD),13 and that the iPF2α could
be a specific, sensitive, and selective biomarker for measuring the severity of AD.2a, 2c, 2d, 3
This dissertation describes a novel strategy for the synthesis of iPF2α, which allows the
development of a reliable diagnostic assay for AD.

Figure 3. The formation of iPF2α on lipid membrane. Panel A shows the structure of an AA derived
phosphatidylcholine molecule, and the formation of iPF2α on the lipid molecule. Panel B shows the
formation of iPF2α on the lipid molecule cause membrane damage, and further lead to cellular death.

Chapter 2
Design and Synthesis of 5-Oxo-ETE Receptor
Antagonists
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2.1 Eicosanoids and Asthma
2.1.1 Leukotrienes
As it is shown in Figure 2 (Chapter 1), the AA can be enzymatically metabolized
into many types of eicosanoids with important biological activities, and one series of
eicosanoids is known as the leukotrienes (LTs). The LTs, especially the LTD4 (34, Figure
4A), exert their actions principally through the cysteinyl leukotriene receptor 1 (cys-LT1),
and stimulate bronchoconstriction and vascular permeability in asthmatics (Figure 4A). The
critical role of leukotrienes in an asthma attack has necessitated the development of cys-LT1
receptor antagonists, such as Singulair® (35, Figure 4).14 However, a clinical study
discovered that although the cys-LT1 receptor antagonist can suppress immediate asthmatic
reaction by 80.5%, it is much less effective in the late phase asthma attack (Figure 4B).15
This result indicates that the LTs are not the only chemotactic factors in asthmatics, and that
in order to develop a new medicine to improve the treatment of asthma, it is highly desirable
to understand the mechanism of late phase asthma attack.
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Figure 4. The early phase and late phase of the asthmatic reaction. LTD4 triggers asthma attack
through the cys-LT1 pathway, which can be inhibited by the cys-LT1 antagonist (Panel A). Cys-LT1
antagonist suppresses allergen-induced responses in human (Panel B): the blue curve shows the early
and late phase asthma attacks; the orange curve shows the cys-LT1 antagonist inhibits the early phase
with little effect on the late phase bronchoconstriction.

2.1.2 5-Oxo-ETE
In the past ten years, many studies have shown that the eosinophils infiltration in the
lungs after an immediate asthma reaction plays a role in the pathogenesis of late phase
asthma.1,

16

Recent data indicates that the 5-oxo-ETE (17, Figure 2) is the most potent
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chemotactic factor, which is not inhibited by cys-LT1antagonists, of human eosinophils.1, 16a
Further studies found that 5-oxo-ETE stimulates a variety of responses in eosinophils
including cell migration, tissue infiltration, calcium mobilization, actin polymerization,
surface expression of CD11b, and shedding of L-selectin (Figure 5).1, 16a Also, results from
a human skin study indicate that the 5-oxo-ETE induced eosinophil responses are the causes
of the migration, infiltration, and accumulation of eosinophils in the lung during the late
phase asthma attack(Figure 5B, C).17 Moreover, a clinical study found that the 5-oxo-ETE is
produced locally in the airways and simultaneously decrease the peripheral blood eosinophil
count during a late-phase asthma attack.18 Their results also indicate that the significantly
increased concentration of 5-oxo-ETE in the lung is correlated with the severity of the
subsequent late asthmatic response.18 Based on the above in vitro, in vivo, and clinical
studies, it is clear that the 5-oxo-ETE plays an important role in the pathogenesis of the late
phase asthma. Thus, the design and synthesis of 5-oxo-ETE antagonists can potentially lead
to a new therapeutic method to stop the symptom of asthma.
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Figure 5. Effects of 5-oxo-ETE on the eosinophils (Panel A); in vitro chemotaxis effects of 5-oxoETE: Panel B is normal skin; Panel C shows the accumulation of eosinophils after intradermal
injection of 5-oxo-ETE.

2.2 Rational Designs of the 5-Oxo-ETE Antagonists
In this section, we applied different approaches in the development of the 5-oxoETE antagonists. Firstly, we designed some molecules (38, 41, and 44, Figure 6) based on
the computational calculations, but none of these compounds was active (Section 2.1.1). We
then studied the structure-activity relationship of the 5-oxo-ETE molecule, and we identified
the essential structures that are required for the activity (Section 2.1.2). Based on the essential
structures, we developed two series of indole based antagonist with activities at micro-molar
range (Section 2.1.3). Section 2.2 describes the rationales of our designs and details in the
development of two lead compounds.

2.2.1 Computational Design of the Lead Molecules
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To design the antagonist of the 5-oxo-ETE receptor, our group has conducted a
computational study on the structure of 5-oxo-ETE. Based on the heat of formation (ΔHf,
kcal/mole) calculated by the parameterized model number 3 (PM3, gas phase) method, we
obtained three conformations (Structures 36, 39, and 42), which are essentially flat with
minor skewing at the carbonyl groups (Figure 6). In our preliminary designs, the
conformations 36, 39, and 42 were frozen by incorporation of naphthyl (37), indole (40), and
benzofuran (43) moiety respectively. With the aim to determine the best aromatic backbone
to develop the 5-oxo-ETE receptor antagonist in an efficient manner, we decided to simplify
the structures of 37, 40, and 43, and synthesize a series of analogues in which the carboxyl
end 5-oxo-ETE was coupled to a flat aromatic system. The Compounds 38, 41, and 44
represent a small example of these types of compounds we have made. Unfortunately, after
a screening process, in which in vitro calcium mobilization assay was performed, we found
that all the mono substituted indole derivatives were inactive.
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Figure 6. The conformations of 5-oxo-ETE calculated by PM3 method (36, 39, and 42), the restricted
analogues of 5-oxo-ETE (37, 40, and 43), and examples of compounds we prepared for screening (38,
41, and 44).

2.2.2 Structure-activity Relationship of the 5-Oxo-ETE
To design the antagonist of the 5-oxo-ETE receptor, our group conducted a detailed
structure-activity study on the 5-oxo-ETE molecule to understand the essential functional
groups that are required for the OXE receptor to recognize the substrate (Table 1). In this
study,19 a series of 5-oxo-6E,8Z-dienoic acids with chain lengths between 12 and 20 carbons,
and a series of 20-carbon 5-oxo fatty acids, either fully saturated or containing between one
and five double bonds, have been synthesized. Table 1 shows the dramatically reduced
potency caused by shortening the carbon chain to 16 carbons (5-oxo-16:2) suggests that the
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OXE receptor is selective for the hydrophobic ω-end of the molecule. Also, the loss of
activity in 5-oxo-20:0 and 5-oxo-20:1 clearly indicates that the conjugated double bonds in
the 6 and 8 positions are important for recognition by OXE receptor. Moreover, in our
previous studies of LTB4, LTC4, and 5-HETE, we learned that the esterified derivatives of
these eicosanoids are non-active, and that the carboxyl group is important for biological
activity.20
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Table 1. Structures and potencies of the 5-oxo-ETE analogs. Actin polymerization was measured in

eosinophils. Because of the variability in the maximal responses among the different analogs, EC 20
rather than EC50 values were measured. Both the saturation of the double bonds, and the shortening
of the ω-end carbon chain decreases activity.

Stucture

EC20
(F-actin Polymerization)

Compound

Abbreviation

5-oxo-12:2

12:2

>10000 nM

5-oxo-14:2

14:2

>10000 nM

5-oxo-16:2

16:2

306 nM

5-oxo-18:1

18:1

132 nM

5-oxo-18:2

18:2

1.9 nM

5-oxo-20:0

20:0

>10000 nM

5-oxo-20:1

20:1

289 nM

5-oxo-20:2

20:2

10 nM

5-oxo-20:3

20:3(14)

1.8 nM

5-oxo-20:3

20:3t

1.6 nM

Δ6,8,14-5-oxo-20:3

20:3

14 nM

8-trans -5-oxo-20:4
(5-oxo-ETE)

20:4

3.1 nM

5-oxo-20:5

20:5

12 nM

2.2.3 Design and Development of the Di-substituted Antagonist (46)
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The above activity data and structure activity relationship study indicates that the
C1-carboxyl group, the 5-keto group coupled to an adjacent conjugated system, and the
hydrophobic region at the ω-end of the molecule were all required for biological activity
(Figure 7). Based on this information, we decided to place two different substituents on the
indole ring to mimic the 5-oxo-valerate portion and the lipophilic ω-end of the molecule.
Also, in order to mimic the best conformation, which is preferentially bound by the OXE
receptor, the two substitutions were placed in different positions on the indole scaffold
(Figure 7, 45). With the knowledge from these studies, we have developed two series of
antagonists, which have the best activity compared to their structural isomers, with the indole
scaffold.9 The first series includes derivatives of N-methyl-2-hexyl-3-acyl indole (46), which
contains an alkyl group in the 2-position, and a 5-oxovaleryl substituent in the 3-position.
The second series includes N-acyl-2-hexyl indole derivatives (47), in which the 5-oxovaleryl
substituent is attached to the indole through an amide bond. We have also learned that the
substitution of a chloro in the 5-position of the N-methyl-2-hexyl-3-acyl indole series (46),
and 6-position of the N-acyl-2-hexyl indole series (47) improves the activity by four-fold.9
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Figure 7. The design of indole-based 5-oxo-ETE receptor antagonists as structural mimics of 5-oxoETE. Regions required for activation of the receptor are highlighted in blue.

In order to better understand the structure-activity relation of the two active
compounds (46, and 47), we have constructed some molecular models (Scheme 2), and we
found that 46 and 47 have similar conformations and could align well with each other.
Although 47 has an activity slightly higher than 46, preliminary in vitro metabolism studies
indicate that the N-acyl group of 47 is somewhat labile under metabolism condition.9 On the
other hand, 46 is more resistant to being metabolized, and could be a better option to develop
a drug for clinical studies. With this information, our group decided to use 46 as a lead
compound to develop the OXE receptor antagonist.
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Scheme 2. Overlapping of the two best compounds (46, and 47). The conformations of 46 and 47 can
align with each other.

2.3 Modification of the Lead Compound 46
Because the 5-oxovalery side chain of the lead compound 46 can potentially undergo
β-oxidation,21 we decided to modify the carboxyl side chain of 46. To block the potential βoxidation of the 5-oxo-valerate side chain, we added various substituents at C-2 and C-3 of
this moiety and investigated the structure-activity relationships of the resulting novel βoxidation-resistant antagonists (Scheme 3). The cyclopropyl and cyclobutyl substituents
were well tolerated in this position, but were less potent than the highly active 3S-methyl
compound (Scheme 3). It seems likely that 3-alkyl substituents can affect the conformation
of the 5-oxovalerate side chain containing the critical keto and carboxyl groups, thereby
affecting interaction with the OXE-receptor. In the section below, the syntheses and
systematic SAR of these novel indole derivatives as OXE-receptor antagonists are reported.
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Scheme 3. Introduction of functional groups on the top sidechain of the lead compound 46.

2.3.1 Introduction of a Dimethyl Group at Different Positions of the Lead
Compound 46
In the development of a potent and specific leukotriene biosynthesis inhibitor, MK886 (48, Figure 3A), a dimethyl group was incorporated in an attempt to prevent β-oxidation
of the propionic acid side chain (Figure 8).22 Based on our previous experience, we first
substituted a dimethyl group at the C-2 position of the lead compound 46 and prepared 49
(Figure 8B). In the preparation of 49, a small amount of the 4,4-dimethyl substituted
compound 50 was generated as a side product (Scheme 5). We separated the two isomers by
column chromatography and measured their antagonist activities. Both 49 and 50 showed
substantial decreases in potency of seven and fourteen folds, respectively, compared to our
lead compound 46 (Figure 3B). We then introduced the dimethyl function in the C-3 position
of the 5-oxovalerate side chain (51, Figure 8B), and found that this compound is more potent
than its regioisomers 49 and 50 (Figure 8B&C), with an IC50 only about 2-fold higher than
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compound 46. These results suggest that introduction of an alkyl substituent is better
tolerated in the 3-position of the acyl side chain than at either the 2- or 4- positions,
presumably because it is further from the keto and carboxyl groups, both of which are critical
for interaction with the OXE-R. We therefore focused on the 3-position of the acyl side chain
for the addition of various substituents to block β-oxidation.

49

51

50

46

Figure 8. Panel A shows the structure of MK-886 (48), a potent leukotriene biosynthesis inhibitor.
Panel B shows the structures of the dimethylated compounds (49-51). Panel C shows the
concentration-response curves for the indole Compounds 46 (●),49 (▼), 50 (■), and 51(▲).

2.3.2 Designs of the Structural Modifications at the C-3 Position
We modified the C-3 position of the 5-oxovalerate side chain by three different types
of substitutions: alkyl (Table 2A), ether linkage (Table 2B), and phenyl linkage (Table 2C).
In the first type of modification, we replaced the dimethyl group of 51 with different alkyl
groups (52-54, Table 2A) having different van der Waals volumes, which can provide useful
SAR information on the stereo interactions between the antagonist and the OXE-Receptor.
For example, the cyclopropyl group (53, Table 2), which has been applied in the successful
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development of Singulair (35, Figure 4, Section 2.1.1),23 contains a unique bond angle and
has a smaller Van der Waals volume (40.9 Å3) than the dimethyl group (51, 54.8 Å3). A
cyclobutyl group (54, 65.3 Å3), which can have interconvertible conformations24 (Table 2)
that may interact differently with the OXE-R, was also incorporated. Finally, introduction of
a monomethyl group (52, Table 2), which creates a chiral center in the molecule, provided
an analog with a smaller Van der Waals volume (30.3 Å3).
In the second type of modification, an ether linkage was introduced, which altered
the bond angle at C-3 of the 5-oxovalerate side chain (55, Table 2). In the third type of
modification, the three methylene groups of the 5-oxovalerate side chain were replaced by a
phenyl ring (56, and 57, Table 2), which increases rigidity of the molecule.

Table 2. The design of three types of acyl chain modifications: alkyl derivatives (51-54) with different
Van der Waals volumes (Panel A); the ether derivative 55 (Panel B); and the phenyl derivatives (5257) with increased rigidity (Panel C).

A
Alkyl Derivatives

Van Der Waal's
3

Volume (Å )

52

51

53

30.3

54.8

40.9

B

54

C

55
Ether Derivative

54
65.3

56

57
Phenyl Derivatives

2.3.3 Improvement on the Synthesis of the Indole Synthon (65)
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For the efficient synthesis of the indole derivatives (49-57), the preparation of the
key intermediate 65 (Scheme 4) in a large quantity was required. We developed a new costeffective procedure and improved the over-all yield of this key intermediate (65) from 45%
to 75% (Scheme 4).9 We began the synthesis of 65 from commercially available 5-chloro1H-indole-2-carboxylic acid ethyl ester 58 (Scheme 4). Accordingly, compound 58 was first
N-methylated using NaH and CH3I. During the aqueous work-up of this reaction, a small
amount (5-10%) of the ester 59 was hydrolyzed to the carboxylic acid 60. Both the ester 59
and the carboxylic acid 60 were simultaneously reduced by LiAlH4 to obtain the alcohol 61,
which was further oxidized to the aldehyde 62 by MnO2. Further, a Wittig reaction was
carried out using the commercially available phosphonium salt 63 to give the olefin 64. Since
the nitrogen in the indole aldehyde 62 was methylated, there was no trans/cis selectivity in
the formation of the olefin 64.25 The olefin 64, which contained a pair of trans and cis
isomers, was hydrogenated to get the desired key intermediate 64. It is also worth noting that
we observed a small extent (~2%) of dechlorination in the hydrogenation reaction (Step e,
Scheme 4), resulting a dechlorination product that was subsequently removed by silica-gel
column chromatography.
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Scheme 4. An improved method to prepare the key intermediate 65. Reagents and conditions: (a)
NaH, MeI, DMF, 0 °C – rt, 3 h, 98%; (b) LiAlH4, THF, -20 °C – rt, 6 h, 98%; (c) MnO2, MeCN, rt,
12h, 97%; (d) 63, LiHMDS, THF, -78 °C – rt, 3 h, 88%; (e) H2, 10% Pd/C, EtOH, rt, 2 h, 94%.

2.3.4 Synthesis of the Indole Antagonists (46, 49-57)
After the preparation of the key intermediate 65, the 2,2-dimethylated compound 49
was prepared by using the anhydride 66 (Scheme 5). As expected, the Friedel Crafts acylation
took place preferentially at the less sterically hindered side of the anhydride 66 and generated
49 as the main product, along with a smaller amount (20%) of the 4,4-dimethylated
compound 50, which were partially separated by silica-gel column chromatography, and
were further purified by high-performance liquid chromatography (HPLC).
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Scheme 5. Preparation of the 2,2-dimethyl derivative 49, and the in-situ generation of the 4,4-dimethyl
derivative 50. Reagents and conditions: (a) 66, Me2AlCl, CH2Cl2, 0 °C – rt, 4 h, 67% (calculated for
49).

We also synthesized the meta- and para- phenyl-linked compounds (56 and 57,
respectively) as shown in Scheme 6. Accordingly, the isophthalic acid derivative 67 was
reacted with oxalyl chloride to give the acid chloride 69, which was then directly coupled
with 65 via Friedel-Crafts acylation to yield 71. Hydrolysis of 71 under the aqueous basic
conditions produced the final product 56. In the same fashion, we synthesized the paraphenyl-linked compound 57.

Scheme 6. Synthesis of the Compounds 56, and 57. Reagents and conditions: (a) oxalyl chloride,
DMF (5%), CH2Cl2, 0 °C – rt, 1 h, 90%; (b) 65, Me2AlCl, CH2Cl2, 0 °C – rt, 4 h, 26%; (c) LiOH·H2O,
H2O, THF, rt, 24 h, 75% (Yield is calculated for 56. Similar yields were recorded for 57).

For the synthesis of the C-3 substituted derivatives, we applied a series of 5oxovalerate synthons (73-76, 86, and 87) possessing the alkyl substitutions and the ether
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function at the C-3 position (Scheme 7). Scheme 7A shows the synthesis of Compound 46,
51, 52, and 55. Friedel-Crafts acylation of 65 with one of the commercially available
anhydrides 73, 74, 75, or 76 afforded 46, 51, 52, and 55, respectively. Scheme 7B shows the
syntheses of Compounds 54 and 53. Because of the commercial unavailability of the
cyclobutyl and cyclopropyl anhydrides (86 and 87, respectively), we developed a synthetic
route to prepare these compounds. For the synthesis of 86, the malonic acid derivative 77
was reduced with LiAlH4 to furnish the diol 78 in 90% yield. Iodination of the diol 78 using
PPh3 and I2 yielded the di-iodide compound 80, which was subsequently converted to the
dicyano compound 82 using KCN. Hydrolysis of 82 under basic conditions furnished 84,
which was cyclized to 3-cyclobutyl glutaric anhydride (86) using acetic anhydride. Friedel
Crafts acylation of 65 with 86 afforded the desired target compound 54 in good yield. We
synthesized the cyclopropyl derivative 53 using the same method.
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Scheme 7. Synthesis of the Compounds 46, and 51-55. Reagents and conditions: (a) 65, Me2AlCl,
CH2Cl2, 0 °C – rt, 4 h; (b) LiAlH4, THF, -20 °C – rt, 6 h, 95%; (c) Imidazole, PPh3, I2, CH2Cl2, 0 °C
– rt, 16 h, 89%; (d) KCN, DMSO, rt, 24 h, 95%; (e) NaOH, H 2O, MeOH, rt – reflux, 18 h, 93%; (f)
Ac2O, reflux, 18 h, 96%; (g) 65, Me2AlCl, CH2Cl2, 0 °C – rt, 4 h, 86% (Yield is calculated for the
synthesis of 54. We obtained similar yields for 53).

Since the monomethyl substituted compound 52 possess a chiral center at C-3 of the
5-oxovalerate substituent, we prepared its R and S enantiomers by the method we reported
previously (Figure 8).26 The R chiral synthon 89 was prepared from the symmetrical starting
material 88 by an enzymatic method with pig liver esterase (PLE), and the S chiral synthon
91 was obtained by converting 89 through a chiral inversion strategy without any chiral
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dilution (Figure 8). Further reactions of the chiral synthons 89 and 91 yielded the desired Risomer 92 and S-isomer 93 respectively.

Scheme 8. Preparation of the R-synthon (89) using pig liver esterase (PLE), and the chiral inversion
of the R chiral synthon 89 into the S chiral synthon 91.26

2.3.5 Antagonist Activities of the Indole Derivatives (46, 49-57)
The antagonist potencies of all the derivatives of the lead compound 46 were
compared by assessing their abilities to block 5-oxo-ETE-induced Ca++ mobilization in
human neutrophils (Table 3). The insertion of an oxygen atom in the side chain increased the
polarity of the compound and reduced the potency by almost 10 times (55, Entry 1).
Introduction of an aromatic system in the 5-oxo-valerate side chain (56, and 57) reduced the
potency by over two-fold compared to the lead compound 46 (Entries 2 and 3, Table 3).

Table 3. Activity of the indole compounds on OXE receptor in Ca++ mobilization assay.
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Lead Co mpo und, 4 6
IC 50= 566 ± 92 nM (n=5)

Entry

Stucture

1

IC50 (nM)

n

Entry

5500

3

4

55

Entry

n

16 ± 3

14

8

2700

4

6 ± 0.1

4

92

580 ± 110 4
53

IC50 (nM)

52

720 ± 130 3

6

Stucture

7

54

1120 ± 200 7
56

n

1330 ± 100 4

5

57

3

IC50 (nM)

51

1360 ± 130 7

2

Stucture

9
93

We then evaluated the effects of various alkyl substituents at the C-3 position of the
5-oxovalerate side chain (Entries 4-7, Table 3). As noted above, the presence of a dimethyl
group at this position (51, Entry 4) lowered the potency by about 2-fold. In contrast,
cyclopropyl (53) or cyclobutyl (54) groups in the 3-position had absolutely no effect on
antagonist potency (Table 3, entries 5 and 6; Figure 9). It is interesting that the cyclobutylsubstituted compound 54 (65 Å3) is more potent than the 3,3-dimethyl compound 51 (55 Å3)
and equipotent with the corresponding cyclopropyl derivative 53 (41 Å3) in view of its
greater van der Waals volume. Finally, substitution of a methyl group at the C-3 position
enhanced potency by 35-fold (52, Entry 7) compared to the non-substituted compound 46.
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46

53

54

Figure 9. Concentration-response curves for Compounds 46 (●), 53 (), and 54 ().

To better understand the SAR results for the alkyl substituted derivatives
(Compounds 51-54), we focused on the steric effect of the alkyl substitutions at C-3 of the
5-oxovalerate chain (Table 4). By comparing the van der Waals volume of the selected
atoms, it appears that the derivatives with smaller steric effect at the C-3 position tends to be
more active. We expected that the cyclobutyl compound 54 would be less potent than the
dimethyl compound 51 and the cyclopropyl compound 53 because of its greater van der
Waals volume. This may be because of the flexibility of the cyclobutane ring, resulting in
two favored conformations, one of which may interact more strongly with the OXE-R.
Furthermore, the van der Waals volume of the two methylene groups of the cyclobutane ring
that are closest to the side chain (i.e. C-1 and C-3) (54, as highlighted in Table 4) is smaller
than that of the dimethyl group (51, Table 4), which would be consistent with an effect of
the volume of the substituent. It is worth noting that, in contrast with the substitution effect
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on the 5-oxovalerate side chain, there was relatively little effect of adding alkyl groups to the
hexyl side chain of 46 (Scheme 9).
Table 4. Activity and van der Waals volume of the selected atoms at the C-3 position of the 5oxovalerate chain. The result suggests that derivatives with smaller steric effect at the C-3 position
tend to be more active.

Introduction of an alkyl
group at C-3 position

Structure of the Indole Scaffold

Dimethyl (51)

Van der Waals Volume
of The Selected Atoms
IC50 Value (μM)

54.8 Å
1.33

3

Cyclobutyl (54)

65.3 Å

Cyclobutyl (54)*

3

48.9 Å
0.72

3

Cyclopropyl (53) Monomethyl (52)

40.9 Å3

30.3 Å3

0.58

0.02

*The total volume of the cyclobutyl substituent (14) is 65.3 Å3 (Figure 4). The volume in the present column contains only 1- and 3- methylene groups of the cyclobutyl
group.

An enhancement of the activity on a racemic methyl substitution (52, Entry 8, Table
3) by over 30-fold prompted us to study the activity of individual enantiomer. We tested the
activity of each individual enantiomer of 52, and found that the S-isomer (93, Entry 9, Table
3) is 300 times more potent than the R-isomer (92, Entry 8).26 This dramatic difference
between the S-enantiomer 93 and R-enantiomer 92 could be explained based on a
hypothetical model of the interaction of these antagonists with the OXE receptor as depicted
in Figure 10. It shows that the S-enantiomer 93 fits better on the binding domain of the
receptor (Figure 10A), while the methyl group of the R-enantiomer 92 exerts steric hindrance
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with the receptor (Figure 10B). Notably, the orientation of the methyl groups has a profound
effect on the activity of these antagonists, which is also evident from the in vitro results that
the dimethyl compound 51 has the IC50 value (1330 nM, Table 3) as a midway between the
IC50 values of the S-enantiomer 93 and R-enantiomer 92 (6 nM, and 2700 nM, respectively,
Table 3).

A

B

S-methyl
derivative

R-methyl
derivative

Hypothetical OXE Receptor
Hypothetical OXE Receptor

Figure 10. A hypothetical molecular model of 93, and 92 with the OXE receptor. Due to the
conformation of the S-methyl group, which is parallel to the plane of the molecule, 93 has less
interference with the receptor (Panel A). The R-methyl group in 92 is extended out of the plane of the
molecule, and could exert steric hindrance at the binding region of the OXE receptor.

We have examined the effect of alkyl substitutions at the hexyl side chain in
compound 52 (Scheme 9). The antagonist potency of the branched side chain compound 9427
is about four times less than 52, whereas the second branched compound 9527 and the
extended side chain compound 96 have almost the same activity as 52. These results show
that the alkyl substituted compounds (95-96, Scheme 9) are as good as the linear hexyl
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compound 52 in blocking the effects of 5-oxo-ETE. Modifications at the alkyl end of the
molecule will be conducted in further studies.

Scheme 9. Structures and IC50 values of 52 and the indole derivatives (94-96) with modifications on
the bottom alkyl side chain.

2.3.6 Summary on the Modifications of the Lead Compound 46
The structure-activity relationship study of β-oxidation-resistant novel indole-based
5-oxo-ETE receptor antagonists is described. Based on the structure of the lead compound
46, modifications were introduced to prevent the 5-oxovalerate side chain from being
metabolized through the β-oxidation pathway. Because 2,2-dimethyl- (49) and 4,4-dimethyl(50) substituted compounds were less potent than the 3,3-dimethyl-substituted compound
(51) (Figure 8) we focused on the 3-position of the 5-oxovalerate group. Replacement of the
CH2 group at C-3 of the 5-oxo-valerate side chain by an aromatic system (56, and 57) or an
ether linkage (55) reduced antagonist activity significantly. In contrast, the presence of
cyclopropyl (53) or cyclobutyl (54) substituents in this position did not diminish potency, in
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spite of their bulk. None of the compounds tested in the current study were as potent as the
3-S-methyl compound 93. Thus, the substituents in the 3-position of this series of OXE-R
antagonists are well tolerated, and in the case of the 3S-methyl group, can markedly increase
potency. It would seem likely that 3-alkyl substituents, in particular, the 3S-methyl group
(93), can affect the conformation of the 5-oxovalerate side chain, probably altering the
relative positions of the keto and carboxyl groups, which are key receptor binding
components of 5-oxo-ETE. These findings are useful for the future design and development
of 5-oxo-ETE receptor antagonists, which can be potential therapeutic agents for the
treatment of eosinophilic diseases such as allergic asthma.

2.3.7 Other Modifications on the Mono-methyl Compound 52
We have also modified the halogen substituent at the 5-position of 52 (Figure 11),
and we found that the replacement of the chloro-substitution with bromo-substitution (97)
slightly decreased the activity, and that the fluoro-substituted compound (98) was about 4
times less active than the Compound 52.

Entry

B
Stucture

1

IC50 (nM)

n

16 ± 3

14

52

2

26 ± 5

6

97

3

60 ± 15

3

Inhibition of Calcium Mobilization (%)

A

35

100

80

60

98 (5-F)

40

97 (5-Br)
52 (5-Cl)

20

0

1
98

10

100

1000

Concentration (nM)

Figure 11. IC50 values of Compounds 52 (●), 97 (●), and 98 (●).

2.4 An Efficient Method for the Synthesis of the Chiral
Antagonist 93
As mentioned in Section 2.3.5, the utmost activity of 52 resides on only one of the
enantiomers. We synthesized both the enantiomers to identify the active isomer, and found
that the (S)-isomer (93) is over 300 times more potent that the (R)-isomer (92, Table 3). To
develop a more efficient method for the synthesis of the S-chiral synthon, we elected to use
an inexpensive commercial catalyst for the construction of an asymmetric center. Based on
a literature precedent,28 we settled for (S)-Tol-BINAP (104) for the enantioselective
conjugate addition of MeMgBr to an α,β-unsaturated ester (103). The reaction condition was
optimized in collaboration with Dr. Chintam Nagendra Reddy, and the best enantioselectivity
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(98-99%) was achieved by using a combination of 4.5 mol % chiral catalyst (104), 3 mol %
CuBr, and 3.2 equiv MeMgBr at -78 °C condition.29
The total synthesis of the S-chiral synthon 105 is shown in Scheme 10. The 5-carbon
α,β-unsaturated ester 103 was prepared from 1, 3-propanediol (99) with three steps, and the
conjugate addition of 103 in the presence of (S)-Tol-BINAP (104) produced the chiral
synthon 105, the chiral purity of which was determined by chiral-HPLC. The benzyl group
of the synthon 105 was deprotected under H2 to yield the alcohol 106, which was oxidized
into the carboxylic acid 107 using pyridinium dichromate (PDC). The compound 107 was
converted into acyl chloride 108, which was coupled with the indole intermediate 65 via a
Friedel-Crafts reaction to produce 109. And the final product 93 was obtained after the
hydrolysis of 109.
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Scheme 10. Synthesis of the chiral synthon 105 by using (S)-Tol-BINAP, and the synthesis of the
chiral antagonist 93. Reagents and conditions: (a) NaH, BnBr, THF:DMF (1:1), 0 oC-rt, 2 h, 70%; (b)
PCC, CH2Cl2, 0 oC-rt, 3 h, 70%; (c) 102, THF, reflux, 3 h, 90%; (d) MeMgBr, CuBr, (S)-Tol-BINAP,
t-BuOMe, –20 oC, 2h, 50%; (e) 10% Pd/C, EtOAc/EtOH (4:1), H 2, rt, 6 h; (f) PDC, DMF, rt, 12 h,
85% over two steps; (g) (COCl)2, cat. DMF, CH2Cl2, rt, 3 h; (h) 10, Me2AlCl, CH2Cl2, 0 C-rt,1 h,
95%; (i) LiOH, THF/H2O (4:1), rt, 24 h, 85%.

The S-antagonist 93 was analyzed by chiral-HPLC, but there was not a complete
separation between the major S-enantiomer and the minor R-enantiomer (Figure 12B). To
achieve a baseline separation, 93 was converted to its methyl ester (93-Me) using CH2N2
(Figure 12A). In this way, the chiral purity of the S-enantiomer was found to be 97-98%
(Figure 12C).
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Figure 12. Measurement of the chiral purity. The synthesis of 93-Me is shown in Panel A. The HPLC
result of the synthetic S-enantiomer 93 is in Panel B. We also analyzed the 93-Me (Panel C), which
was separated from its R-enantiomer better than the acid 93.

2.5 Pharmacokinetics and Metabolism of the Antagonist
52 in Monkey
As it is described in Section 2.3, we identified a potent and selective OXE antagonist
(52, Figure 13) with EC50 values of about 30 nM in inhibiting 5-oxo-ETE-induced calcium
mobilization and actin polymerization in human eosinophils and neutrophils in vitro.30 Also,
the molecule of 52 has a single asymmetric carbon with the antagonist activity residing
almost exclusively in the S-enantiomer (93, Figure 10), which have IC50 value at 6 nM.30-31
Testing of these OXE receptor antagonists in animal models will be required to further
explore the possibility that they may be useful in treating human diseases. Although
orthologs of the OXE receptor are present in many species, including zebrafish, where 5oxo-ETE plays an important role in regulating leukocyte recruitment in response to injury,32
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there is no ortholog of this receptor in rodents. Alternative models are therefore required to
test the effects of OXE antagonists. To this end we recently investigated the effects of 5-oxoETE on feline leukocytes and found it to be a highly potent granulocyte chemoattractant in
this species.33 However, the antagonists that we developed against the human OXE receptor
were not very effective in cats, having IC50 values of ~5-10 µM, well over 100 times higher
than those observed with human cells. Presumably differences in the sequences of the feline
and human OXE receptors (76% identity) were too great to permit effective inhibition by the
antagonists.
Given the above problems we decided to focus on the monkey, which has an OXE
receptor ortholog that is 96% identical to the human receptor and therefore would be much
more likely to respond to our antagonists than the feline receptor. We found that monkey
leukocytes synthesize and respond to 5-oxo-ETE, and that the Compound 52 (Figure 13) is
a potent antagonist of the OXE receptor in monkey eosinophils. Pharmacokinetic studies
revealed that 52 appears rapidly in the blood following oral administration. With the aid of
chemically synthesized standards we have identified the major microsomal and plasma
metabolites of 52.
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(52)

52

Figure 13. Pharmacokinetics and metabolism 52 and its effects on 5-oxo-ETE-induced granulocyte
activation in monkeys. We found that monkey leukocytes synthesize and respond to 5-oxo-ETE, and
that 52 is a potent antagonist of the OXE receptor in monkey eosinophils. Pharmacokinetic studies
revealed that 52 appears rapidly in the blood following oral administration.

2.5.1 Metabolites of 52 in Monkey Liver Microsomes
To determine the susceptibility of 52 to biological inactivation, we investigated its
metabolism by monkey liver microsomes. Because the presence of the 3-methyl group in the
acyl side chain of 52 should block  -oxidation we initially anticipated that it would primarily
be metabolized by cytochrome P450-catalyzed -oxidation to 1-hydroxy and -carboxy
metabolites (In this section the positions of substituents on the hexyl side chain are defined
starting from the terminal methyl group (Figure 14C), which is designated as 1 and the
adjacent methylene group as 2, etc). To facilitate the identification of these compounds,
they were chemically synthesized from the precursor 5-Cl-indole-2-carboxylic acid (58).
The products formed after incubation of 52 with monkey liver microsomes were
identified by co-chromatography with the synthetic standards. We firstly analyzed the
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metabolites by RP-HPLC using a water/methanol gradient (Figure 14A). In this condition,
two major products with retention times of 13.95 min (2-oxo metabolite, 114) and 15.35
min (2-hydroxyl metabolite, 113) were detected. Also, under the water/methanol gradient
condition (Figure 14A), the 1-hydroxy metabolite (110) has an identical retention time as
the 2-hydroxyl metabolite (113). We also found that the authentic -carboxy metabolite
(111) co-chromatographed with the minor product (tR, 14.65 min).
When we repeated the analysis using a water/acetonitrile gradient, the order of
elution of the two major metabolites was reversed (Figure 14B). Under these conditions, 113
(2-hydroxyl metabolite, tR, 13.88 min) no longer co-chromatographed with the 1-hydroxy
metabolite 110, but instead co-chromatographed with the minor product 111. With the
acetonitrile gradient, the minor peak at 14.18 min co-chromatographed with the authentic

1-hydroxy metabolite 110, whereas the major product 114 (2-oxo metabolite, tR, 15.35
min) had a considerably longer retention time.
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Figure 14. Metabolism of 52 by monkey liver microsomes. Panel A: The products were analyzed by
precolumn extraction/RP-HPLC using a linear gradient between 50% and 85% MeOH in H2O
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containing 0.02% HOAc over 30 min at a flow rate of 1 ml/min and a temperature of 30 °C. Panel B:
The products were analyzed by a linear gradient between 30% and 65% MeCN in H2O containing
0.02% HOAc over 35 min at a flow rate of 1 ml/min and a temperature of 30 °C. Panel C: Metabolism
pathway of 52 in monkeys (major pathways are shown in red).

The reversal in the order of elution of 114 and 113 in a water/methanol vs a
water/acetonitrile gradient is characteristic of a pair of compounds that differ from one
another by an oxo vs a hydroxyl group (Figure 14 A&B). A possible explanation might be
that methanol could be more efficient than acetonitrile in competing with water for the
solvent shell surrounding the hydroxyl group due to its ability to form hydrogen bonds. This
could make the solvated hydroxy-molecule more hydrophobic due to the presence of the
methyl group from methanol, resulting in a stronger interaction with the hydrophobic
stationary phase and longer tR for hydroxy-metabolites compared to oxo-metabolites.34
We therefore postulated that 52 is metabolized by -1 oxidation (i.e. oxidation of
the 2 methylene group, Figure 14C) to give 2-hydroxy-52 (113) and 2-oxo-52 (114).
We also found that the UV spectra of compounds 110-114 (Figure 15) were all virtually
identical to that of 52, consistent with an unaltered indole chromophore and modification of
one of the side chains. Further support for the above structural assignments was obtained by
LC-MS/MS analysis.35
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Figure 15. UV spectra of the major metabolites of 52 obtained using a diode array UV detector. All
spectra were from the MeOH/H2O gradient except for 113 which was from the MeCN/H2O gradient.

2.5.2 Antagonist Potencies of the Metabolites (110-114)
To determine the effects of oxidative metabolism of 52 on antagonist activity, we
examined the effects of synthetic metabolites on 5-oxo-ETE-induced calcium mobilization
in human neutrophils (Figure 16). Oxidation of 52 dramatically reduced antagonist potency.
Of the compounds tested, 110 was the most potent, with an IC50 value of 270 ± 20 nM, 14
times less active than that of 52 (19 ± 5 nM in this series of experiments). The 2-oxidized
metabolites 113 and 114 were less potent, with IC50 values of 1.4 ± 0.3 and 1.6 ± 0.4 µM,
respectively. The carboxyl metabolite 111 was even less potent, with an IC50 of 25 ± 13 µM.
Interestingly, the dinor--carboxy metabolite 112 had an IC50 (1.3 ± 0.3 µM) similar to the
above 2-oxidized metabolites.
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Figure 16. Effects of 52 metabolites on 5-oxo-ETE-induced calcium mobilization in human
neutrophils. Calcium mobilization was measured in neutrophils stimulated with 10 nM 5-oxo-ETE 2
min after the addition of either 52 or one of its synthetic metabolites. All compounds are racemic
mixtures. Symbols: 52 (), 1-hydroxy metabolite (110, ▲), dinor--carboxy metabolite (112, ),

2-hydroxy metabolite (113, ●), 2-oxo metabolite (114, ○), and -carboxy metabolite (111, Δ).
Values are means ± SE of data from between 4 and 5 independent experiments.

2.5.3 Pharmacokinetics of 52 in Rats and Monkeys
We conducted a pilot study in rats to determine whether 52 would appear in the
blood after oral administration. RP-HPLC analysis of the plasma samples indicates that
considerable amounts of 52 were detected in plasma after 4 hours. We also found that 52
rapidly appeared in the blood and was detected at a level of about 1.5 M after 30 min (Figure
17A). The plasma concentration rose to about 2.2 M between 1 and 4 h and then declined
to about 0.7 M at 6 h, which was the longest time investigated.
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We next performed more extensive experiments in cynomolgus monkeys to
investigate the pharmacokinetics and metabolism of 52. The levels of 52 were analyzed as
described above in plasma samples obtained over a period of 24 h following administration
by oral gavage. As in rats, 52 appeared very rapidly in plasma, but the levels were much
higher in monkeys, reaching maximal concentrations of about 100 M by 30 min and
subsequently declining to 2.7 M by 8 h and to about 0.6 M at 24 h (Figure 17B). As the
antagonist 52 is a racemate, we collected fractions containing the unmetabolized compounds
after RP-HPLC and determined the relative amounts of R and S enantiomers by chiral HPLC.
We found that there was a marked predominance of the R-enantiomers (92) at time points up
to 8 h, after which time the ratio of R:S (92:93) declined to approach the starting ratio of
about 1:1 by 18 h (Figure 17C).
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Figure 17. Pharmacokinetics of 52 in rats and monkeys. Panel A shows the rat plasma levels of 52
after oral administration of a dose of 30 mg/kg. Panel B shows pharmacokinetics of 52 in monkeys.
In Panel C, the peaks for 52 obtained after RP-HPLC of plasma samples were collected and subjected
to chiral-HPLC to determine the proportions of R- and S- enantiomers.

2.5.4 Summary of the Pharmacokinetics studies on 52
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The indole antagonists 52 rapidly appear in the blood following oral administration,
reaching very high concentrations within one hour, and can be detected for up to at least 24
hours. The major in vivo pathway for the metabolism of these antagonists is 2hydroxylation. It is possible that improved pharmacokinetic profiles could be achieved by
structurally blocking these hydroxylation sites.

2.6 Development of the Second Generation of the
Antagonists

The second generation OXE receptor antagonists presented this section are
protected by PCT Int. Appl. WO 2016154749 A1, 2016.

In the previous section, we investigated the pharmacokinetics and metabolism of 52
in cynomolgus monkeys. The antagonist 52 rapidly appears in the blood following oral
administration of a dose of 30 mg/kg, reaching concentrations of over 100 µM within 30 min
to 1 hour and then fairly rapidly declining to about 2.7 µM by 8 h. ω2-Oxidation is also the
major metabolic pathway detected for 52. The S enantiomer of 52 (93) appears to be
metabolized more rapidly than the R-enantiomer (92), with plasma levels of about 32 µM 1
h after oral administration of an identical dose, dropping to 1.6 µM by 8 hours.
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In view of the rapid decline in the plasma concentrations of 52 following oral
administration, due at least in part to ω2-oxidation of the hexyl side chain, we sought to
reduce the rate of metabolism and increase potency by modifying the alkyl side chain of
these compounds. In this section, we found that replacement of the hexyl group of 52 by a
phenylalkyl group dramatically enhances antagonist potency, reduces metabolism and
improves the pharmacokinetic profiles of the resulting antagonists.

2.6.1 Alkyl Modifications on the Hexyl Side Chain
We first attempted to block metabolism of our OXE antagonist by introducing alkyl
groups onto the hexyl group of 52, and we hoped these alkyl substituents would be resistant
to ω-oxidation. As it is listed in Figure 18A, the compounds we prepared in this attempt
include a sec-butyl derivative (94), an isobutyl derivative (95), and a trifluoro derivative
(115). We examined the antagonist potency of these compounds by determining its ability to
block 5-oxo-ETE-induced calcium mobilization in human neutrophils, which is our standard
screening assay for OXE receptor antagonists (Figure 18B). The concentration-response
curve for 95 (IC50, 20 ± 6 nM) is nearly identical to that for 52 (IC50, 16 ± 4 nM), whereas
115 (IC50, 38 ± 11 nM) is over 2 times less active, and 94 (IC50, 88 ± 26 nM) is over 4 times
less active.
Because 95 is the most potent compound in the above three derivatives (Figure 18A),
we further investigated its metabolism. Unfortunately, 95 (Figure 18C) was substantially
metabolized and its plasma concentrations were lower than those obtained with 52.35 Indeed,
95 was metabolized to an extent similar to 52 by monkey liver microsomes, principally to
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the 2-hydroxyl metabolite (118), with only a small amount of 1-oxidation to 1-hydroxy
metabolite (116) and -carboxy metabolite (117).
The LC-MS/MS analysis of the metabolites derived from 95 revealed that another
major metabolite has a mass spectrometry ion identical to a dihydroxy metabolite. In the
literature precedence, it is well demonstrated that other substances containing branched chain
alkyl groups are also metabolized by ω-oxidation. For example, 1-oxidation has previously
been reported for alkyl-containing compounds with a terminal isopropyl group, such as
phylloquinone,36 tocopherol,20 and ibuprofen,37 which are converted by cytochrome P450
isozymes to 1-hydroxy and -carboxy metabolites. Ibuprofen is also metabolized by 2hydroxylation,37 and both 2- and 3- hydroxylation have been reported for tocopherols.38
With the information above, we speculate that the dihydroxy metabolite of 95 identified by
mass spectrometry is formed by a combination of 1- and 2- hydroxylation, and the
structure of this dihydroxy metabolite (119) is shown in Figure 18C.
The above preliminary studies reveal that the sec-butyl derivative (94) and the
trifluoro derivative (115) has a decrease in activity, and that the isobutyl derivative (95) did
not improve the pharmacokinetic profile. For these reasons, and because we subsequently
identified much more potent antagonists (Section 2.6.2), we did not conduct any further
studies with these compounds.
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Figure 18. Modifications of Compound 52. Panel A shows the structures of the sec-butyl derivative
(94), the isobutyl derivative (95), and the trifluoro derivative (115). Panel B is the concentrationresponse curve for Compounds 52 (●), 94 (●), 95 (●), and 115 (●).Panel C shows the metabolite
pathway of the isobutyl derivative (95).

The trifluoro derivative 115 was synthesized as shown in Scheme 11. A Wittig
reaction between the Wittig salt 121 and the aldehyde 62 using LiHMDS as a base yielded a
mixture of cis and trans olefins 122 (cis/trans:70/30),25, 31b which were hydrogenated using
10% Pd/C to afford 123. A Friedel-Craft’s acylation of 123 using Me2AlCl as a lewis acid
and 3-methylglutaric anhydride (74) as an acylating agent yielded compound 115.
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Scheme 11. Synthesis of the Compound 115. Reagents and conditions: (a) PPh3, CH3CN, reflux,
16 h, 95%; (b) LiHMDS, THF, -78 oC – rt, 2 h, 44%; (c) 10% Pd/C, EtOH, H2, rt, 3 h, 99%; (d) 74,
Me2AlCl, CH2Cl2, rt, 45 min, 58%.

2.6.2 Phenylalkyl OXE Receptor Antagonists
Our next strategy to block ω-oxidation was to replace the hexyl groups of 52 by a
phenyl group separated from the indole structure by a spacer containing different numbers
of methylene groups. We therefore synthesized a series of racemic compounds containing a
3-methyl-5-oxovaleric acid substituent in the 3-position of 5-chloroindole and in the 2position a phenyl group separated from the indole by 3, 4, 5, or 6 methylene groups as shown
in Scheme 12. The number of methylene units in between the indole and phenyl ring were
varied by the length of the Wittig salts (Compounds 128-131). The aldehyde 62 was reacted
with the Wittig salts 128-131 using LiHMDS as a base to yield the olefins 132-135, which
were subsequently hydrogenated using 10% Pd/C to afford the saturated compounds 136139. Finally, an acylation of the indole ring at 3-postion in 136-139 with 3-methylglutaric
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anhydride (74) using Me2AlCl as an acid yielded the 3-acyl antagonists (Compounds 140143).

Scheme 12. Synthesis of the phenyl antagonists (140-143). Reagents and conditions: (a) TPP,
MeCN, reflux, 24 h, 94%; (b) LiHMDS, THF, -20 °C – rt, 3 h, 89%; (c) H2, 10% Pd/C, EtOH, rt, 2 h,
92%; (d) Me2AlCl, CH2Cl2, 0 °C – rt, 4 h, 78%.

The antagonist potencies of each of the above 3-acylindole derivatives (140-143)
was determined by assessing its effect on 5-oxo-ETE-induced calcium mobilization (Fig.
3A). Insertion of a 3-carbon spacer between the phenyl group and the indole (140) reduced
potency by about 8-fold compared to racemic antagonist 52 (Figure 19). The corresponding
compound with a tetramethylene spacer (141) is slightly less potency than 52, whereas that
with a pentamethylene (142) spacer is about twice as potent. Moreover, further lengthening
of the spacer by one additional methylene group (143) dramatically increased potency by
nearly 100-fold (IC50, 0.28 ± 0.07 nM) compared to 52.
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Figure 19. Effects of phenylalkyl indole OXE-R antagonists on 5-oxo-ETE-induced calcium
mobilization in human neutrophils. The effects on the response to 5-oxo-ETE (10 nM) of replacing
the hexyl groups of 52 (×) with a phenyl group connected to the 2-position of the indole by a C-3 (140,
♦), C-4 (141, ▲), C-5 (142, ■), or C-6 (143, ▲) polymethylene spacer. All compounds shown in A
and B are racemic mixtures.

In view of the selectivity of the OXE receptor for the S-enantiomer of 52 (93, Figure
10), we separated the S- and R- enantiomers of 143 by chiral HPLC and examined the
antagonist potencies of the two purified enantiomers. As with the Antagonist 52, the Senantiomer of 143 (IC50, 0.11 ± 0.03 nM) was over 200-fold more potent than the Renantiomer (IC50, 23 ± 2 nM) in blocking the response to 5-oxo-ETE (Table 5). The structures
of the S and R enantiomers of 143 are shown in Table 5 (Compound 144 and 145
respectively).

Table 5. IC50 values of the phenylalkyl indole OXE-R antagonists (Compounds 140-145).
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Lead Compound, 52
IC50= 16 ± 3 nM (n=14)

Entry

Stucture

1

IC50 (nM)

n

Entry

223 ± 18

4

4

140

2

3

n

0.28 ± 0.07 5

5

141

0.11 ± 0.03 30
144

16 ± 5
142

IC50 (nM)

143

38 ± 8

3

Stucture

9

6

23 ± 2

4

145

2.6.3 Substitution Effects on the Phenyl Function of 143
In the previous section (2.6.2), we developed a potent phenyl antagonist 143.
However, it is highly possible that the phenyl group can be converted into an arene oxide,
which will further transform into a phenol structure (146),39 by the action of microsome (Fig.
13B). In order to develop an antagonist that is resistant to arene oxidation, different
substituents, including chloro, fluoro, and methoxyl groups, will be introduced on the phenyl
structure of 143 (147, Figure 20). We hope such substitutions can block the arene oxidation
with their stereo hinderance (methoxyl groups) or the electron withdrawing (chloro and
fluoro substitutions) effects.
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Figure 20. Potential metabolic pathways of 143 by arene oxidation, and the modification on the
phenyl ring of 143.

In order to introduce a substitution at different position on the phenyl ring of 143,
two types of Wittig salt compounds were prepared (Scheme 13). The first type of the Wittig
salt (164-166) was prepared by using the commercially available chlorobenzaldehyde (148150), which allows the coupling of a carbon chain by the Wittig reaction (Step a, Scheme
13). The coupled Wittig product (152-154) was then hydrogenated, and the carboxyl acid
group was converted into a bromo group after two steps (Steps c, and d, Scheme 13). The
bromo compound (161-163), was further converted into the Wittig salt (164-166). The
second type of the Wittig salt (186-191) contains either a methoxyl group, or a fluoro
substituent. For this series of compounds, we coupled the acetylene compound 173 with the
iodio starting material 167-169 through the Sonogashira reaction (Step f, Scheme 13). The
hydroxyl group of the Sonogashira coupling product (174-179) was be replaced by a bromine

56
atom, and was further converted into the Wittig salt (186-191). The acetylene group was
saturated after coupling with the indole aldehyde 62 (Scheme 13).

Scheme 13. Synthesis of the Wittig salt (164-166, and 186-191). Reagents and conditions: (a) t-BuOK,
THF, 0 °C – rt, 4 h; (b) H2, 10% Pd/C, benzene, rt, 2 h; (c) LiAlH4, THF, -20 °C – rt, 4 h; (d) TPP,
CBr4, CH2Cl2, 0 °C – rt, 4h; (e) TPP, MeCN, reflux, 24 h; (f) TPP, CuI, Pd(OAc)2, Et2NH, rt, 16 h;
(g) TPP, CBr4, CH2Cl2, 0 °C – rt, 4h; (h) TPP, MeCN, reflux, 24 h.

After the preparation of the Wittig salt (164-166, and 186-191, Scheme 13), a Wittig
reaction was carried out between the salt and the indole intermediate 62 (Scheme 14). The
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resulting olefin product (192-194, and 195-200) was further react with hydrogen to produce
the fully saturated compound (201-209). The final product (210-218) was obtained after the
Friedel-Crafts reaction of the saturated compound (201-209) and the anhydride 74.

Scheme 14. Synthesis of the Compounds 210-218. Reagents and conditions: (a) LiHMDS, THF, -20
°C – rt, 3 h; (b) H2, 10% Pd/C, EtOH, rt, 2 h; (c) Me2AlCl, CH2Cl2, 0 °C – rt, 4 h.

The results from our calcium assay (Figure 21) indicates that a methoxy group in the
meta-position (217) increased potency, and that the ortho (216) and para (218) substituted
methoxy compounds were less active (Figure 21A). The meta fluoro (214) and meta chloro
(211) substituents also increased potency, whereas potency is reduced by a halo group in
other positions (Figure 21B and C). Of all the compounds we tested (Figure 21D), the most
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potent is the meta-chloro derivative 211, with an IC50 of 33 pM, about 5 times lower than
that of 143 (Table 5). Because of the striking potency of the three meta-substituted
compounds (211, 214, and 217), we separated the R and S enantiomers of each compounds
by chiral HPLC and tested their effects on 5-oxo-ETE-induced Ca++ mobilization. In all cases
the S enantiomers are much more potent than the R enantiomers.40 The S-meta-chloro
compound S-211 is the most potent of all the compounds tested, with an IC50 of about 8 pM,
over 10 times more active than that of S-143 and 750 times lower than that of the 1st
generation OXE antagonist S-52 (Section 2.3, Table 3). The S-meta fluoro and methoxy
derivatives are about 2-3 times more potent than S-143.40
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Figure 21. The IC50 results of Compounds 210-218. Panel A shows the activities of the chlorocompounds 210 (●), 211 (●), and 212 (●), Panel B shows the fluoro-compounds 213 (▲), 214 (▲),
and 215 (▲), and Panel C shows the methoxyl-compounds 216 (■), 217 (■), and 218 (■). Panel D is
the structures of all the compound we made in this section (210-218).

Chapter 3
Design and Synthesis of Affinity Chromatography
Ligands for the Purification of 5-HEDH
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As it is mentioned in Chapter 1, the arachidonic acid (AA, 4, Figure 2, Section 1.2)
is converted to biologically active metabolites by different pathways, one of the most
important of which is initiated by 5-lipoxygenase (5-LO). 5-Hydroxyeicosatetraenoic acid
(5-HETE, 16), although possessing only weak biological activity itself, is oxidized to 5-oxo6, 8, 11, 14-eicosatetraenoic acid (5-oxo-ETE), a potent chemoattractant for eosinophils and
neutrophils (Figure 22). Our main goal is to determine how the biosynthesis of 5-oxo-ETE
is regulated and to determine its pathophysiological roles. To achieve this task, we designed
and synthesized affinity chromatography ligands for the purification of 5-hydroxyeicosanoid
dehydrogenase (5-HEDH), the enzyme responsible for the formation of 5-oxo-ETE (Figure
22).

Figure 22. Development of an affinity ligand for the purification of 5-HEDH.

3.1 The 5-LO Pathway of AA
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The 5-LO pathway of AA (4) involves the introduction of oxygen at position C-5 to
form 5-hydroperoxyeicosatetraenoic acid (5-HpETE, 10, Figure 23), which is then
transformed to leukotriene (LT) A4 (11) by the action of 5-LO (Figure 23). LTA4 is then
transformed to LTB4 (12) by the action of LTA4 hydrolase, or to LTC4 (221) by the action of
LTC4 synthase. Finally, LTC4 is converted to LTD4. The 5-oxo-ETE pathway was first
discovered while studies were being conducted on the metabolism of LTB4 and related
compounds in human neutrophils.21b It was found that 5-HpETE (10) formed by 5-LO is also
converted by peroxidase(s) into 5-HETE (16, Figure 23). 5-HETE is the major product of
the 5-LO pathway in all the cells that contain the enzyme 5-HEDH,21b which is present in
human neutrophils,41 eosinophils,42 monocytes, lymphocytes,43 and platelets.44 Oxidation of
5-HETE (16) to 5-oxo-ETE (17) by this enzyme is limited by the availability of nicotinamide
adenine dinucleotide phosphate (NADP+), which is normally present at very low
concentrations in cells unless they are subjected to oxidative stress. In order to design 5HEDH inhibitors that may be used ultimately as therapeutic agents, it is very useful to purify,
characterize, and clone 5-HEDH. Also, the study of 5-HEDH is essential in determining the
role of 5-oxo-ETE in normal physiology and potential involvement in the pathology of
inflammatory diseases. Little information is available on 5-HEDH,21b and we intended to
approach this problem by designing and synthesizing affinity chromatography ligands for
the purification of 5-HEDH. In this chapter, we synthesized and characterized an improved
affinity chromatography ligand 228 (Scheme 15). We also performed the substrate activity
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experiments on these compounds, and the initial results are encouraging as they clearly
indicate that at low concentrations these ligands are as good substrates as 5-HETE.

Figure 23. The 5-LO pathway of AA, and the biological effects of the eicosanoids.

3.2 Design of Affinity Chromatography Ligands
In order to purify and characterize the enzyme 5-HEDH, which has not been isolated
previously, we have designed and synthesized the affinity chromatography ligands with high
affinity for 5-HEDH. This enzyme is highly selective for eicosanoids containing a 5(S)hydroxyl group at position C-5 and a 6-trans double bond.21b Coupling of the carboxyl group
of 5-HETE to a solid support would be relatively simple. However, in structure-activity
studies we found that 5-HETE methyl ester is a very poor substrate for 5-HEDH, clearly
indicating that the free carboxyl group of the molecule is very important for binding to the
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enzyme. For this reason, we previously decided to target the ω-end of the 5-HETE molecule,
and prepared the 20-amino derivative of 5-hydroxy-6, 8, 11-eicosatrienoic acid 222 (Figure
24), which permitted the attachment of various groups through amide linkages.45 Two types
of affinity ligands have been designed and synthesized, one for use as a photo affinity probe
(225)45a, 46 and the other to be used as a reagent for affinity chromatography (223). The photo
affinity probe (225) with an azido group was used because the azido group, on stimulation
with UV light, generates a highly reactive nitrene species that can react covalently with an
amino acid at the catalytic site. Also, we had previously prepared the biotinylated derivative
(223),45b which was coupled to a streptavidin-agarose column for affinity chromatography.
The presence of biotin permits the attachment of the ligand to streptavidin-agarose particles
through the high affinity binding (Kd = 10-15 M) between biotin and streptavidin (Figure
24).47 Unfortunately, incubation of the unlabeled probe 224 with neutrophil microsomes
revealed that it is not a good substrate for 5-HEDH. Also, 223 proved to be a rather poor
substrate for this enzyme, and did not significantly retain 5-HEDH activity when used for
affinity chromatography, both in the presence and absence of the cofactor NADP+. This result
is similar to other cases in which the introduction of a polar group, such as hydroxyl, at C20 in eicosanoid structures result in loss of activity.1b, 48
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Figure 24. Previous attempts at the purification of 5-HEDH through affinity reagents.

To create the improved affinity ligands for 5-HEDH, we have currently developed
four designs in an attempt to circumvent the problems we initially experienced. The first is
to place a lipophilic spacer instead of the polar NH group at the C-20 position (227, and 229,
Scheme 15). The second modification sought, is to use a different linkage to the support
column, e.g. Affi-Gel 10 (226, 227, and 228, Scheme 15). The third is the introduction of an
acetylene group in order to augment the rigidity in the molecule. The introduction of rigidity
will keep the ω-lipophilic end extended and provide better recognition by the enzyme. For
example, designs 227, and 228, which provide rigidity to the central portion of the molecule
by adding a phenyl and an acetylene functions at the ω-end of the ligand, may address this
potential deficiency in the previous designs. The fourth is to maintain the 11, 14-skipped
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diene structure in the molecule in order to further insure the activity of the ligands (226229).49 In our previous attempt of the affinity ligand (Figure 24), we omitted the 14, 15double bond for simplicity. In this paper, we have selected 228 as our synthetic target.

Scheme 15. Examples of improved affinity chromatography ligands for 5-HEDH.

3.3 Synthetic Strategy
In order to synthesize different affinity chromatography ligands, we used four
important intermediates (238, 247, 256, and 263, Figure 25) that were synthesized separately.
Figure 25 shows the strategy we used to plan our synthetic approach. Figure 25A shows a
counterclockwise approach, which proved to be the most useful, that builds the affinity
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reagent starting from the first eight carbons of the carboxyl end by the sequential addition of
a series of intermediates culminating in completion of the ω-end of the molecule. This
approach facilitates the synthesis of various modifications of the ω-end of the molecule. The
second approach involves the clockwise addition of segments of the molecule to 263, which
contains the ω1 to ω6 portion of 5-HETE coupled to a p-iodophenyl group. This permits
modification of both the carboxyl and the ω ends of the molecule (Figure 25B). Although in
the present case the modifications of 5-HETE are principally at the ω-end, we have
performed the synthesis of the ligands using both approaches.
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Figure 25. Synthetic strategies for preparing different affinity chromatography ligands.

3.4 Synthesis of Affinity Chromatography Ligands
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The syntheses of the three intermediates 238, 247, 256, and 263 (Figure 25), which
we have currently developed, are shown in Schemes 16, 17, 18, and 20, respectively. We
constructed the para iodo intermediate 235, using a thallium (III) trifluoroacetate
procedure,46 which afforded the desired compound in 87% yield. Later using the
intermediates 236 and 232 we performed the Sonogashira coupling reaction50 to obtain the
desired azido intermediate 237. The Swern oxidation of 237 yieled the azido-aldehyde
synthon 238.

Scheme 16. Synthesis of the azido intermediates 232 and 238. Reagents and Conditions: (a) PPh3,
imidazole, I2, THF, 5 h, 96%; (b) NaN3, DMF, 3.5 h, 91%; (c) CH2N2, rt, 1 h, Et2O, 96%; (d)
Tl(CF3COO)3, TFA, 5 days, KI, H2O, 87%; (e) DIBAL-H, dry CH2Cl2, 0 °C, 2 h, 95%; (f) Pd(OAc)2,
PPh3, CuI, diethyl amine, 60 °C, 1 h, 70%; (g) (COCl)2, DMSO, TEA, CH2Cl2, -78 °C, 2 h, 86%
(crude).

The 6-carbon phosphonium salt 247 was synthesized as shown in Scheme 17. We
started with commercially available 3-bromopropanol (239) and 1, 3-propanediol (99) to
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afford the phosphonium salt 241 and the aldehyde 243, respectively. The two were coupled
together in a Wittig reaction using LiHMDS to yield 244, which was subsequently converted
into the desired phosphonium salt 247. Also, it is worth noting that a side reaction can take
place at a higher temperature (80 °C) during the process of Step b, and that the side product
was identified to be the hydroxyl Wittig salt (248).

Scheme 17. Synthesis of intermediate 247. Reagents and Conditions: (a) DHP, p-TsOH, CH2Cl2, 0
°C, 8 h, 95%; (b) PPh3, CH3CN, 48 h, 40 °C, 71%; (c) TBDMSCl, Imidazole, CH 2Cl2, 5 h, 60%; (d)
PCC, Al2O3, CH2Cl2, 5 h, 78%; (e)LiHMDS, THF/HMPA (4:1), -78 °C to rt, 3 h, 75%; (f) Me2AlCl,
0 °C, CH2Cl2, 8 h, 98%; (g) PPh3, imidazole, I2, THF, 0 °C-rt, 2 h, 92%; (h) PPh3, CH3CN, 48 h, 45
°C, 79%.

The α,β-unsaturated aldehyde 256 required for the upper carboxyl portion of the
molecule was prepared according to our earlier reported procedure (Scheme 18).48
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Scheme 18. Synthesis of α,β-Unsaturated Aldehyde 256. Reagents and Conditions: (a) TBDPSCl,
imidazole, CH2Cl2, 0 °C-rt, 12 h, 98%; (b) periodic acid, THF, 0 °C, 4 h, 83 %; (c) THF, rt, 6 h, 91%;
(d) 10% Pd/C, H2, EtOH, rt, 5 h, 96%; (e) periodic acid, THF, rt, 5 h, 77%; (f) benzene, reflux, 10 h,
76%.

Scheme 19 shows the counterclockwise synthesis (Figure 25A) of the azido
compound 262 using the two major intermediates 260 and 238. The chiral Wittig salt 260
was prepared after 4 steps of reactions starting with the chiral aldehyde 256 and the 6-carbon
Wittig Salt (247). Subsequently, a Wittig reaction of the aldehyde 238 and the phosphonium
salt 260 using LiHMDS afforded the intermediate 261. Finally, on hydrolysis and
deprotection of 261, the affinity chromatography ligand 262 was generated.
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Scheme 19. Synthesis of the azido affinity chromatography ligand 262 by a counterclockwise
approach. Reagents and Conditions: (a) LiHMDS, THF/HMPA (4:1), -78 °C to rt, 2 h, 95%; (b) PPTS,
MeOH (4:1), rt, 8 h, 80%; (c) PPh3, imidazole, I2, THF, 0 °C-rt, 5 h, 97%; (d) PPh3, CH3CN, 50 °C,
48 h, 78%; (e) LiHMDS, THF/HMPA (4:1), -78 °C to rt, 3 h, 60%; (f) LiOH, THF/H2O (4:1), rt, 10
h; (g) TBAF/AcOH, THF, 50 °C, 10 h, 75%, over two steps f and g.

To investigate the potential affinity of 262 for 5-HEDH we used as an enzyme source
microsomal fractions from U937 cells that had been differentiated with phorbol myristate
acetate to increase 5-HEDH activity.51 Different concentrations of 262 or 5-HETE (16) were
incubated with U937 cell microsomes in the presence of NADP+(100 μM) for 5 min and the
resulting 5-oxo products were quantitated by HPLC. It can be seen from Figure 26 that 262
is nearly equivalent to 5-HETE (16) as a substrate for 5-HEDH, indicating that modification
of 5-HETE in this way does not reduce its affinity for the enzyme.

5-oxo product (pmol/min/µg protein)
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Figure 26. Oxidation of 5-HETE (16) and 262 by 5-HEDH. A microsomal fraction (50 µg protein/ml)
from human neutrophils was incubated with different concentrations of either 5-HETE or 262 for 5
min at 37 °C in the presence of NADP+(100 µM) and the 5-oxo product was quantitated by RP-HPLC.

We have also investigated the clockwise approach (Figure 25B) for the synthesis of
the azido intermediate 261 (Scheme 20). In this approach, the iodophenyl derivative 236 was
converted into the aldehyde 263, which was further coupled with the 6-carbon synthon 247
to afford 264. The silyl ether function in 264 was deprotected, iodinated, and converted in to
the iodo phosphonium salt 265. The following Wittig reaction between 265 and the chiral
aldehyde 256 produced the iodophenyl intermediate 266, which was reacted with the
acetylene 232 to yield the azido compound 261.

73

Scheme 20. Synthesis of 261 using a clockwise approach. Reagents and Conditions: (a) Dess-Martin
periodinane, CH2Cl2, rt, 4 h, 88%; (b) 247, LiHMDS, THF/HMPA (4:1), -78 °C-rt, 3 h, 56%; (c)
PTSA, MeOH, rt, 3 h, 60%; (d) PPh3, imidazole, I2, THF, 0 °C to rt, 5 h, 90%; (e) PPh3, CH3CN, 50
°C, 10 h, 96%; (f) LiHMDS, THF/HMPA (4:1), -78 °C to rt, 3 h, 98%. (g) Pd(OAc)2, TPP, CuI, diethyl
amine, 60 °C, 16 h, 64%.

The amine 267 was obtained by the reduction of the azido 262 with PPh3 (Scheme
21). The coupling of 267 to Affi-Gel 10 was modeled by using commercially available 6aminocaproic acid, and the successful condition was then applied to the immobilization of
267 as shown in Scheme 21. The percentage of binding was calculated on the basis of the
concentrations of the N-hydroxysuccinimide 269 (Scheme 21) measured by UV,52 as it is one
of the by-products generated during the coupling reaction.
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Scheme 21. Synthesis of 5-HETE Affi-Gel 10 affinity chromatography ligand 228. Reagents and
Conditions: (a) PPh3, THF, H2O, rt, 24 h, 60%; (b) pH 7.5, isopropanol/MeOH (1:1), rt.

A typical coupling experiment consisted of dissolving approximately 10 mg of
amine 267 ligand in 1 mL of isopropanol/MeOH (1/1). The pH was then adjusted to 7.5 using
a saturated solution of LiOH in water. A suspension of Affi-Gel 10 (1 mL) was added to the
above solution and agitated using a mechanical shaker at 4 °C with continuous shaking for
14 h. The reaction mixture was then filtered, the solid particles washed with cold isopropanol,
and the filtrate collected in a flask. The solid Affi-Gel 10 was carefully transferred to a vial
and stored in isopropanol at -20 °C. The pH of the collected filtrate was adjusted to 8.5 and
the solution was used to measure the UV absorbance. The concentrations of Nhydroxysuccinimide (269) were established, and by using these concentrations, we
calculated the concentration of the amine 267 consumed in the reaction. In this way, we
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determined that 1 ml of Affi-Gel 10 is capable of binding 15 µmoles of 267. The reaction
yield was 60% as determined by UV.

3.5 Preliminary Results on the Purification of 5-HEDH by
Using 228
Preliminary experiments were performed to determine the ability of 228 to bind 5HEDH. 5-HEDH from differentiated U937 cell microsomes was first partially purified using
DEAE-Sepharose and ultrafiltration through a 50 kDa cutoff filter as described in
Experimental Procedures. The partially purified 5-HEDH was reconstituted in 20 mM
phosphate containing 30 mM octylglucoside and 15% MeOH and incubated with 228 for 20
min at 6 °C, followed by centrifugation. 5-HEDH activity in the different fractions was
assessed by precolumn extraction/RP-HPLC53 following incubation of aliquots with 5-HETE
(1 μM) and NADP+ (100 μM) for 30 min at 37 °C. Although a substantial proportion of the
5-HEDH activity in the preparation was retained under these conditions, a considerable
amount of unbound 5-HEDH was detected in the initial supernatant, along with the majority
of protein (first fraction in Figure 27). Subsequent washing of the 228 with the loading buffer
eluted only small amounts of enzyme activity. Somewhat surprisingly, we were unable to
elute substantial amounts of 5-HEDH by addition of 5-HETE (16) to the eluting buffer,
perhaps because of the high affinity of 228 for the enzyme. However, addition of NADPH
resulted in the elution of a large amount of 5-HEDH that had been bound by the stationary
phase. NADPH is a very potent inhibitor of the oxidation of 5-HETE to 5-oxo-ETE by 5HEDH, presumably because it induces a conformational change in the enzyme resulting in
dramatically reduced affinity for its substrate51 and subsequent release from the stationary
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phase. The fact that 5-HEDH is a membrane-bound enzyme substantially complicates its
purification because it requires the presence of large amounts of detergent to maintain its
solubility. Binding of detergent to the enzyme is likely to interfere with its interaction with
228, resulting in its only partial retention by the stationary phase as shown in Figure 27.
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Figure 27. Purification of 5-HEDH using 228. 5-HEDH was first partially purified using DEAESepharose and ultrafiltration as described in Experimental Procedures. The 5-HEDH fraction in 20
mM phosphate, pH 7.4, containing octyl glucoside (30 mM) and 20% MeOH was incubated with 17
for 20 min at 6 °C. After washing with the same buffer, the protein adsorbed on 228 was eluted
successively with 20 μM 5-HETE, 0.2 M NaCl, 1 mM NADPH, and 1 M NaCl in the above buffer as
described in Experimental Procedures. 5-HEDH activity in the fractions was measured by precolumn
extraction/RP-HPLC, whereas protein was measured using the Bio-Rad DC protein assay kit.
Preliminary calculation indicates a 30-40% enrichment was achieved.

3.6 Conclusion for Chapter 3
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In order to purify 5-HEDH, we designed and synthesized the novel affinity
chromatography ligand 228 by two approaches, clockwise and counterclockwise. These
ligands retain the C1 carboxyl group and the terminal hydrophobic region of 5-HETE, which
are essential structural elements for recognition by 5-HEDH. Initial results of the enzyme
purification experiments demonstrate significant binding of these ligands to the enzyme,
which is encouraging, and we anticipate that optimization of the purification procedure will
improve the yield. Also, the synthetic method developed in this section is useful for the future
synthesis of potent 5-HEDH inhibitors.
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Chapter 4
A Novel Method for the Synthesis of Isoprostane as
Oxidative Stress Biomarkers

Although the etiology of Alzheimer’s disease (AD) remains unclear, the increased
level of β-amyloid (Aβ) oligomers is one of the most-established hallmarks of AD. βAmyloid oligomers are capable of producing free radicals and lead to neuronal degeneration
along with the formation of isoprostanes (iPF2α). Therefore, the inherent relationship between
the neuronal degeneration and the formation of iPF2α makes the in vivo level of iPF2α a
reliable index for the severity of AD. In our previous studies, we have developed gas
chromatography-mass spectrometry (GC-MS) and liquid chromatography-tandem mass
spectrometry (LC-MS/MS) assays and used the iPF2α as indices of free-radical
peroxidation.3c, 54 We showed that the measurement of iPF2α in urine can be used as an index
to evaluate the pathogenesis of oxidative stress related diseases.3c We are presently working
on developing a new approach for the synthesis of iPF2α. The development of the new
methodology will allow us to prepare the all-syn iPF2α in larger quantities.

4.1 Alzheimer’s disease (AD)
Alzheimer’s disease (AD) accounts for 60 percent to 80 percent of the dementing
disorders of the elderly,12 and it is estimated that 5.3 million Americans of all ages will have
AD in 2017.55 Because of the aging of the “baby boom” generation, this number will increase
dramatically in the next 40 years unless preventive measures are developed. 55 With the
research conducted in the last three decades, several theories have been developed to
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understand AD, and six drugs have been approved by the U.S. Food and Drug Administration
(FDA).55-56 None of the treatments available today slows or stops the Alzheimer’s
symptoms.56a Although the pathogenesis of AD still remains unclear, most researchers
believe that there is a long “preclinical” phase of AD, in which the pathophysiological
process happens without causing clinical symptoms. Therefore, detection of AD in the early
phase would provide a critical opportunity for therapeutic intervention.3a, 3b, 57
Decades of studies have shown that the presence of amyloid β-protein (Aβ), the main
composition of the neuron toxic senile plaques, is the histopathological hallmark of AD.
Also, recent studies13, 58 demonstrated that Aβ can produce radicals and generate reactive
oxygen species (ROS) in the presence of oxygen, water, and biomolecules (Figure 28). The
ROS can further react with AA or other biomolecules and form iPF2α (Figure 28). Therefore,
iPF2α could be a specific, sensitive, and selective biomarker of oxidative stress, so the
measurement of iPF2α level could be used as an index of the severity of AD.
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Figure 28. The radicals generated by Aβ can react with biomolecules, and further transform into ROS,
which generates toxins and causes neuron degeneration. ROS also reacts with lipids and leads to the
formation of iPF2α, which could be a biomarker of AD.

4.2 The Formation of iPF2α
Because of the skipped double bonds structure, AA is labile to ROS generated in the
process of oxidative stress. The reaction between ROS and AA produces isoprotanes (iPF2α,
21, 25, 29, and 33, Scheme 1), which are important biomarkers of the severity of oxidative
stress.5 The mechanism of the iPF2α formation is shown below (Scheme 22A). In the initial
step, the skipped double bond structure of AA makes the hydrogens at the C-7, C-10, and C13 positions (4, Scheme 22A) available to be abstracted by ROS, and leaves a radical electron
on AA. The sequential radical electron can further attack its adjacent double bonds and
generate four different intermediates (19, 23, 27, and 31), which can undergo ring cyclization
and further produce four different groups of iPF2α (21, 25, 29, and 33), depending on the
positions and directions of the radical attack (Scheme 22).
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Scheme 22. The formation of iPF2α. Panel A is also showed in Scheme 1, and we repeat the scheme
in this section for better illustration. Due to the conformation of the cyclo endoperoxide intermediate
(270 and 272), only two pairs of enantiomers (271 and 273) can be generated as the major products in
each group of iPF2α (Panel B).

The radical reactions on the AA molecule are non-stereoselective, and can
theoretically generate 64 possible isomers. However, studies revealed that only two pairs of
enantiomers are favored to form in each group based on the conformations of the
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intermediates 19, 23, 27, and 31.2d, 3d, 12a The formation of two major iPF2α derived from 19
is shown as an example in Scheme 22B. The ring strain of the cyclo endoperoxide structure
of 19 creates a favorable condition for the formation of two transitional states (270, and 272)
and further leads to the generation of the two major products, which were identified as the
all-syn iPF2α (271) and the syn-anti-syn iPF2α (273).

4.3 The Measurement of iPF2α in Body Fluid
We have previously developed a novel approach to identify and quantify the four
groups of iPF2α by high performance liquid chromatography/electrospray/tandem mass
spectrometry (HPLC/ESI/MS/MS) with the selective ion monitoring technique.2a, 3c In this
approach, we first established the mass spectral fragmentation patterns of the four synthetic
iPF2α (iPF2α-III, iPF2α-IV, iPF2α-V and iPF2α-VI, Figure 29A) standards, which represent the
in vivo iPF2α (Group III-VI) derived from AA. From this information, we were able to select
a set of class-specific major fragment ions (Figure 29A), which are specific to each group of
iPF2α and absent or nearly absent from the others. These fragments are m/z 193 (iPF2α-III),
127 (iPF2α-IV), 151 (iPF2α-V), and 115 (iPF2α-VI). The ion at m/z 193 is present to a smaller
extent in the mass spectra of Group VI iPF2α (Figure 29A, bottom panel) and is seen in the
Group III profile (Figure 29A, top panel). From a single injection of a mixture of four
synthetic iPF2α using LC-MS/MS with selected ion monitoring, we were able to separate and
quantify the iPF2α of all four groups with high specificity (Figure 29B). In addition, these
fragment ions are much more abundant than the molecular ion, increasing the sensitivity of
the assay.
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Figure 29. Development of a LC-MS/MS approach to measure iPF2α with high specificity. The
method was established based on the identical mass spectral fragmentation patterns (Panel A), and
different HPLC retention time (Panel B) of the four groups of iPF 2α.

Based on the LC-MS/MS method we established, the RP solid-phase extracts from
human urine was analyzed (Figure 30).3c The result indicates that iPF2α-VI was the most
abundant group among the four, and that the chromatogram monitoring the iPF2α-VI (product
ion at m/z = 115) was dominated by two peaks (Figure 30, top panel). Unfortunately, we
were only able to identify two of the minor peaks as the syn-anti-syn-iPF2α-VI (274).
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Therefore, the identification of the two major peaks in Figure 30 (top panel) could eventually
lead to the establishment of a reliable and sensitive index of oxidative stress for the diagnosis
of AD.

335 > 115

Figure 30. LC-MS/MS chromatograms of iPF2α (Group III-VI) in urine extracts. The most abundant
group is group VI, which contains two major isomers that are not identical to the syn-anti-syn iPF2αVI (274, top panel)
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4.4 Previous Methods for the Synthesis of the all-syn iPF2αVI
In order to identify the most abundant iPF2α in the human urine (Figure 30, top
panel), our group has developed two approaches for the synthesis of the all-syn iPF2α-VI
(282, and 283, Figure 31). In the first approach,2d the lactone intermediate 277 was prepared
from L-glucose (275). The key step in this approach involves a radical cyclization reaction,
in which the all-syn chiral centers were stereoselectively generated through the radical
intermediate 276 (Figure 31). In the second approach,2c,

54c, 59

a chiral cyclopentanone

intermediate (279) was prepared from D-arabinose (278), and a stereoselective Diels-Alder
reaction between 279 and 1,3-butadiene afforded the bicyclic synthon 280 with the all-syn
stereochemistry (Figure 31).
After the total synthesis of the authentic samples, the two major peaks in the LCMS/MS chromatogram, which was selectively monitoring the ions derived from the iPF2αVI (Figure 31), were identified as 5-epi-8, 12-iso-iPF2α-VI (282), and 8, 12-iso-iPF2α-VI
(283).2a, 2b However, these two approaches can only yield the product in mini-gram scale. We
decided to invest in new methodologies for the synthesis of iPF2α in an attempt to improve
on the previous ones. We were also interested in developing a new method for the synthesis
of a substituted 5-membered ring synthon with the all-syn stereochemistry.
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Figure 31. Identification of the two major isomers (282, and 283) of the all-syn iPF2α-VI from urine.
A radical cyclization approach, and a Diels-Alder approach have been developed for the synthesis of
282, and 283.

4.5 A Novel Method for the Synthesis of the all-syn iPF2α-VI
(282 and 287)
In order to prepare the all-syn iPFs in a much more efficient manner, we developed
a new method for the synthesis of the all-syn iPF2α-VI (283, and 287, Figure 32). This method
used the inexpensive carbic anhydride (284) as a starting material, and the all-syn
stereochemistry was introduced via a Baeyer-Villiger reaction, which produced the achiral
synthon (285, Figure 32). In this section, we report on the synthesis and stereochemistry
assignments of the achiral synthon 285.
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In our future studies, the achiral synthon 285 will be stereo-specifically converted
into a pair of enantiomers (286, and 323), which contain a ketone prochiral center in their
molecules. The stereoselective reduction of the pair of enantiomers (286, and 323) in the
presence of (S)-BINAL-H will produce a mixture of diastereomers (283, and 287,
respectively) with an S-hydroxyl group at their C-5 positions (Figure 32). As showed in
Figure 32, one of the diastereomers is the 8, 12-iso-iPF2α-VI (283), whereas the other isomer,
the 9,11-iso-iPF2α-VI (287), is the enantiomer of 5-epi-8, 12-iso-iPF2α-VI (282). The
diastereomers will be separated by silica-gel chromatography, and further purified by HPLC.
As a pair of enantiomers, the 5-epi-8, 12-iso-iPF2α-VI (282) and 9, 11-iso-iPF2α-VI (287)
have exactly the same HPLC retention time and mass spectroscopic behavior in a LCMS/MS measurement. We will use 9, 11-iso-iPF2α-VI (287) as the synthetic standard for the
quantification of iPF2α-VI (Figure 32).

Figure 32. A novel method for the preparation of the all-syn iPF-VI in large quantity.
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4.6 Preparation and Structural Identification of the Key
Intermediates (312, and 313)
4.6.1 Synthesis of the all-syn Synthon via a Lactol Intermediate

In the initial attempt, we decided to prepare the all-syn iPF2α-VI (283, and 287)
starting with the preparation of the lactol intermediate (289, Scheme 23B). We firstly
protected the lactol group in 289 with a benzyl group (290, Scheme 23), which would be
selectively deprotected by hydrogenation in the final stages. However, the benzyl group of
the bis-ketone synthon 300 (Scheme 23A) undesirably got removed during the BaeyerVilliger reaction, and the targeted product (302) was not found in the reaction mixture. On
the other hand, a small amount (10 %) of the oxidized product was found and identified to
be the lactone compound 304. This result suggests that the benzyl group is labile under the
acidic condition of the Baeyer-Villiger reaction. On the positive side, we learned that the bisketone group of 300 could be converted into bis-acetyl groups using the Baeyer-Villiger
reaction. To stabilize and better protect the lactol group, we prepared the methoxy derivative
(291). However, a similar result was obtained from the Baeyer-Villiger reaction of the
methoxy synthon 301.
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Scheme 23. Attempted Synthesis of the Compounds 302-303. Panel A shows the summary of the
results. Panel B shows a scheme of the reactions. Reagents and Conditions: (a) NaBH4, THF, 0°C-rt,
4 h, 97%; (b) DIBAL-H, THF, -78°C, 4h, 90%; (c) NaH, DMF, -10°C-rt, 3 h, 98% (crude); (d) OsO4,
(CH3)3N→O, t-BuOH/MeCN/H2O, rt, 48 h, 88%; (e) NaIO4, THF/H2O, 0°C-rt, 30 min, 96% (crude);
(f) MeMgBr, THF, -20°C-rt, 3h, 90%; (g) DMSO, (COCl)2, Et3N, CH2Cl2, -78°C-rt, 3h, 70%, (h)
(CF3CO)2O, H2O2∙Urea, CH2Cl2.
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4.6.2 Synthesis of the all-syn Synthons (312, and 313) via a Bis-Methoxyl
Intermediate (310)

Based on the lessons we learned, we modified our strategy and developed a new
procedure for the preparation of the all-syn iPF2α-VI (282, and 287). The key steps in the
new synthesis are the Baeyer Villiger reaction (Step g, Scheme 24), and the deprotection of
the bis-methoxyl group (Step h, Scheme 24). The anhydride 284 was reduced into the bishydroxyl compound 305 followed by the methylation of the hydroxyl groups to yield the bismethoxyl compound 306. The protected compound 306 was then subjected to OsO4 for the
double bond oxidation and was converted into the diol 307. The vicinal diol function of the
Compound 307 was cleaved, and the bis-aldehyde 308 was generated. The aldehyde group
of 308 was further reacted with MeMgBr to yield the bis-alcohol intermediate 309. After the
oxidation of 309, the resulting bis-ketone 310 was charged for Baeyer Villiger rearrangement
and yielded the bis-acetyl compound 285.
In order to deprotect the bis-methoxyl group in 285 in the presence of the bis-acetyl
group, we initially ran some experiments using BBr3 as the Lewis acid in a -78 °C
environment, and we were able to isolate only a small amount of a tetra-hydroxyl compound,
and the 1,3-cyclopentanediol derivative 314. To deprotect the bis-methoxyl group of 285 at
a milder condition, we prepared (Me)2BBr, which is a weaker Lewis acid, from BBr3 and
Me4Sn as described in published literatures.60 With the use of the (Me)2BBr, we successfully
deprotected the bis-methoxyl group and obtained the desired product 311 with a 60 % yield.
Oxidation of the bis-hydroxyl compound 311 using the Dess-Martin reagent at room
temperature generated the lactol as a pair of enantiomers (312, 313). As mentioned in Section
4.5 (Figure 32), at the final stages of the synthesis, the lactol synthon 312, and 313 can
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generate a pair of the enantiomers (286, and 323), and further produces 8,12-iso-iPF2α-VI
(283), and 9, 11-iso-iPF2α-VI (287) as final products respectively.
Also, based on some analyses of the 1H NMR coupling constants using the Karplus
equation, we found that the formation of the lactol ring (Step i, Scheme 24) was a
stereoselective process, which may result from the all-syn stereochemistry of 311, and that
the hydroxyl group of the lactol function in 312 and 313 are both in an exo-position.
To confirm the absolute stereo chemistry of the Baeyer Villiger reaction product
(285), we attempted to use the nuclear Overhauser effect (NOE) NMR technique, but because
of the overlapping of the signals, we did not obtain much useful information. We then
decided to use the X-ray diffraction method. Since none of the intermediates (285, 311-313)
were solid, we derived the acetyl compound 285 into the bis-TBDPS compound 315. The
recrystallization of 315 in MeOH gave nice rod crystals, which were analyzed by Dr. Zeller
at Purdue University. As shown in Figure 33, the XRD result clearly confirmed the all-syn
stereochemistry of 315.
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Scheme 24. Synthesis of the lactol synthon (312, and 313, Panel A), and the synthesis of a TBDPS
derivative for XRD analysis (Panel B). Reagents and Conditions: (a) LiAlH4, THF, -20°C-rt, 4 h, 96%
(crude); (b) NaH, DMF, -10°C-rt, 3 h, 98% (crude); (c) OsO4, (CH3)3NO, t-BuOH/MeCN/H2O, rt, 48
h, 73 %; (d) NaIO4, THF/H2O, 0°C-rt, 30 min 90% (crude); (e) MeMgBr, THF, -20°C-rt, 3h, 73%; (f)
DMSO, (COCl)2, Et3N, CH2Cl2, -78°C-rt, 3h, 80% (crude); (g) (CF3CO)2O, Urea∙H2O2, CH2Cl2, 0°Crt, 16 h, 74%; (h) (Me)2BBr, CH2Cl2, -78°C-rt, 2.5 h, 63%; (i) Dess-Martin periodinane, CH2Cl2, 0°Crt, 16 h, 80%; (j) LiOH, THF/H2O, rt, 24 h, 93% (crude); (k) TBDPS-Cl, Et3N, CH2Cl2 0°C-rt, 4 h,
80%.
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Figure 33. XRD analysis of the bis-TBDPS compound 315 confirmed the all-syn stereo chemistry.

4.6.3 Proposed Synthesis of the all-syn iPF2α-VI (283 and 287)
Scheme 25 shows our research plan to finish the synthesis of the final products 8,12iso-iPF2α-VI (283) and 9, 11-iso-iPF2α-VI (287) with a pair of the lactol enantiomers (312
and 313). To simplify the scheme, the structures of the intermediates derived from 313 are
not shown. Typically, the lactol enantiomers (312) will react with the stabilized Wittig
reagent (316) and produce the olefin product 317. The hydroxyl of 317 will be converted in
to an iodo group (318), which allows the coupling of the bottom sidechain synthon (319) via
a modified Sonogashira reaction.61 The triple bond of 320 will be reduced into a cis double
bond (286) by using Lindlar’s catalyst. A chiral selective reduction of the ketone in 286, and
323 (Figure 32) will generate two diastereomers 321, and 322. We are expecting to isolate
321, and 322 using silica-gel column chromatography or HPLC. Hydrolysis of 321, and 322
will produce the final products 283, and 287 respectively. Moreover, the lactol enantiomers
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(312 and 313) also allow the synthesis the other Group III-VI all-syn-iPFs (structures of iPF2α
III-VI are showed in Schemes 1 and 22) in a similar manner.

Scheme 25. Proposed Synthesis of the all-syn iPF2α-VI (283 and 287) through the lactol 312. As
mentioned in Scheme 24, we generated a pair of the lactol enantiomers (312 and 313). To simplify the
scheme, only one enantiomer is showed for the Compounds 286, 312, 317, 318, and 320.

4.6.4 Epimerization of 310 Towards the syn-anti-syn iPF2α
During the synthesis of 310 from 309 via a Swern oxidation reaction (Step f, Scheme
24), we found that the HCl residue in the crude (TLC sample) can epimerize some (40-50%)
of the all-syn synthon 310 into the syn-anti-syn synthon 324 whereas the purified all-syn
synthon 310 is stable at room temperature. We also found that a complete epimerization of
the bis-ketone compound (310) can be achieved by adding catalytical amount of HCl into a
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CH2Cl2 solution of 310 and stirring at room temperature for 4 hours (Scheme 26). The
complete conversion of the the all-syn synthon (310) into the syn-anti-syn synthon (324) will
allow us to develop another novel approach for the synthesis of the syn-anti-syn iPF2α such
as 326 (Scheme 26).

Scheme 26. Epimerization of the all-syn synthon 310 into the syn-anti-syn synthon 324. The
preparation of 324 allows the development of a novel method for the synthesis of the syn-anti-syn
iPF2α (326).

Chapter 5
Conclusion and Summary
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5.1 Development of 5-Oxo-ETE Receptor Antagonists for
Late Phase Asthma Attack
In this dissertation, we have successfully developed a series of OXE-R antagonists
with excellent potency and pharmacokinetic profile. First, we conducted a structure-activity
relationship study on the 5-oxo-ETE (17, Figure 34) structure, and the results indicated that
the essential structural elements of 5-oxo-ETE include the 5-oxovalerate group with a free
carboxyl end, the tetraene conjugated system, and the ω-end alkyl group. Second, we
replaced the tetraene unsaturated system of 5-oxo-ETE with an indole scaffold, which was
further decorated with two different substituents to mimic the 5-oxo-valerate portion and the
lipophilic ω-end of the 5-oxo-ETE molecule (Structure 45, Figure 34). Among all the
regioisomers (45), we selected 46 as our lead compound for further development. Third, we
modified the C-3 position of the acyl-chain in 46, and the IC50 results shown that the monomethylation (52) at the C-3 position improved the potency by more than 30-fold. Forth,
based on the pharmacokinetic results of 52 (see Section 2.5), we decided to block the ωoxidation metabolism by introducing a phenyl group at the ω-end of 52. The introduction of
a phenyl group (143, Figure 34) followed by the substitution of a meta-chloro group in 143
leaded to the discovery of 211 as a potent antagonist with favorable pharmacokinetic profile.
Because of the potent chemoattractant effects of 5-oxo-ETE on eosinophils, 143 is a
promising candidate as a novel therapeutic agent in eosinophilic diseases such as asthma and
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allergic rhinitis, used either on its own or to complement the effects of currently available
drugs that act by different mechanisms. Thus, 143 could also be useful for the treatment of
some forms of cancer in which 5-oxo-ETE has been shown to have a proliferative effect on
cancer cells.62

Figure 34. Summary on the development of the OXE receptor antagonists (46, 52, 143, and 211).

5.2 Design and Synthesis of Affinity Chromatography
Ligands for the 5-HEDH enzyme purification
In order to determine how the biosynthesis of 5-oxo-ETE is regulated and to
determine

its

pathophysiological

roles,

we

designed

and

synthesized

affinity

chromatography ligands for the purification of 5-hydroxyeicosanoid dehydrogenase (5HEDH), the enzyme responsible for the formation of 5-oxo-ETE (Figure 35). In this
dissertation, we improved our previous designs by placed a lipophilic spacer instead of the
polar NH group at the ω-end (227, and 229, Scheme 15, Section 3.2), used a different linkage
to the support column (Affi-Gel 10, Figure 35), introduced rigidity in the molecule by adding
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a phenyl and an acetylene functions at the ω-end of the ligand (Figure 35), and maintained
the 11, 14-skipped diene structure in the molecule in order to further insure the activity of
the ligands (Figure 35).49 Moreover, we have developed a clockwise and a counterclockwise
synthetic strategy for the synthesis of the affinity ligand 267 (Figure 25, Section 3.3). The
initial results of the purification of the 5-HEDH using the affinity ligand are very encouraging
and was an excellent achievement.

Figure 35. Development of a new affinity chromatography ligand for the 5-HEDH enzyme.

5.3 Development of a Novel Synthesis for the iPF2α
Isoprostanes (iPF2α) are a group of natural products isomeric with prostaglandins
(283 and 326, Scheme 1). They are formed in vivo as the result of a nonenzymatic free radical
oxygenation of polyunsaturated fatty acid such as arachidonic acid (4, Scheme 27). The total
synthesis of iPF2α-VI has allowed us to discover and identify isoprostanes in biological fluids.
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The measurement of these isoprostanes in biological fluids has been used as an index of free
radical damage in inflammatory diseases such as atherosclerosis63 and Alzheimer’s disease64.

Scheme 27. Formation of isoprostanes (iPF2α-VI).

Previously, our group has developed a radical cyclization approach2d and a DielsAlder reaction approach59 to synthesize the iPF2α-VI (283 and 326). However, these two
approaches can only yield the product in milligram-scale. In order to prepare larger quantities
of the all-syn iPF2α-VI (283) and the syn-anti-syn iPF2α-VI (326) in an efficient manner, we
developed a new strategy for gram-scale synthesis (Scheme 28). This method made use of
the inexpensive carbic anhydride (284) as starting material. The key step in the synthesis was
the introduction of the chiral hydroxyl groups via a Baeyer-Villiger reaction (285, and 325
Scheme 28). Also, we discovered that the bis-ketone 310 can completely epimerized into
324, which allowed the synthesis toward the syn-anti-syn iPF2α-VI (326). At this point, we
have identified the all-syn stereochemistry of 285 by XRD analysis. We have also prepared
large quantities of the key intermediates (285, and 325). We will continue the synthesis as
described in Scheme 25 (Chapter 4).
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Scheme 28. A novel and convenient synthetic strategy towards the all-syn-iPF2α-IV (283) and synanti-syn-iPF2α-IV (326).

Chapter 6
Experimental
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6.1 Measurement of Intracellular Calcium Levels (Chapter
2)
Neutrophils (107 cells/ml) were preincubated for 5 min at 37 °C in Ca2+/Mg2+-free
PBS and then incubated with the acetoxymethyl ester of the fluorescent dye indo-1 (1 µM;
Molecular Probes, Eugene, OR) for an additional 30 min. The indo-1-loaded cells were then
washed twice in Ca2+/Mg2+-free PBS and resuspended in the same medium to obtain a final
cell concentration of 3.22 × 106 cells/ml. Calcium measurements were performed at 37°C
using a Cary Eclipse spectrofluorometer (Agilent Technologies, Santa Clara, CA) equipped
with a temperature-controlled cuvette holder and a magnetic stirrer. The excitation and
emission wavelengths were set at 331 nm (3-nm slit width) and 410 nm (10-nm slit width),
respectively. Before the addition of antagonists, CaCl2, and MgCl2 were added to an aliquot
of the neutrophil suspension to give final concentrations of 1 mM each, a final concentration
of cells of 3 × 106 cells/ml, and a final volume of 1 ml. After a stable baseline was obtained,
either vehicle or a synthetic indole was added, followed 2 min later by 5-oxo-ETE (10 nM).
Then 1 min later, digitonin was added to determine the maximal response.19

6.2 Computational Calculations (Chapter 2)
The computational calculations were performed using the ChemBio3D program.
The 2-dimensional (2D) structure of the small organic molecule (93, and 92) was constructed
using the ChemBioDraw software, and the 3-dimentional (3D) structure was generated using
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ChemBio3D. The lowest-energy conformation of the 3D structure was obtained after the
minimization calculation, which was performed using the Merck Molecular Force Field 94
(MMFF94) with default settings. The Van der Waals volume was calculated using a grid
approximation (spacing 0.75 Å).65

6.3 RP-HPLC Analysis of Metabolites Formed by Monkey
Liver Microsomes (Section 2.5)
Liver microsomes (0.5 mg/mL), prepared from a pool of male cynomolgus monkeys
(ThermoFisher Scientific), were incubated with 52 or 95 (100 µM) in PBS (without Ca++ or
Mg++) in the presence of NADPH (2 mM) for 4 h at 37 oC. Reactions were terminated by the
addition of methanol and cooling to 0 oC. Prior to analysis the concentration of methanol in
each sample was adjusted to 30% by addition of water. The products were analyzed by
precolumn extraction/RP-HPLC using a Waters 2695 Alliance system with a Kinetex C18
column (see figure legends for HPLC conditions).

6.4 Analysis of the Metabolites by LC/MS/MS (Section 2.5)
The LC-MS/MS analysis of 52 and 95 metabolites was carried out using a model
1100 HPLC system (Agilent Technologies, Santa Clara, CA) connected to LTQ Velos
Orbitrap high resolution mass spectrometer via a heated electrospray ionization source
(Thermo Scientific, San Jose, CA). Chromatographic separation was performed using a
Phenomenex Kinetex C18 column (2.6 µm particle size; 50 × 2.1 mm) at the flow rate of 0.3
mL/min and a column temperature of 25°C. The mobile phase was a gradient between
solvents A (water containing 0.02% HOAc) and B (MeCN contained 0.02% HOAc) as
follows: 0 min: 30% B; 1 min: 30% B; 20 min: 65% B; 25 min: 65% B. All analyses were
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performed using an injection volume of 10 µL and negative electrospray ionization (ESI)
mode using the following settings: capillary temperature: 350 oC; source heater temperature:
300 oC; sheath gas flow: 30; auxiliary gas flow: 10; capillary voltage: -3.5 kV. The MS
settings were: S lens RF level: 60%; automatic gain control (AGC) target: 1 × 106 ions; mass
range: m/z 250 to m/z 700; resolution: 100,000. Multiple levels of MSn analysis with data
dependent acquisition (DDA) mode were used for the identification and elucidation of
antagonist metabolites. In DDA mode the selection of the precursor ion for MS2 analysis was
based on the chlorine isotope pattern and/or isolation of the top three most intense ions from
the full MS scan for fragmentation. MS2 settings also included dynamic exclusion: 10 s;
activation type: collision-induced dissociation (CID); signal threshold: 10,000; normalized
collision energy: 35; isolation width: 2 Da; activation time: 30 s. MS3 used parent and product
mass lists to trigger MS3 for selected ions and was performed with CID as activation type;
minimal signal threshold: 5000; isolation width: 2Da; activation time: 30 s; normalized
collision energy: 45.

6.5 Evaluation of Pharmacokinetics of 52 and 95 in
monkeys (Chapter 2)
52 and 95 (racemic mixtures in both cases) were administered at a dose of 30 mg/kg.
Antagonists were dissolved in EtOH at a concentration of 75 mg/mL and the appropriate
volume was then added to 10 volumes of 20 mM NaHCO3. After vortexing, the resulting
suspension (4.4 mL/kg) was administered to monkeys by oral gavage. Blood samples (1 mL)
were collected in heparinized tubes and plasma was obtained after centrifugation. After solidphase extraction using C18 Sep-Paks as described above, samples were analyzed by
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precolumn extraction/RP-HPLC using a Waters Alliance system. The stationary phase for
the pharmacokinetic studies was a Waters Novapak C18 column. The mobile phase was a
gradient between 70 and 100% MeOH in H2O (both containing 0.02% HOAc) over 15 min
at a flow rate of 1 mL/min and a temperature of 30 oC. 95 was used as an internal standard
for measurement of 52 in plasma and 52 was used as an internal standard for measurement
of 95. For experiments designed to identify plasma metabolites of 52 by comparison of their
chromatographic properties and UV spectra with those of authentic standards.

6.6 Preparation of Microsomal
Differentiated U937 cells (Chapter 3)

Fractions

from

U937 cells obtained from ATCC were cultured in modified RPMI 1640 medium and
were terminally differentiated by treatment with phorbol myristate acetate (18 nM) for 4 days
as described previously.51 The cells were then suspended in phosphate-buffered saline (PBS)
supplemented with 1 mM PMSF and disrupted by sonication at 40 cycles/second on ice
pulsing 5 × 8 sec with intervals of 1 min in between to allow for cooling. 51 The sonicates
were centrifuged at 1,500 × g at 4 °C for 10 min to remove intact cells and nuclei. The
supernatants were then centrifuged at 10,000 × g for 10 min to remove granules, and then at
150,000 × g for 120 min at 4 °C using a Beckman (Mississauga, ON) ultracentrifuge (rotor
Type 50.2Ti). The final pellet containing the microsomal fraction was resuspended by
homogenization (using a glass homogenizer) in Buffer A.

6.7 Metabolism of 262 and 5-HETE by 5-HEDH (Chapter 3)
U937 cell microsomes (50 µg protein in 1 mL) were incubated with different
concentrations of either 262 or 5-HETE and 100 µM NADP+ at 37 °C for 5 min. The
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reactions were terminated by addition of ice cold methanol (630 µL) and cooling in ice. The
samples were subsequently diluted to 30% methanol with water and then analyzed by
precolumn extraction coupled to RP-HPLC as described previously.53 The mobile phase was
a gradient over 7 min between 65 and 82% acetonitrile containing 0.02% acetic acid whereas
the stationary phase was a Nova-Pak C18 column (3.9 × 150 mm; 4 μm particle size; Waters
Corp., Mississauga, Ontario).66 13-Hydroxy-9,11-octadecadienoic acid, prepared from
soybean lipoxygenase (Sigma-Aldrich, St. Louis, MO)53 was used as an internal standard.

6.8 Partial Purification of 5-HEDH Using 228 (Chapter 3)
5-HEDH from U937 cell microsomes was first partially purified using DEAESepharose. Proteins from U937 cell microsomes were solubilized by treatment with 30 mM
octylglucoside in 20 mM phosphate, pH 7.4 for 3 h at 4 °C. Following centrifugation at
200,000 × g for 1 h the supernatant fraction was subjected to ultrafiltration using Amicon 50
kDa cutoff filters. The retentate was suspended in 20 mM phosphate, pH 7.4 containing 5
mM CHAPS and incubated for 5 min with DEAE Sepharose. The DEAE Sepharose was
washed with 20 mM phosphate buffer containing 5 mM CHAPS and 20% glycerol, followed
by 20 mM phosphate containing 30 mM octylglucoside and 20% glycerol. 5-HEDH was then
eluted with 20 mM phosphate containing 30 mM octylglucoside, 20% glycerol, and 1 M
NaCl. 5-HEDH in the 1 M NaCl fraction was concentrated by ultrafiltration and suspended
in 20 mM phosphate containing 30 mM octylglucoside and 15% MeOH. This partially
purified preparation of 5-HEDH was then incubated with 228 for 20 min at 6 °C, followed
by centrifugation. The protein adsorbed 228 was then washed with 20 mM phosphate
containing 30 mM octylglucoside and 15% MeOH alone, or supplemented successively with
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20 µM 5-HETE (16), 0.2 mM NaCl, 1 mM NADPH, and 1 M NaCl. 5-HEDH activity in the
different fractions was assessed by precolumn extraction/RP-HPLC as described above
following incubation of aliquots with 5-HETE (1 μM) and NADP+(100 μM) for 30 min at
37 °C. Protein concentrations were measured using the Bio-Rad DC (detergent compatible)
protein assay kit (Bio-Rad Laboratories), with BSA as an external standard.

6.9 Reagents and Methods
Unless stated otherwise, all reagents and chemicals were obtained from commercial
sources and were used without further purification. All reactions were carried out under inert
(nitrogen or argon) atmosphere with dry, freshly distilled solvents under anhydrous
conditions unless otherwise stated. 1H NMR spectra were recorded on a BRUKER AMX 400
MHz spectrometers using CDCl3, acetone-d6, DMSO-d6, or CD3OD as solvent and
trimethylsilane (TMS) as an internal standard. The chemical shifts are expressed in parts per
million (ppm). Data are reported as follows: δ chemical shift; multiplicity (recorded as br for
broad; s for singlet; d for doublet; t for triplet; q for quadruplet; qt for quintet and m for
multiplet), coupling constants (J in Hertz, Hz), and integration.

C NMR spectra were

13

recorded on the NMR instruments noted earlier. The chemical shifts are reported in parts per
million (ppm), reported from the central peak of CDCl3 (77.14 ppm). High resolution mass
spectrometry (HRMS) was performed using an AccuTOF mass spectrometer with DART as
an ion source.

6.10 Synthesis of the Compounds
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Synthesis of ethyl 5-chloro-1-methyl-1H-indole-2-carboxylate (59): To a stirred
solution of 58 (1 g, 4.48 mmol) in DMF (10 ml) was added NaH (0.215 g, 5.4 mmol, 60%
dispersion in mineral oil) at 0 °C, and stirred for 30 min followed by the addition of MeI
(0.764 g, 5.4 mmol). After stirred at room temperature for about 20 min, the reaction mixture
was quenched with 4 N HCl at 0 °C and extracted with Et2O for four times. The organic
layers were combined, washed with brine, and dried over Na2SO4. The solvent was
evaporated under reduced pressure and the crude was purified using silica gel
chromatography (10% EtOAc / hexane) to afford ethyl 5-chloro-1H-indole-2-carboxylate (1
g, 94%). HRMS (ESI) m/z calcd for [C12H13ClNO2]+: 238.0629 found 238.0678. 1H NMR
(400 MHz, CDCl3): δ 7.64 (s, 1H), 7.30 (d, J = 1.9 Hz, 2H), 7.22 (s, 1H), 4.38 (q, J = 7.1 Hz,
2H), 4.06 (s, 3H), 1.41 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz): δ 161.95, 137.92, 129.20,
126.66, 126.19, 125.35, 121.62, 111.39, 109.30, 60.75, 31.84, 14.35.

5-chloro-1-methyl-1H-indole-2-carboxylic acid (60): This compound was
generated as a side product (Scheme 2). HRMS (ESI) m/z calcd for [C10H9ClNO2]+: 210.0316
found 210.0366. 1H NMR (400 MHz, DMSO-d6): δ 13.11 (br, 1H), 7.74 (d, J = 1.8 Hz, 1H),
7.62 (d, J = 8.9 Hz, 1H), 7.33 (dd, J = 8.9, 2.0 Hz, 1H), 7.19 (s, 1H), 4.02 (s, 3H).
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Synthesis of (5-chloro-1-methyl-1H-indol-2-yl)methanol (61): To a stirred
solution of 59 (100 mg, 0.48 mmol) in THF (1 ml) was added LiAlH4 (47.1 mg, 1.24 mmol)
slowly at -20 °C. Once the addition was complete the reaction mixture was allowed to warm
to rt and stirred for 4 h. Water was added and the organic layer was dried over Na2SO4. The
solvents were evaporated under reduced pressure to get the crude product (89 mg), which
was used without any further purification. HRMS (ESI) m/z calcd for [C10H11ClNO]+:
196.0524 found 196.0564. 1H NMR (400 MHz, CDCl3): δ 7.59 – 7.50 (s, 1H), 7.25 – 7.15
(m, 2H), 6.40 (s, 1H), 4.80 (s, 2H), 3.80 (s, 3H). 13C NMR (100 MHz): δ 140.22, 136.85,
128.40, 125.53, 122.59, 120.45, 110.50, 101.28, 57.76, 30.35.

Synthesis of 5-chloro-1-methyl-1H-indole-2-carbaldehyde (62): To a stirred
solution of crude (5-chloro-1-methyl-1H-indol-2-yl)methanol (17.55 g, 89.7 mmol) in
dichloromethane (150 mL) was added activated MnO2 (86.94 g, 897 mmol) and stirred at rt
for 30 h. The reaction mixture was filtered through celite. The solvents were evaporated
under reduced pressure to afford 5-chloro-1-methyl-1H-indole-2-carbaldehyde as a solid
(17.5 g, 97%). HRMS (ESI) m/z calcd for [C10H9ClNO]+: 194.0367 found 194.0255. 1H
NMR (400 MHz, CDCl3): δ 9.89 (s, 1H), 7.70 (s, 1H), 7.35 (q, J = 9.0 Hz, 2H), 7.18 (s, 1H),
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4.08 (s, 3H). 13C NMR (100 MHz): δ 182.88, 139.03, 136.43, 127.28, 126.97, 126.61, 122.33,
116.25, 111.58, 31.73.

Synthesis

of

5-chloro-2-(hex-1-en-1-yl)-1-methyl-1H-indole

(64):

To

a

suspension of 63 (36.2 g, 87.1 mmol) in THF (40 mL) was added LiHMDS (1.0 M in THF,
77.5 mL, 77.5 mmol) at -78 °C. The mixture was stirred for 30 min, cooled back to -78 °C,
and 62 (6.52 g, 33.7 mmol) in THF (20 ml) was added dropwise. The reaction mixture was
allowed to warm to rt and stirred for 3.5 h. Saturated NH4Cl solution was added, and the
organic layer was extracted with EtOAc. The combined organic layers were washed with
brine, dried over Na2SO4 and the solvents were evaporated under reduced pressure. The crude
was purified by silica gel chromatography (10% EtOAc/Hexane) to afford 64 as a white solid
(7.2 g, 86%). HRMS (ESI) m/z calcd for [C15H19ClN]+: 248.1201 found 248.1271. NMR of
this compound shows two sets of peaks resulting from the cis and trans isomers (cis:trans =
6:4).

Synthesis of 5-chloro-2-hexyl-1-methyl-1H-indole (65): To a stirred solution of 64
(6.8 g, 27.4 mmol) in EtOH (6 mL) was added 10% Pd/C (340 mg) under H2 atm. The
reaction mixture was stirred at rt for 3 h and then filtered. The residue was washed with
EtOAc, and the combined filtrate was concentrated under reduced pressure to afford 65 as a
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white solid (6.4 g, 94%). HRMS (ESI) m/z calcd for [C15H21ClN]+: 250.1357 found 250.1400.
H NMR (400 MHz, CDCl3): δ 7.47 (d, J = 1.6 Hz, 1H), 7.15 (d, J = 8.6 Hz, 1H), 7.08 (dd,

1

J = 8.6, 1.8 Hz, 1H), 6.18 (s, 1H), 3.63 (s, 3H), 2.70 (t, J = 7.7 Hz, 2H), 1.70 (m, 2H), 1.47
– 1.39 (m, 2H), 1.36 – 1.30 (m, 4H), 0.90 (t, J = 6.9 Hz, 3H). 13C NMR (100 MHz): δ 142.98,
135.73, 128.87, 124.81, 120.55, 119.04, 109.59, 98.34, 31.64, 29.56, 29.11, 28.45, 26.87,
22.60, 14.08.

Synthesis of 5-(5-chloro-2-hexyl-1-methyl-1H-indol-3-yl)-2,2-dimethyl-5-oxopentanoic acid (49): To a stirred solution of 65 (50 mg, 0.2 mmol) in CH2Cl2 was added
Me2AlCl (1.0 M in hexane) at -10 °C. The reaction mixture was allowed to warm up to rt
and stirred for 0.5 h. The stirring solution was cooled back to -10 °C, and was added with
the CH2Cl2 of 66 (57 mg, 0.4 mmol). After stirring at rt for 45 min, the reaction was quenched
with H2O, and extracted with EtOAc. The organic layer was washed with brine, dried over
Na2SO4, and rotary evaporated. The crude was purified by silica gel chromatography (25%
EtOAc/Hexane with 0.1% AcOH), and further recrystallized in MeCN to afford 49 as a white
solid (52 mg, 67%). HRMS (ESI) m/z calcd for [C22H31ClNO3]+: 392.1987 found 392.1997.
H NMR (400 MHz, CDCl3): δ 7.90 (d, J = 1.7 Hz, 1H), 7.22 – 7.15 (m, 2H), 3.68 (s, 3H),
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3.18 – 3.08 (m, 2H), 3.03 – 2.91 (m, 2H), 2.11 – 2.03 (m, 2H), 1.67 – 1.55 (m, 2H), 1.45 (q,
J = 6.8 Hz, 2H), 1.32 (m, 10H), 0.89 (t, J = 6.8 Hz, 3H). 13C NMR (100 MHz): δ 195.60,
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183.14, 150.62, 135.05, 127.91, 127.01, 122.17, 120.53, 112.95, 110.45, 41.62, 38.60, 34.43,
31.60, 29.61(2C), 29.56, 29.15, 26.44, 25.20, 22.63, 14.08.

Synthesis

5-(5-chloro-2-hexyl-1-methyl-1H-indol-3-yl)-4,4-dimethyl-5-

oxopentanoic acid (50): A mixed fraction of 50 and 49 was obtained by silica gel
chromatography as described in the synthesis of 49. This mix fraction was further separated
by RP-HPLC. HRMS (ESI) m/z calcd for [C22H31ClNO3]+: 392.1987 found 392.1997. 1H
NMR (400 MHz, CDCl3): δ 7.63 (d, J = 1.8 Hz, 1H), 7.23 – 7.12 (m, 2H), 3.69 (s, 3H), 3.22
– 3.08 (m, 2H), 3.03 – 2.92 (m, 2H), 2.17 – 2.01 (m, 2H), 1.66 – 1.53 (m, 2H), 1.45 (m, 2H),
1.32 (m, 10H), 0.89 (t, J = 6.9 Hz, 3H).

Synthesis

of

methyl

3-(5-chloro-2-hexyl-1-methyl-1H-indole-3-

carbonyl)benzoate (71): To a stirred solution of 67 (360 mg, 2.4 mmol) in dichloromethane
(10 ml) was added one drop of DMF followed by 2.4 ml of oxalyl chloride solution (2.0 M
in dichloromethane, 4.80 mmol) at 0 °C. The reaction mixture was stirred for 16 h in rt and
the crude was evaporated under reduced pressure to obtain 69, which was used without
further purification. To a stirred solution of 65 (500 mg, 2.0 mmol) in dichloromethane was
added Me2AlCl (1.0 M in hexane, 4 ml, 4 mmol) at 0 °C. After stirred at rt for 2 h, the reaction
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was quenched with water, extracted with EtOAc, the organic layers were combined, washed
with brine and dried over Na2SO4. The solvents were evaporated under reduced pressure and
the crude was purified by silica gel chromatography using 20% EtOAc/Hex as eluent to
afford 31 (666 mg, 85%). HRMS (ESI) m/z calcd for [C24H27ClNO3]+: 412.1679 found
412.1660.

Synthesis of 3-(5-chloro-2-hexyl-1-methyl-1H-indole-3-carbonyl)-benzoic acid
(56): To a stirred solution of 71 (500 mg, 1.2 mmol) in THF/H2O (4/1, 5ml) was added LiOH
(145 mg, 6.0 mmol). The reaction mixture was stirred for 48 h in rt and the THF was
evaporated under reduced pressure. The aqueous layer was acidified with 4 N HCl and then
extracted with EtOAc, the organic layers were combined, washed with brine and dried over
Na2SO4. The solvents were evaporated under reduced pressure to afford the crude, which
was purified by silica gel chromatography (25% EtOAc/Hexane with 0.1% AcOH) to afford
56 (357 mg, 75%) as white solid. HRMS (ESI) m/z calcd for [C23H25ClNO3]+: 398.1517
found 398.1456. 1H NMR (400 MHz, CDCl3): δ 8.43 (d, J = 1.6 Hz, 1H), 8.30 (dt, J = 7.8,
1.5 Hz, 1H), 7.97 (dt, J = 7.7, 1.5 Hz, 1H), 7.60 (t, J = 7.7 Hz, 1H), 7.24 (m, 1H), 7.20 – 7.13
(m, 2H), 3.77 (s, 3H), 3.02 – 2.92 (m, 2H), 1.64 (p, J = 7.4 Hz, 2H), 1.34 (q, J = 7.2 Hz, 2H),
1.30 – 1.22 (m, 4H), 0.90 – 0.82 (m, 3H). 13C NMR (100 MHz): δ 191.05, 169.62, 150.59,
141.60, 135.12, 133.87, 133.05, 130.57, 129.30, 128.78, 127.91, 127.62, 122.56, 120.26,
112.40, 110.42, 31.43, 30.01, 29.53, 29.33, 25.97, 22.57, 14.02.
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Synthesis of 4-(5-chloro-2-hexyl-1-methyl-1H-indole-3-carbonyl)benzoic acid
(57): The synthesis of the compound is the same as described for 56. HRMS (ESI) m/z calcd
for [C23H25ClNO3]+: 398.1517 found 398.1456. 1H NMR (400 MHz, CDCl3): δ 8.26 – 8.18
(m, 2H), 7.85 – 7.77 (m, 2H), 7.25 (s, 1H), 7.18 (dd, J = 8.6, 2.0 Hz, 1H), 7.12 (d, J = 1.9
Hz, 1H), 3.77 (s, 3H), 3.06 – 2.96 (m, 2H), 1.72 – 1.59 (m, 2H), 1.43 – 1.33 (m, 2H), 1.32 –
1.24 (m, 4H), 0.87 (t, J = 6.6 Hz, 3H). 13C NMR (100 MHz): δ 191.34, 170.08, 150.95,
145.78, 135.10, 131.47, 130.34 (2C), 128.72 (2C), 127.80, 127.69, 122.61, 120.34, 112.39,
110.44, 31.44, 30.00, 29.51, 29.31, 25.97, 22.57, 14.03.
The procedure for the synthesis of Compounds 51 and 55 is the same as described
for Compound 49.

5-(5-chloro-2-hexyl-1-methyl-1H-indol-3-yl)-3,3-dimethyl-5-oxopentanoic acid
(51): HRMS (ESI) m/z calcd for [C22H31ClNO3]+: 392.1987 found 392.1998. 1H NMR (400
MHz, CDCl3): δ 7.98 (s, 1H), 7.30 – 7.22 (m, 2H), 3.74 (s, 3H), 3.23 – 3.15 (m, 2H), 3.09 (s,
2H), 2.55 (s, 2H), 1.70 – 1.58 (m, 2H), 1.52 – 1.43 (m, 2H), 1.39 – 1.30 (m, 4H), 1.18 (s,
6H), 0.90 (t, J = 6.5 Hz, 3H). 13C NMR (100 MHz): δ 198.16, 174.09, 152.51, 135.42, 128.54,
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127.12, 122.81, 120.60, 113.99, 110.92, 49.83, 46.85, 34.88, 31.50, 29.89, 29.46, 29.16 (2C),
29.00, 26.68, 22.56, 14.04.

Synthesis of 2-(2-(5-chloro-2-hexyl-1-methyl-1H-indol-3-yl)-2-oxoethoxy)acetic
acid (55): HRMS (ESI) m/z calcd for [C19H25ClNO4]+: 366.1467 found 366.1496. 1H NMR
(400 MHz, CDCl3): δ 7.66 – 7.60 (m, 1H), 7.33 – 7.27 (m, 2H), 4.96 (s, 2H), 4.31 (s, 2H),
3.76 (s, 3H), 3.28 – 3.17 (m, 2H), 1.69 – 1.57 (m, 2H), 1.51 – 1.30 (m, 6H), 0.90 (t, J = 6.6
Hz, 3H). 13C NMR (100 MHz): δ 194.23, 171.54, 154.11, 135.47, 129.07, 126.16, 123.11,
120.19, 111.37, 78.44, 77.22, 72.72, 31.45, 29.96, 29.43, 28.62, 26.74, 22.55, 14.05.

Synthesis of cyclobutane-1,1-diyldimethanol (78): To a stirred solution of 77 (1 g,
6.94 mmol) in THF (10 ml) was added LiAlH4 (790 mg, 20.8 mmol) slowly at -20 °C. Once
the addition was complete the reaction mixture was allowed to warm to rt and stirred for 4
h. Water was added and the organic layer was dried over Na2SO4. The solvents were
evaporated under reduced pressure to get the crude product, which was purified by silica gel
chromatography (20% EtOAc/Hexane) to afford 78 (770 mg, 95%). HRMS (ESI) m/z calcd
for [C6H13O2]+: 117.0910 found 117.0912. 1H NMR (400 MHz, CDCl3): δ 3.75 (s, 4H), 2.26
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(s, 2H), 2.00 – 1.88 (m, 2H), 1.80 (t, J = 7.7 Hz, 4H). 13C NMR (100 MHz): δ 70.03 (2C),
43.19, 25.74 (2C), 15.44.

Synthesis of 1,1-bis(iodomethyl)cyclobutane (80): To a stirred CH2Cl2 (50 ml)
solution of triphenylphosphine (7.65 g, 29.2 mmol) was added imidazole (3.71 g, 54.5 mmol)
and iodine (7.45 g, 29.2 mmol) at -10 °C. The solution was stirred for 0.5 h followed by the
addition of 78 (500mg, 4.29 mmol, in 10 ml CH2Cl2) at 0 °C. The reaction was then allowed
to warm up to rt and stirred for 3 h. To quench the reaction, water was added and the organic
layer was washed with 5% Na2S2O3 (aqueous solution), back extracted with brine, and dried
over Na2SO4. The solvents were evaporated under reduced pressure to get the crude product,
which was purified by silica gel chromatography (5% EtOAc/Hexane) to afford 80 (1.4 g,
89%). HRMS (ESI) m/z calcd for [C6H9I2 - HI]+: 208.9822 found 208.9846. 1H NMR (400
MHz, CDCl3): δ 3.53 (s, 4H), 1.95 (t, J = 7.7 Hz, 4H), 1.86 – 1.71 (m, 2H). 13C NMR (100
MHz): δ 41.18, 29.19 (2C), 19.94 (2C), 10.42.

Synthesis of 2,2'-(cyclobutane-1,1-diyl)diacetonitrile (82): The starting material
80 (627 mg, 1.87 mmol) was dissolved in 6 ml DMF followed by the addition of KCN (1.22
g, 18.7 mmol). The resulting mixture was reacted at 45 °C for 16 h. The reaction was
quenched with water, and extracted with EtOAc. The organic layer was washed with brine,
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dried over Na2SO4, and rotary evaporated to obtain the crude (246 mg, 98%). HRMS (ESI)
m/z calcd for [C8H11N2]+: 135.0917 found 135.0929. 1H NMR (400 MHz, CDCl3): δ 2.66 (s,
4H), 2.11 (t, J = 6.4 Hz, 4H), 2.08 – 1.99 (m, 2H). 13C NMR (100 MHz): δ 116.87 (2C),
38.33, 30.28 (2C), 27.58 (2C), 14.25.

Synthesis of 2,2'-(cyclobutane-1,1-diyl)diacetic acid (84): To a MeOH (2.24 ml)
solution of 82 (50 mg, 0.37 mmol) was added KOH aqueous solution (2.42 ml, 35%), and
the mixed solution was reflux at 70 °C for 16 h. The MeOH in the reaction mixture was
removed by rotary evaporation, and the remaining liquid was reflux at 140 °C for 6 h. The
reaction was quenched at 0 °C with the addition of concentrated HCl (2 ml), and the pH of
the aqueous layer was adjusted to 2 by addition of 1 N HCl. The aqueous layer was extracted
with EtOAc, dried over dried over Na2SO4, and rotary evaporated to obtain the crude. After
recrystallization of the crude in Hex/EtOAc (10/1), the 84 was obtained as a white solid (59
mg, 93 %). HRMS (ESI) m/z calcd for [C8H13O4]+: 173.0808 found 173.0838. 1H NMR (400
MHz, CDCl3): δ 11.67 (br, 1H), 2.61 (s, 4H), 2.10 (t, J = 7.1 Hz, 4H), 2.03 – 1.93 (m, 2H).
13

C NMR (100 MHz): δ 178.29 (2C), 43.88 (2C), 39.00, 32.98 (2C), 15.88.

Synthesis of 7-oxaspiro[3.5]nonane-6,8-dione (86): The bis-acid compound 84
(487 mg, 2.83 mmol) was dissolved in Ac2O and refluxed for 16 h. The reaction mixture was
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rotary evaporated, and the crude was purified by purified by silica gel chromatography (30%
EtOAc/Hexane) to afford 86 (418 mg, 96%). HRMS (ESI) m/z calcd for [C8H11O3]+:
155.0703 found 155.0714. 1H NMR (400 MHz, CDCl3): δ 2.83 (s, 4H), 2.07 – 1.92 (m, 6H).
13

C NMR (100 MHz): δ 165.90 (2C), 42.19 (2C), 34.92, 31.01 (2C), 14.62.
The synthesis of 46, 52, 53, and 54 from 65 was the same as described for Compound

49.

5-(5-Chloro-2-hexyl-1-methyl-1H-indol-3-yl)-5-oxo-pentanoic Acid (46): HRMS
(ESI) m/z calcd for [C20H27ClNO3]+, 364.1674; found, 364.1628. 1H NMR (400 MHz,
CDCl3): δ 7.93 (s, 1H), 7.29 (d, J = 3.9 Hz, 1H), 7.23 (dd, J = 8.7, 1.0 Hz, 1H), 3.74 (s, 3H),
3.25–3.15 (m, 2H), 3.09 (t, J = 6.9 Hz, 2H), 2.65–2.52 (m, 2H), 2.44 (dt, J = 18.1, 7.3 Hz,
1H), 2.16 (p, J = 7.1 Hz, 2H), 1.73–1.57 (m, 2H), 1.53–1.31 (m, 6H), 0.92 (t, J = 6.7 Hz,
3H).

13

C NMR (100 MHz): δ 195.26, 178.70, 151.00, 135.13, 127.95, 126.98, 122.23,

120.46, 112.83, 110.60, 41.63, 33.31, 31.59, 29.63, 29.52, 29.08, 26.39, 22.61, 19.05, 14.06.

5-(5-Chloro-2-hexyl-1-methyl-1H-indol-3-yl)-3-methyl-5-oxo-pentanoic

Acid

(52): HRMS (ESI) m/z calcd for [C21H29ClNO3]+, 378.1836; found, 378.1835. 1H NMR (400
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MHz, CDCl3) δ 7.90 (s, 1H), 7.26–7.19 (m, 2H), 3.72 (s, 3H), 3.22–3.13 (m, 2H), 3.07–2.92
(m, 2H), 2.79–2.67 (m, 1H), 2.56 (dd, J = 15.1, 5.3 Hz, 1H), 2.37 (dd, J = 15.0, 7.2 Hz, 1H),
1.68–1.56 (m, 2H), 1.47 (d, J = 4.9 Hz, 2H), 1.38–1.28 (m, 4H), 1.15 (d, J = 6.6 Hz, 3H),
0.89 (s, 3H). 13C NMR (100 MHz): δ 195.40, 176.62, 151.24, 135.17, 128.05, 126.97, 122.33,
120.44, 113.06, 110.66, 48.99, 40.89, 31.59, 29.68, 29.50, 29.09, 26.57, 26.40, 22.60, 20.51,
14.06.

2-(1-(2-(5-chloro-2-hexyl-1-methyl-1H-indol-3-yl)-2-oxoethyl)cyclopropyl)
acetic acid (53): HRMS (ESI) m/z calcd for [C22H29ClNO3]+: 390.1830 found 390.1854. 1H
NMR (400 MHz, CDCl3): δ 7.83 (d, J = 1.7 Hz, 1H), 7.30 – 7.19 (m, 2H), 3.72 (s, 3H), 3.24
– 3.16 (m, 2H), 3.14 (s, 2H), 2.65 (s, 2H), 1.68 – 1.57 (m, 2H), 1.52 – 1.41 (m, 2H), 1.38 –
1.30 (m, 4H), 0.90 (t, J = 6.6 Hz, 3H), 0.72 (q, J = 6.5 Hz, 2H), 0.65 (q, J = 6.8 Hz, 2H). 13C
NMR (100 MHz): δ 196.34, 175.09, 152.10, 135.25, 128.29, 126.89, 122.54, 120.49, 112.64,
110.82, 50.69, 42.75, 31.54, 29.74, 29.44, 28.91, 26.51, 22.59, 14.05, 13.62 (2C), 13.09.

2-(1-(2-(5-chloro-2-hexyl-1-methyl-1H-indol-3-yl)-2-oxoethyl)cyclobutyl)acetic
acid (54): HRMS (ESI) m/z calcd for [C23H31ClNO3]+: 404.1987 found 404.1993. 1H NMR
(400 MHz, CDCl3): δ 11.24 (br, 1H), 8.01 (s, 1H), 7.23 (m, 2H), 3.71 (s, 3H), 3.37 (s, 2H),
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3.20 – 3.12 (m, 2H), 2.85 (s, 2H), 2.15 – 1.94 (m, 6H), 1.61 (m, 2H), 1.44 (m, 2H), 1.32 (m,
4H), 0.89 (t, J = 6.2 Hz, 3H). 13C NMR (100 MHz): δ 196.31, 175.43, 151.51, 135.24, 128.21,
127.15, 122.51, 120.61, 113.67, 110.71, 49.60, 43.73, 39.17, 33.15 (2C), 31.56, 29.75, 29.43,
29.07, 26.45, 22.58, 15.93, 14.05.
The synthesis of 92 and 93 from 65 was the same as described for Compound 56.

(R)-5-(5-Chloro-2-hexyl-1-methyl-1H-indol-3-yl)-3-methyl-5-oxo-pentanoic
Acid (92): HRMS (ESI) m/z calcd for [C21H29ClNO3]+, 378.1836; found, 378.1835. 1H NMR
(400 MHz, CDCl3) δ 7.90 (s, 1H), 7.26–7.19 (m, 2H), 3.72 (s, 3H), 3.22–3.13 (m, 2H), 3.07–
2.92 (m, 2H), 2.79–2.67 (m, 1H), 2.56 (dd, J = 15.1, 5.3 Hz, 1H), 2.37 (dd, J = 15.0, 7.2 Hz,
1H), 1.68–1.56 (m, 2H), 1.47 (d, J = 4.9 Hz, 2H), 1.38–1.28 (m, 4H), 1.15 (d, J = 6.6 Hz,
3H), 0.89 (s, 3H). 13C NMR (100 MHz): δ 195.40, 176.62, 151.24, 135.17, 128.05, 126.97,
122.33, 120.44, 113.06, 110.66, 48.99, 40.89, 31.59, 29.68, 29.50, 29.09, 26.57, 26.40,
22.60, 20.51, 14.06.

(S)-5-(5-Chloro-2-hexyl-1-methyl-1H-indol-3-yl)-3-methyl-5-oxo-pentanoic
Acid (93): HRMS (ESI) m/z calcd for [C21H29ClNO3]+, 378.1836; found, 378.1835. 1H NMR
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(400 MHz, CDCl3) δ 7.90 (s, 1H), 7.26–7.19 (m, 2H), 3.72 (s, 3H), 3.22–3.13 (m, 2H), 3.07–
2.92 (m, 2H), 2.79–2.67 (m, 1H), 2.56 (dd, J = 15.1, 5.3 Hz, 1H), 2.37 (dd, J = 15.0, 7.2 Hz,
1H), 1.68–1.56 (m, 2H), 1.47 (d, J = 4.9 Hz, 2H), 1.38–1.28 (m, 4H), 1.15 (d, J = 6.6 Hz,
3H), 0.89 (s, 3H). 13C NMR (100 MHz): δ 195.40, 176.62, 151.24, 135.17, 128.05, 126.97,
122.33, 120.44, 113.06, 110.66, 48.99, 40.89, 31.59, 29.68, 29.50, 29.09, 26.57, 26.40,
22.60, 20.51, 14.06.
The NMR and Mass Spec. data for Compounds 94, 95, and 96 is shown in the
following paragraphs.

5-(5-Chloro-1-methyl-2-(4-methylhexyl)-1H-indol-3-yl)-3-methyl-5oxopentanoic Acid (94): HRMS (ESI) m/z calcd for [C22H31ClNO3]+, 392.1992; found,
392.1759. 1H NMR (400 MHz, CDCl3): δ 7.80 (d, J = 1.4 Hz, 1H), 7.15–7.12 (m, 2H), 3.62
(s, 3H), 3.11–3.00 (m, 2H), 2.96–2.84 (m, 2H), 2.69–2.59 (m, 1H), 2.47 (dd, J = 15.1 Hz,
5.6 Hz, 1H), 2.30–2.23 (m, 1H), 1.55–1.16 (m, 7H), 1.05 (d, J = 6.7 Hz, 3H), 0.78–0.75 (m,
6H). 13C NMR (100 MHz): δ 195.4, 176.8, 151.2, 135.2, 128.0, 127.0, 122.3, 120.4, 113.1,
110.7, 49.0, 40.9, 36.7, 34.2, 29.7, 29.4, 26.7, 26.64, 26.57, 20.5, 19.1, 11.4.
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5-(5-Chloro-1-methyl-2-(5-methylhexyl)-1H-indol-3-yl)-3-methyl-5oxopentanoic Acid (95): HRMS (ESI) m/z calcd for [C22H31ClNO3]+, 392.1992; found,
392.1759. 1H NMR (400 MHz, CDCl3): δ 7.90 (d, J = 1.4 Hz, 1H), 7.23–7.20 (m, 2H), 3.71
(s, 3H), 3.19–3.15 (m, 2H), 3.01–2.93 (m, 2H), 2.77–2.73 (m, 1H), 2.57 (dd, J = 15.3 Hz,
3.5 Hz, 1H), 2.39–2.33 (m, 1H), 1.64–1.44 (m, 5H), 1.24–1.22 (m, 2H), 1.14 (d, J = 6.4 Hz,
3H), 0.89–0.87 (m, 6H). 13C NMR (100 MHz): δ 195.3, 177.3, 151.1, 135.2, 128.0, 127.0,
122.3, 120.4, 113.1, 110.6, 49.0, 40.9, 38.7, 29.7, 29.4, 28.0, 27.8, 26.5, 26.4, 22.6 (2C),
20.5.

5-(5-chloro-1-methyl-2-undecyl-1H-indol-3-yl)-3-methyl-5-oxopentanoic

acid

(96): 1H NMR (400 MHz, CDCl3): δ 7.90 (d, J = 2.0 Hz, 1H), 7.26 – 7.18 (m, 2H), 3.71 (s,
3H), 3.16 (t, J = 8.0 Hz, 2H), 2.99 (m, 6.8 Hz, 2H), 2.73 (m, 1H), 2.46 (m, 2H), 1.62 (m,
2H), 1.45 (m, 2H), 1.26 (m, 14H), 1.14 (d, J = 6.7 Hz, 3H), 0.87 (t, J = 6.6 Hz, 3H). 13C
NMR (100 MHz): δ 195.27, 177.28, 151.14, 135.14, 128.00, 126.96, 122.29, 120.43, 113.08,
110.63, 49.03, 40.94, 31.91, 29.85, 29.67, 29.65 – 29.60 (2C), 29.59, 29.45, 29.34, 29.15,
26.51, 26.40, 22.69, 20.46, 14.13.
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The NMR and Mass Spec. data for Compounds 97, and 98 is shown in the following
paragraphs.

5-(5-Bromo-2-hexyl-1-methyl-1H-indol-3-yl)-3-methyl-5-oxo-pentanoic

Acid

(97): HRMS (ESI) m/z calcd for [C21H29BrNO39]+, 422.1325; found, 422.1157. 1H NMR
(400 MHz, CDCl3): δ 7.64 (d, J = 8.9 Hz, 1H), 7.52 (d, J = 2.0 Hz, 1H), 7.25 (dd, J = 8.9,
2.0 Hz, 1H), 6.27 (s, 1H), 3.10–2.81 (m, 4H), 2.69 (dq, J = 13.3, 6.6 Hz, 1H), 2.43 (ddd, J =
60.4, 15.7, 6.6 Hz, 2H), 1.62 (dt, J = 15.2, 7.6 Hz, 2H), 1.42–1.22 (m, 6H), 1.20 (d, J = 9.7
Hz, 3H), 1.08 (d, J = 6.7 Hz, 3H), 0.82 (dd, J = 8.6, 5.2 Hz, 3H). 13C NMR (100 MHz): δ
177.15, 172.12, 144.02, 134.89, 131.70, 126.10, 122.76, 116.23, 107.39, 45.00, 40.18, 31.67,
30.59, 29.71, 29.10, 28.84, 27.21, 22.60, 20.07, 14.07.

5-(5-Fluoro-2-hexyl-1-methyl-1H-indol-3-yl)-3-methyl-5-oxo-pentanoic

Acid

(98): HRMS (ESI) m/z calcd for [C21H29FNO39]+, 362.2126; found, 362.1938. 1H NMR (400
MHz, CDCl3): δ 7.59 (dd, J = 10.4, 2.4 Hz, 1H), 7.29 – 7.20 (m, 1H), 7.00 (td, J = 8.9, 2.4
Hz, 1H), 3.72 (s, 3H), 3.23 – 3.12 (m, 2H), 3.06 – 2.91 (m, 2H), 2.72 (dq, J = 13.4, 6.8 Hz,
1H), 2.56 (dd, J = 15.1, 5.5 Hz, 1H), 2.36 (dd, J = 15.1, 7.3 Hz, 1H), 1.62 (p, J = 8.0, 7.5 Hz,
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2H), 1.46 (p, J = 7.1 Hz, 2H), 1.32 (dt, J = 9.9, 5.2 Hz, 4H), 1.15 (d, J = 6.7 Hz, 3H), 0.89
(t, J = 6.9 Hz, 3H). 13C NMR (100 MHz): δ 195.37, 176.73, 159.37 (d, J = 236.8 Hz), 151.55,
133.26, 126.51 (d, J = 10.0 Hz), 113.42 (d, J = 3.9 Hz), 110.38 (d, J = 9.9 Hz), 110.07 (d, J
= 25.9 Hz), 106.52 (d, J = 25.5 Hz), 48.88, 40.94, 31.59, 29.71, 29.50, 29.09, 26.57, 26.48,
22.60, 20.52, 14.06.
The synthesis of Compounds 100-109 is published previously.29 The NMR and Mass
Spec. data for Compounds 105-109 is shown in the following paragraphs.

Synthesis of (S)-methyl 5-(benzyloxy)-3-methylpentanoate (105): In a round
bottom flask equipped with septum and stirring bar, (S)-Tol-BINAP (104, 555 mg, 0.817
mmol) and CuBr (65 mg, 0.454 mmol) were dissolved in t-BuOMe (10 mL) and stirred under
organ at rt until a bright yellow suspension was observed. The mixture was then cooled to 20 °C and MeMgBr (Aldrich, 3.0 M solution in Et2O, 19.38 mL, 58.15 mmol) was added
carefully into the reaction mixture. After stirring for 45 min, a solution of 103 (4.0 g, 18.17
mmol) in t-BuOMe (15 mL) was added dropwise over 0.5 h. After stirring at -20 °C for 2 h,
MeOH (5 mL) and sat. NH4Cl (10 mL) were sequentially added, and the mixture was warmed
to rt. The aqueous layer was extracted with EtOAc (2 × 25 mL) and the combined organic
extracts were dried over anhydrous Na2SO4. The solvents were evaporated under reduced
pressure and purified by silica gel column chromatography using 4% EtOAc/n-Hexane to
afford desired product (2.15 g, 50%) as colorless oil. HRMS (ESI) m/z calcd for [C14H21O3]+:
237.1491, found 237.1761. 1H NMR (400 MHz, CDCl3): δ 7.36-7.26 (m, 5H), 4.49 (s, 2H),
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3.65 (s, 3H), 3.51 (t, J = 8.0 Hz, 2H), 2.35 (q, J = 8.0 Hz, 1H), 2.18-2.11 (m, 2H), 1.72-1.64
(m, 1H), 1.56-1.48 (m, 1H), 0.96 (d, J = 8.0 Hz, 3H). 13C NMR (100 MHz): 173.44, 138.55,
128.37, 127.62, 127.53, 72.92, 68.23, 51.38, 41.52, 36.32, 27.69, 19.83.

Synthesis of (S)-methyl 5-hydroxy-3-methylpentanoate (106): A stirred solution
of 105 (2.1 g, 8.89 mmol) and 10% Pd/C (210 mg) in 12 mL of anhydrous EtOAc, and 3 mL
of absolute ethanol and was hydrogenated at 1 atm and at room temperature for 6 h. The
reaction mixture was filtered through Celite pad and the filtrate was concentrated under
reduced pressure to yielded primary alcohol as colorless liquid which was directly used for
the next step without further purification (1.09 g, 85%). HRMS (ESI) m/z calcd for
[C7H15O3]+: 147.1021, found 147.1249. 1H NMR (400 MHz, CDCl3): δ 3.68 (s, 3H), 3.67 (t,
J = 12.0 Hz, 2H), 2.38- 2.32 (m, 1H), 2.24-2.13 (m, 2H), 1.77-1.66 (m, 2H), 1.25 (br s, 1H),
0.97 (d, J = 4.0 Hz, 3H). 13C NMR (100 MHz): 173.77, 60.44, 51.53, 41.39, 39.45, 26.99,
20.09.

Synthesis

of

(S)-5-methoxy-3-methyl-5-oxopentanoic

acid

(107):

Solid

pyridinium dichromate (PDC) (12.87 g, 34.22 mmol) was added to a solution of alcohol 106
(1.0 g, 6.84 mmol) in anhydrous DMF (10 mL) at 0 oC. The resulting mixture was stir at rt
for 12 h. Ice cold water (20 mL) was added and the resulting mixture was extracted with
EtOAc and the combined organic layers washed with brine and dried over anhydrous
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Na2SO4. The solvents were evaporated under reduced pressure and purified by silica gel
column chromatography using 30% EtOAc/n-Hexane to afford 107 (986 mg, 90%) as
colorless oil. HRMS (ESI) m/z calcd for [C7H13O4]+: 161.0814, found 161.0815. 1H NMR
(400 MHz, CDCl3): δ 10.78 (br s, 1H), 3.68 (s, 3H), 2.52-2.40 (m, 3H), 2.29 (dd, J = 16.0,
8.0 Hz, 2H), 1.04 (d, J = 4.0 Hz, 3H). 13C NMR (100 MHz): 178.42, 172.88, 51.59, 40.50,
40.57, 27.17, 19.81.

Synthesis of (R)-methyl 5-chloro-3-methyl-5-oxopentanoate (108): To a stirred
solution of 107 (900 mg, 1.62 mmol) in CH2Cl2 (15 mL) was added oxalyl chloride (2.0 M
in CH2Cl2, 6.24 mL, 12.49 mmol) dropwise followed by a drop of DMF at 0 oC. The reaction
mixture was stirred at rt for 3 h. The solvents were evaporated in vacuo. The crude acid
chloride 27 was used as such for the next step without any purification.

Synthesis of (S)-methyl 5-(5-chloro-2-hexyl-1-methyl-1H-indol-3-yl)-3-methyl5-oxopentanoate (109): To a stirred solution of 65 (1.0 g, 4.01 mmol) in CH2Cl2 (20 mL)
was added Me2AlCl (1.0 M in hexane, 8.02 mL, 8.02 mmol) at rt and stirred for 30 min. To
the reaction mixture was added 108 (1.07 mg, 6.02 mmol) in CH2Cl2 (12 mL) and continued
stirring at rt for 1 h. The reaction was quenched by adding saturated NH4Cl solution (8 mL).
The organic layer was extracted with CH2Cl2 (3 × 20 mL), the combined organic layers were
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washed with brine (5 mL) and dried over Na2SO4. The solvents were evaporated under
reduced pressure and the crude product was purified by silica gel column chromatography
using 10% EtOAc/n-Hex to afford 109 (1.49 g, 95%) as a colorless viscous liquid. HRMS
(ESI) m/z calcd for [C22H31ClNO3]+: 392.1992, found 392.2125.

H NMR (400 MHz,

1

CDCl3): δ 7.90 (s, 1H), 7.30-7.17 (m, 2H), 3.69 (s, 3H), 3.68 (s, 3H), 3.15 (t, J = 7.9 2H),
3.01 (dd, J = 16.0, 6.4 Hz, 1H), 2.88 (dd, J = 16.1, 7.0 Hz, 1H), 2.81-2.69 (m, 1H), 2.52 (dd,
J = 14.9, 5.9 Hz, 1H), 2.30 (dd, J = 14.9, 7.6 Hz, 1H), 1.65-1.57 (m, 2H), 1.49-1.42 (m, 2H),
1.36-1.26 (m, 4H), 1.10 (d, J = 6.6 Hz, 3H), 0.89 (t, J = 6.8 Hz, 3H). 13C NMR (100 MHz):
δ 194.8, 173.1, 150.6, 135.0, 127.7, 126.9, 122.1, 120.4, 113.2, 110.5, 51.4, 49.3, 41.1, 31.6,
29.6, 29.5, 29.1, 26.5, 26.3, 22.6, 20.3, 14.1.
The synthesis of the metabolites of Compounds 52, 94, and 95 (Section 2.5.1) is
published previously.35 In this dissertation, we described the synthesis of 116 as an example.
The synthesis of intermediate 116d was adopted from Chen, Hsiu-Yi et al. with
minor adjustments.67 The bromo compound 116d was then converted into Wittig salt (116e),
which was coupled with the aldehyde 62 and produced the olefin 116f. The olefin 116f was
hydrogenated to afford 116g. Reduction of 116g with LiAlH4 yielded the alcohol 116h. In
order to prepare the final compound 116 effectively, the acylation reaction was conducted
with the free alcohol 116h, and the bis-acylated compound 116i was obtained. The two ester
groups in 116i was hydrolyzed with LiOH through a single-pot reaction to gain 116.
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Scheme 29. Synthesis of 116. Reagents and conditions: (a) NaH, DMF, 0 oC - rt, 2 h, 70%; (b) HBr,
Ac2O, reflux, 16 h, 72%; (c) PPh3, CH3CN, reflux, 18 h, 70%; (d) LiHMDS, –78 oC - 0 oC, 3 h, aq.
NH4Cl solution, 57%; (e) 10% Pd/C, H2, rt, 98%; (f) LiAlH4, -20 oC - rt, 4 h, 67%; (g) Me2AlCl,
CH2Cl2, 15, CH3NO2, 0 oC - rt, 3h, 70%; (h) LiOH, THF/H2O, rt, 48 h, 70%.

Synthesis of diethyl 2-(3-bromopropyl)-2-methylmalonate (116c): To a stirred
solution of diethyl 2-methylmalonate (3.12 g, 17.2 mmol) in DMF (30 mL) was added NaH
(0.756 g, 18.9 mmol, 60% dispersion in mineral oil) slowly at 0 C over a period of 20 min.
After 45 min, 1,3-dibromopropane (5.29 g, 25.8 mmol) was added dropwise at 0 C. The
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reaction mixture was stirred at rt for 2 h. The reaction was quenched with the addition of
saturated NH4Cl solution (40 mL) at 0 C. The organic layer was extracted with Et2O (3 ×
50 mL), washed with brine (2 × 30 mL), dried over Na2SO4, and the solvents were removed
in vacuo. The crude was purified by silica gel column chromatography (5% EtOAc in
Hexane) to obtain the product as light-yellow liquid (3.55 g, 70%). HRMS (ESI) m/z calcd
for [C11H20BrO4]+, 295.0539; found 295.0325. 1H NMR (400 MHz, CDCl3): δ 4.13 (q, J =
7.2, 7.1Hz, 4H), 3.36 (t, J=6.6 Hz, 2H), 2.00– 1.94 (m, 2H), 1.85– 1.76 (m, 2H), 1.39 (s, 3H),
1.22 (t, J = 7.1 Hz); 171.9, 61.3, 53.1, 34.3, 33.2, 27.9, 20.0, 14.0. 13C NMR (100 MHz): δ
171.9, 61.3, 53.1, 34.3, 33.2, 27.9, 20.0, 14.0.

Synthesis of 6-bromo-2-methylhexanoic acid (116d): To a stirred solution of 2-(3bromopropyl)-2-methylmalonate (6.50 g, 22.0 mmol) in Ac2O (10 mL) was added HBr
(48%, 10 mL), and the solution was refluxed at 150 C for 18 hours. The reaction mixture
was cooled to rt, concentrated at reduced pressure, and diluted with water (10 mL). The
organic layer was extracted with EtOAc (3 × 30 mL), washed with brine (2 × 60 mL), dried
over Na2SO4, and the solvents were removed in vacuo to obtain the crude as light-yellow
liquid (3.11 g, 72%), which was used without any further purification. HRMS (ESI) m/z calcd
for [C6H12BrO2]+, 195.0020; found, 194.9811. 1H NMR (400 MHz, CDCl3): δ 3.42 (td, J =
6.6, 1.7 Hz, 2H), 2.72 – 2.41 (m, 1H), 1.92 (m, 2H), 1.87 – 1.75 (m, 1H), 1.69 – 1.58 (m,
1H), 1.22 (d, J = 7.0 Hz, 3H); 13C NMR (100 MHz): δ 182.09, 38.58, 33.19, 31.95, 30.26,
16.96.
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Synthesis of (5-carboxyhexyl)triphenylphosphonium bromide (116e): To a
stirring solution of 6-bromo-2-methylhexanoic acid (0.558 g, 2.88 mmol) in CH3CN (2 mL)
was added PPh3 (2.26 g, 8.63 mmol) and the reaction mixture was refluxed for 16 h. The
solvents were evaporated under reduced pressure and the crude purified using silica gel
column chromatography (10% MeOH in CH2Cl2) to obtain the product as white solid (0.924
g, 70%). HRMS (ESI) m/z calcd for [C24H26O2P]+, 377.1665; found, 377.1220. 1H NMR (400
MHz, CDCl3): δ 7.93 – 7.77 (m, 10H), 7.74 – 7.69 (m, 6H), 4.19 – 3.97 (m, 1H), 3.37 – 3.09
(m, 2H), 2.04 – 1.91 (m, 1H), 1.83 – 1.54 (m, 3H), 1.10 (d, J = 6.7 Hz, 3H); 13C NMR (100
MHz): δ 178.27 , 135.18 (d, J = 3.1 Hz), 133.62 (d, J = 10.0 Hz), 130.60 (d, J = 12.6 Hz),
118.00 (d, J = 86.0 Hz), 38.62 , 34.37 (d, J = 16.6 Hz), 22.51 (d, J = 51.0 Hz), 20.23 (d, J =
4.1 Hz), 17.54.

Synthesis of 6-(5-chloro-1-methyl-1H-indol-2-yl)-2-methylhex-5-enoic acid
(116f): To the suspension of (5-carboxyhexyl)triphenylphosphonium bromide (0.914 g, 2.00
mmol) in THF (3 mL) was added t-BuOK (4.0 mL, 1.0 M solution in THF) at –10 °C. The
mixture was warmed to rt and stirred for 40 min. The aldehyde 10 (400 mg, 2.07 mmol) in
THF (4 mL) was added at –10 °C. The reaction mixture was then stirred at rt for 4 h. Saturated
NH4Cl solution (10 mL) was added slowly. The mixture was diluted with EtOAc. The two
layers were separated and the organic layer was extracted with EtOAc (3 × 10 mL). The

130
combined organic extracts were washed with brine (25 mL), dried over Na2SO4, and the
solvents were evaporated under reduced pressure to obtain the crude, which was purified
using silica gel column chromatography (25% EtOAc/hexane) to afford the product (0.332
g, 57%). HRMS (ESI) m/z calcd for [C16H19ClNO2]+, 292.1099; found 292.0574. 1H NMR
(400 MHz, CDCl3): δ 7.48 (d, J = 2.3 Hz, 1H), 7.33 (d, J = 9.1 Hz, 1H), 7.16 – 7.04 (m, 2H),
6.57 – 6.41 (m, 2H), 6.27 (dt, J = 15.0, 7.0 Hz, 1H), 3.69 (s, 3H), 2.58 – 2.45 (m, 2H), 2.33
(q, J = 7.5 Hz, 2H), 1.92 (dq, J = 14.9, 7.6 Hz, 1H), 1.65 (dq, J = 14.0, 7.1 Hz, 1H), 1.24 (d,
J = 6.9 Hz, 3H). 13C NMR (100 MHz): δ 182.01, 139.67, 136.01, 133.77, 128.83, 125.27,
121.40, 119.40, 119.36, 109.99, 97.55, 38.71, 32.77, 31.02, 29.97, 16.98.

Synthesis of 6-(5-chloro-1-methyl-1H-indol-2-yl)-2-methylhexanoic acid (116g):
To a stirring solution of 22 (281 mg, 0.965 mmol) was added EtOH (2.5 mL). Palladium, 10
wt. % on activated carbon (13 mg) was added at once, and the reaction flask was sealed and
degassed. Then, a H2 balloon was charged and the reaction mixture was stirred at rt. After 3
h, the mixture was diluted with CH2Cl2 and filtered through celite and silica. The residue was
washed with EtOAc. The combined filtrate was evaporated in vacuo to obtain the product as
yellow viscous oil (281 mg, quantitative). HRMS (ESI) m/z calcd for [C16H21ClNO2]+,
294.7985; found 294.0087. 1H NMR (400 MHz, CDCl3): δ 7.47 (d, J = 2.0 Hz, 1H), 7.15 (d,
J = 8.6 Hz, 1H), 7.11 – 7.04 (m, 1H), 6.18 (s, 1H), 3.63 (s, 3H), 2.72 (t, J = 7.7 Hz, 2H), 2.49
(dt, J = 14.5, 7.2 Hz, 1H), 1.74 (dp, J = 11.4, 7.3 Hz, 3H), 1.50 (td, J = 10.1, 6.3 Hz, 3H),
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1.20 (d, J = 7.0 Hz, 3H). 13C NMR (100 MHz): δ 182.13, 141.94, 135.26, 128.34, 124.38,
120.19, 118.62, 109.15, 97.97, 38.75, 32.77, 29.10, 27.79, 26.44, 26.17, 16.44.

Synthesis of 6-(5-chloro-1-methyl-1H-indol-2-yl)-2-methylhexan-1-ol (116h):
To a stirred solution of 6-(5-chloro-1-methyl-1H-indol-2-yl)-2-methylhexanoic acid (281
mg, 959 mmol) in THF (3 mL) was added LiAlH4 (75 mg, 2.0 mmol) slowly at -20 C over
a period of 5 minutes, and the mixture of stirred at -20 C for 15 minutes followed by at rt
for 4 h. 10% v/v H2SO4 solution in H2O (3 mL) was added slowly at -20 C followed by
EtOAc (5 mL). The two layers were separated, and the organic layer was extracted with
EtOAc (4 × 5 mL). The combined organic extracts were washed with brine (15 mL), dried
over Na2SO4, and the solvents were evaporated under reduced pressure to afford the crude,
which was purified using silica gel column chromatography (30% EtOAc/hexane) to afford
the product (180 mg, 67%). HRMS (ESI) m/z calcd for [C16H23ClNO]+, 280.1463; found
280.1112. 1H NMR (400 MHz, CDCl3): δ 7.48 (d, J = 2.0 Hz, 1H), 7.16 (d, J = 8.6 Hz, 1H),
7.10 (d, J = 2.0 Hz, 1H), 6.18 (d, J = 1.0 Hz, 1H), 3.64 (s, 3H), 3.57 – 3.38 (m, 2H), 2.72 (t,
J = 7.7 Hz, 2H), 1.78 – 1.60 (m, 3H), 1.53 – 1.36 (m, 3H), 1.18 (dt, J = 10.9, 7.3 Hz, 1H),
0.93 (d, J = 6.7 Hz, 3H). 13C NMR (100 MHz): δ 142.73, 135.74, 128.84, 124.86, 120.63,
119.08, 109.62, 98.41, 68.28, 35.73, 32.92, 29.60, 28.75, 26.83, 26.80, 16.58.
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Synthesis of 1-(6-(5-chloro-3-(5-methoxy-3-methyl-5-oxopentanoyl)-1-methyl1H-indol-2-yl)-2-methylhexyl) 5-methyl 3-methylpentanedioate (116i): To a stirring
solution of 116h (52.2 mg, 0.187 mmol) in CH2Cl2 (1 mL) was added Me2AlCl (0.6 mL, 1.0
M solution in hexanes) at 0 °C. The reaction mixture was allowed to warm to rt, and after 20
min methyl 5-chloro-3-methyl-5-oxopentanoate (108 racemic) (89.3 mg, 0.558 mmol) in
CH2Cl2 (2 mL) was added. The reaction mixture was stirred at rt for 3 h. Saturated NH4Cl
solution (4 mL) was added. The two layers were separated, and the organic layer was
extracted with EtOAc (4 × 10 mL), the combined organic layers were washed with brine (5
mL), dried over Na2SO4, and then the solvents were evaporated under reduced pressure to
obtain the crude 116i, which was purified using silica gel column chromatography (50%
EtOAc/hexane) to afford the product (73.4 mg, 70%). HRMS (ESI) m/z calcd for
[C30H43ClNO7]+, 564.2723; found 564.2417. Chemical shift of the diastereomers is not
identical in both 1H NMR and 13C NMR spectrums. 1H NMR (400 MHz, CDCl3): δ 7.92 –
7.82 (m, 1H), 7.23 (dd, J = 8.4, 6.6 Hz, 2H), 3.91 (ddd, J = 42.8, 10.7, 6.2 Hz, 2H), 3.72 (s,
3H), 3.69 (s, 3H), 3.66 (s, 3H), 3.22 – 3.14 (m, 2H), 3.03 (dd, J = 16.2, 6.5 Hz, 1H), 2.90
(dd, J = 16.1, 7.1 Hz, 1H), 2.81 – 2.68 (m, 1H), 2.57 – 2.20 (m, 7H), 1.78 (dt, J = 13.0, 6.6
Hz, 1H), 1.63 (m, 2H), 1.56 – 1.38 (m, 3H), 1.28 – 1.17 (m, 1H), 1.10 (d, J = 6.7 Hz, 3H),
1.02 (d, J = 6.6 Hz, 3H), 0.93 (d, J = 6.7 Hz, 3H).13C NMR (100 MHz): δ 194.92, 173.17,
172.79, 172.45, 150.51, 135.11, 127.85, 126.86, 122.21, 120.40, 113.23, 110.64, 69.23,
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51.51, 51.48, 49.39, 41.11, 40.90, 40.65, 33.10, 32.56, 29.63, 29.27, 27.46, 27.12, 26.49,
26.28, 20.34, 19.85, 16.88.

Synthesis of 5-(5-chloro-2-(6-hydroxy-5-methylhexyl)-1-methyl-1H-indol-3-yl)3-methyl-5-oxopentanoic acid (116): Compound 116i (50.6 mg, 0.0897 mmol) was
dissolved in THF (0.5 mL) and then added LiOH (21.5 mg, 0.897 mmol) in H2O (0.25 mL).
The reaction mixture was stirred at rt for 36 h. The solvents were removed under reduced
pressure, and 1 N HCl (2 mL) was added at 0 °C dropwise. The slurry was extracted with
EtOAc (4 × 5 mL). The combined organic extracts were washed with brine (15 mL), dried
over Na2SO4, and the solvents were evaporated under reduced pressure to afford the crude,
which was purified using silica gel column chromatography (60% EtOAc/hexane) to afford
the product (25.6 mg, 70%). HRMS (ESI) m/z calcd for [C22H31ClNO4]+, 408.1936; found
408.1521.1H NMR (400 MHz, CDCl3) does not show identical peaks for the diastereomers:
δ 7.95 (d, J = 1.6 Hz, 1H), 7.25 – 7.17 (m, 2H), 3.72 (s, 3H), 3.58 – 3.45 (m, 2H), 3.36 – 2.90
(m, 4H), 2.72 (h, J = 6.7 Hz, 1H), 2.60 – 2.32 (m, 2H), 1.76 – 1.44 (m, 6H), 1.30 – 1.20 (m,
2H), 1.16 (d, J = 6.8 Hz, 3H), 0.92 (d, J = 6.7 Hz, 3H).13C NMR (100 MHz) contains two
sets of peaks corresponding to two diastereomers: δ 195.58, 195.53, 180.11, 150.83, 150.79,
135.16, 128.13, 127.06, 122.47, 120.59, 113.17, 113.13, 110.62, 68.01, 48.92, 48.85, 41.23,
35.33, 35.24, 32.28, 32.22, 29.71, 29.09, 29.05, 26.74, 26.66, 26.61, 26.17, 26.16, 20.62,
20.59, 16.64, 16.60.
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Synthesis of triphenyl(5,5,5-trifluoropentyl)phosphonium bromide (121): To a
stirred solution of 5-bromo-1,1,1-trifluoropentane (120) (1.00 g, 4.90 mmol) in CH3CN (10
ml) was added PPh3 (2.00 g, 7.63 mmol). The reaction flask was attached to a condenser and
refluxed for 16 hours. The reaction mixture was distilled by a rotary evaporator, and the
crude was purified by silica gel column chromatography using CH2Cl2/MeOH (10/1) as
eluent. The product was obtained as a white solid (2.18 g, 95%). HRMS (ESI) m/z calcd for
[C23H23F3P]+: 387.1484 found 387.1458. 1H NMR (400 MHz, CDCl3): δ 7.93 – 7.84 (m, 6H),
7.85 – 7.76 (m, 3H), 7.75 – 7.68 (m, 6H), 3.97 (td, J = 13.1, 8.3 Hz, 2H), 2.30 – 2.14 (m,
2H), 1.98 (p, J = 7.3 Hz, 2H), 1.80 – 1.69 (m, 2H). 13C NMR (100 MHz): δ 135.08 (d, J =
3.0 Hz, 3C), 133.71 (d, J = 10.1 Hz, 6C), 130.52 (d, J = 12.7 Hz, 6C), 127.01 (q, J = 276.9
Hz), 118.18 (d, J = 86.0 Hz, 3C), 32.78 (q, J = 27.9 Hz), 22.78 – 2.71 (m), 22.62 (d, J = 50.8
Hz), 21.58 (d, J = 4.0 Hz).

Synthesis of (Z)-5-chloro-1-methyl-2-(6,6,6-trifluorohex-1-en-1-yl)-1H-indole
(122): To a stirred suspension of triphenyl(5,5,5-trifluoropentyl)phosphonium bromide (121)
(2.30 g, 4.92 mmol) in THF (10 ml) was added KHMDS (1.0 M in THF, 6.00 ml, 6.00 mmol)
at -78 °C. The reaction mixture was allowed to warm up to rt, and stirred for 20 min. The
indole aldehyde 62 (1.0 g, 5.16 mmol) was dissolved in 5 mL of THF, and was added to the
reaction flask slowly at -78 °C. The reaction mixture was allowed to warm up to rt, stirred
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for 2 hours, and quenched with saturated aqueous NH4Cl solution (10 ml) at -78 °C. The
aqueous phase was extracted with EtOAc, the combined organic extracts were washed with
brine, dried over Na2SO4, concentrated, and purified using silica gel column chromatography
using hex/EtOAc (7/1) as eluent. The product (122) was obtained as light-yellow viscous oil
(0.65 g, 44%). HRMS (ESI) m/z calcd for [C15H16ClF3N]+: 302.0918 found 302.0876. 1H
NMR (400 MHz, CDCl3): δ 7.54 (d, J = 1.9 Hz, 1H), 7.22 – 7.09 (m, 2H), 6.45 (d, J = 11.5
Hz, 1H), 6.39 (s, 1H), 5.84 (dt, J = 11.7, 7.0 Hz, 1H), 3.68 (s, 3H), 2.51 (qd, J = 7.4, 1.7 Hz,
2H), 2.21 – 2.05 (m, 2H), 1.77 (p, J = 7.8 Hz, 2H). 13C NMR (100 MHz): δ 137.0, 135.5,
134.4, 128.6, 127.1 (q, J = 276.2), 125.3, 121.9, 119.7, 118.8, 110.1, 101.5, 33.4 (q, J = 28.7
Hz), 30.0, 28.1, 21.8 (q, J = 2.7 Hz).

Synthesis of 5-Chloro-1-methyl-2-(6,6,6-trifluorohexyl)-1H-indole (123): To a
stirred solution of (Z)-5-chloro-1-methyl-2-(6,6,6-trifluorohex-1-en-1-yl)-1H-indole (122)
(0.65 g, 2.15 mmol) in EtOH (6 mL) was added 10% Pd/C (65 mg) under H2 atm. The
reaction mixture was stirred at rt for 3 h, and then filtered over Celite. The residue was
washed with EtOAc, and the combined filtrate was concentrated under reduced pressure to
afford the product 123 as a light-yellow solid (0.65 g, 99%).HRMS (ESI) m/z calcd for
[C15H18ClF3N]+: 304.1080 found 304.0682. 1H NMR (400 MHz, CDCl3): δ 7.48 (d, J = 2.0
Hz, 1H), 7.16 (d, J = 8.6 Hz, 1H), 7.09 (dd, J = 8.6, 2.0 Hz, 1H), 6.18 (s, 1H), 3.65 (s, 3H),
2.74 (t, J = 7.6 Hz, 2H), 2.19 – 2.00 (m, 2H), 1.75 (p, J = 7.6 Hz, 2H), 1.69 – 1.58 (m, 2H),
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1.54 – 1.45 (m, 2H). 13C NMR (100 MHz): δ 142.1, 135.8, 128.8, 127.1 (q, J = 276.4), 125.0,
120.8, 119.1, 109.7, 98.5, 33.7 (q, J = 28.4 Hz), 29.6, 28.4, 28.0, 26.6, 21.8 (q, J = 2.9 Hz).

Synthesis of 5-(5-Chloro-1-methyl-2-(6,6,6-trifluorohexyl)-1H-indol-3-yl)-3methyl-5-oxopentanoic acid (115): To a stirred solution of 5-chloro-1-methyl-2-(6,6,6trifluorohexyl)-1H-indole (123) (41 mg, 0.135 mmol) in CH2Cl2 was added Me2AlCl (1.0 M
in hexanes, 0.42 ml) at -20 °C. The reaction mixture was allowed to warm up to rt and stirred
for 30 min. The stirring solution was cooled back to -20 °C, and was added with the CH2Cl2
solution of 3-methylglutaric anhydride (74, 43 mg, 0.336 mmol). After stirring at rt for 45
min, the reaction was quenched with H2O, and extracted with EtOAc. The organic layer was
washed with brine, dried over Na2SO4, and rotary evaporated. The crude was purified by
silica gel column chromatography with hex/EtOAc (3/1, with 0.1% AcOH) to afford the
product (7) as an off-white solid (34 mg, 58%). HRMS (ESI) m/z calcd for
[C21H26ClF3NO3H]+: 432.1553 found 432.0809. 1H NMR (400 MHz, CDCl3): δ 7.86 (d, J =
1.8 Hz, 1H), 7.28 (d, J = 8.7 Hz, 1H), 7.23 (dd, J = 8.7, 1.8 Hz, 1H), 3.72 (s, 3H), 3.26 – 3.15
(t, J = 7.5 Hz, 2H), 3.08 – 2.94 (m, 2H), 2.73 (dq, J = 13.3, 6.7 Hz, 2H), 2.56 (dd, J = 15.1,
5.7 Hz, 1H), 2.38 (dd, J = 15.1, 7.2 Hz, 1H), 2.16 – 2.03 (m, 2H), 1.75 – 1.48 (m, 6H), 1.16
(d, J = 6.7 Hz, 3H). 13C NMR (100 MHz): δ 195.4, 175.9, 150.7, 135.2, 128.1, 127.3 (q, J =
157.6 Hz), 126.8, 122.4, 120.3, 113.12, 110.8, 49.1, 40.8, 33.6 (q, J = 28.7 Hz), 29.7, 28.7,
28.6, 26.5, 26.1, 21.7 (q, J = 2.7 Hz), 20.5.
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The synthesis of the phenyl antagonists and their corresponding intermediates
(Compounds 124-218) described in Chapter 2.6 are protected by PCT Int. Appl. WO
2016154749 A1, 2016.
The synthesis of the metabolites of Compounds 231-234, 237, and 238 (Section
3.4) has been published previously.68

Synthesis of Methyl 6-(4-iodophenyl)hexanoate (235): To a stirred solution of
ester 234 (3 g, 14.54 mmol) in trifluoroacetic acid (20 mL) was added thallium(III)
trifluoroacetate (12.25 g, 22.54 mmol) at rt. The reaction mixture was stirred for 5 days in
the dark under argon. Then potassium iodide (12.0 g, 72.71 mmol) was added in water (72.0
mL) and the resulting mixture was stirred for 15 min at rt and color of the reaction mixture
was turned from brown to green. Sodium thiosulfate (7.32 g) was added to the reaction
mixture and stirred for an additional 15 min and the color changed from green to yellow
green foam, then the reaction mixture was poured into water (120 mL) and extracted with
ether (3 × 30 mL). The ether extracts were washed with 0.1 N HCl and water (50 mL). The
solvent was dried over Na2SO4. The solvent was evaporated under reduced pressure and the
residue was purified by silica gel chromatography using 10% EtOAc/hexane afforded iodo
compound 235 (4.2 g, 87%) as a colorless oil. HRMS (ESI) m/z calcd for [C13H18IO2]+,
333.0352; found, 333.0076. 1H NMR (400 MHz, CDCl3): δ 7.57 (d, J = 7.8 Hz, 2H), 6.91 (d,
J = 7.8 Hz, 2H), 3.65 (s, 3H), 2.54 (t, J = 7.6 Hz, 2H), 2.29 (t, J = 7.3 Hz, 2H), 1.69–1.57
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(m, 4H), 1.39–1.29 (m, 2H). 13C NMR (100 MHz): δ 174.2, 142.1, 137.4 (2C), 130.6 (2C),
90.7, 51.6, 35.2, 34.0, 30.9, 28.6, 24.7.

Synthesis of 6-(4-Iodophenyl)hexan-1-ol (236): To a stirred solution of ester 235
(4.0 g, 12.04 mmol) in anhydrous CH2Cl2 (70 mL) was added DIBAL-H (1.0 M in hexane,
24.08 mL, 24.08 mmol) dropwise over a period of 5 min at −78 °C under argon atmosphere.
After stirring for 2 h at rt anhydrous MeOH (2 mL) was added at 0 °C, and the mixture was
allowed to warm to rt saturated aqueous solution of sodium potassium tartarate (25 mL) was
added, and the resulting mixture was stirred vigorously until the two layers were separated.
The organic layer was separated and the aqueous layer was extracted with additional CH2Cl2
(3 × 40 mL). The combined organic layers were washed with H2O, brine solution and dried
over anhydrous Na2SO4. Solvent was removed in vacuo and purified by silica gel column
chromatography using 20% EtOAc/hexane to afford the iodo-alcohol 236 (3.48 g, 95% yield)
as a colorless liquid. HRMS (ESI) m/z calcd for [C12H18IO]+, 305.0397; found, 305.0665. 1H
NMR (400 MHz, CDCl3): δ 7.57 (d, J = 7.6 Hz, 2H), 6.91 (d, J = 7.6 Hz, 2H), 3.61 (t, J =
6.6 Hz, 2H), 2.53 (t, J = 7.6 Hz, 2H), 1.69–1.49 (m, 8H). 13C NMR (100 MHz): δ 143.1,
138.0 (2C), 131.4(2C), 91.1, 63.3, 35.8, 33.2, 31.8, 29.4, 26.1.

NMR data of 2-(3-bromopropoxy)tetrahydro-2H-pyran (240): 1H NMR (400
MHz, CDCl3): δ 4.60 (t, J = 3.4 Hz, 1H), 3.94 – 3.81 (m, 2H), 3.58 – 3.45 (m, 4H), 2.13 (p,
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J = 6.3 Hz, 2H), 1.81 (ddt, J = 10.6, 7.6, 4.8 Hz, 1H), 1.75 – 1.68 (m, 1H), 1.62 – 1.47 (m,
4H). 13C NMR (100 MHz,) δ 98.92, 64.90, 62.28, 32.92, 30.69, 30.61, 25.42, 19.50.

NMR

data

of

triphenyl(3-((tetrahydro-2H-pyran-2-

yl)oxy)propyl)phosphonium bromide (241): 1H NMR (400 MHz, CDCl3): δ 7.90 – 7.77
(m, 9H), 7.74 – 7.67 (m, 6H), 4.60 – 4.53 (m, 1H), 4.00 (dtd, J = 15.5, 7.8, 3.7 Hz, 2H), 3.89
– 3.74 (m, 3H), 3.52 – 3.42 (m, 1H), 2.04 – 1.93 (m, 2H), 1.83 – 1.68 (m, 2H), 1.51 (tt, J =
14.9, 6.1 Hz, 4H). 13C NMR (100 MHz): δ 135.03 (d, J = 3.0 Hz, 3C), 133.74 (d, J = 10.0
Hz, 6C), 130.48 (d, J = 12.6 Hz, 6C), 118.32 (d, J = 86.2 Hz, 3C), 100.02, 66.58 (d, J = 16.7
Hz), 63.59, 30.82, 25.29, 23.39 (d, J = 3.7 Hz), 20.36, 19.60 (d, J = 52.6 Hz).

NMR data of (3-hydroxypropyl)triphenylphosphonium bromide (248): 1H
NMR (400 MHz, DMSO-d6) δ 7.97 – 7.73 (m, 15H), 4.87 (br, 1H), 3.66 – 3.47 (m, 4H), 1.67
(tdd, J = 8.5, 5.3, 2.3 Hz, 2H).
The synthesis of the metabolites of Compounds 242-243 (Section 3.4) has been
published previously.68
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Synthesis of (Z)-tert-butyldimethyl((6-((tetrahydro-2H-pyran-2-yl)oxy)hex-3en-1-yl)oxy)silane (244): To a stirred suspension of the phosphonium 241 (3.61 g, 7.43
mmol) in THF (20 mL) was added LiHMDS (11.5 mL, 11.5 mmol, 1.0 M solution in THF)
and stirred at 0 C for 40 min under argon. The reaction mixture was cooled to ̶ 78 C and
HMPA (0.5 mL) was added, 2 min later the aldehyde 243 (1.36 g, 5.94 mmol) in THF (20
mL) was added at ̶ 78 C. The temperature was maintained at ̶ 78 C for 30 min and then
gradually warmed to rt. The reaction was quenched with sat. NH4Cl solution (30 mL. The
aqueous layer was extracted with EtOAc (3×20 mL). The combined organic layers were
washed with brine, dried over Na2SO4. The solvent was evaporated under reduced pressure
and the residue was purified by silica gel chromatography using 5% EtOAc/hexane as eluent
to afford 244 (1.4 g, 75%) as colorless oil. HRMS (ESI) m/z calcd for [C17H35O3Si]+,
315.2350; found, 315.1729. 1H NMR (400 MHz, CDCl3): δ 5.47-5.50 (m, 2H), 4.59 (dd, J =
4.4, 2.7 Hz, 1H), 3.90-3.84 (m, 1H), 3.79-3.67 (m, 1H), 3.63 (t, J = 6.9 Hz, 2H), 3.53 -3.46
(m, 1H), 3.40 (dt, J = 9.4, 7.0 Hz, 1H), 2.36 (q, J = 6.7 Hz, 2H), 2.30 (q, J = 6.6 Hz, 2H),
1.86-1.81 (m, 1H), 1.74-1.67 (m, 1H), 1.62-1.47 (m, 4H), 0.89 (s, 9H), 0.05 (s, 6H). 13C
NMR (100 MHz): 127.74, 127.54, 98.74, 67.01, 62.89, 62.28, 31.21, 30.71, 28.09, 25.96
(3C), 25.49, 19.59, 18.37, -5.25 (2C).
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Synthesis of (Z)-6-((tert-butyldimethylsilyl)oxy)hex-3-en-1-ol (245): To a stirred
solution of 244 (10.6 g, 33.7 mmol) in dry CH2Cl2 (100 mL) at 0 °C was added Me2AlCl
(77.5 ml, 1.0 M solution in hexane) under argon. The reaction was continued for 3 h. The
reaction mixture was quenched by adding brine, and was extracted with EtOAc (3 × 50 mL).
The combined organic layers were washed with brine, dried over NaSO4, and concentrated
under reduced pressure. The residue was purified by silica gel chromatography using 30%
EtOAc/hexane to afford alcohol 245 (7.59 g, 98%) as colorless liquid. HRMS (ESI) m/z calcd
for [C12H27O2Si]+, 231.1775; found, 231.1787. 1H NMR (400 MHz, CDCl3): δ 5.60-5.47 (m,
2H), 3.69-3.61 (m, 4H), 2.36-2.30 (m, 4H), 0.89 (s, 9H), 0.06 (s, 6H). 13C NMR (100 MHz):
129.76, 127.35, 62.81, 62.07, 30.95, 30.84, 25.99 (3C), 18.48, -5.30 (2C).

Synthesis of (Z)-tert-butyl((6-iodohex-3-en-1-yl)oxy)dimethylsilane (246): To a
stirred solution of alcohol 245 (4 g, 17.6 mmol) in 130 mL of CH2Cl2 at 0 °C was added PPh3
(13.82 g, 52.8 mmol), imidazole (7.2 g, 105.6 mmol), and iodine (13.4 g, 52.8 mmol). After
2 h the reaction was quenched with sat. solution of Na2S2O3 (30 mL). Aqueous layer was
extracted with CH2Cl2 (3×20 mL) and dried over anhydrous Na2SO4, concentrated in vacuo.
The residue was purified by silica gel column chromatography using 5% EtOAc/hexane to
afford iodo compound 246 (5.5 g, 92%) as a yellow liquid. HRMS (ESI) m/z calcd for
[C12H26IO2Si]+, 341.0792; found, 341.1118. 1H NMR (400 MHz, CDCl3): δ 5.59-5.50 (m,
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1H), 5.47-5.37 (m, 1H), 3.63 (t, J = 6.8 Hz, 2H), 3.14 (t, J = 7.3 Hz, 2H), 2.65 (q, J = 7.2 Hz,
2H), 2.26 (q, J = 7.0 Hz, 2H), 0.89 (s, 9H), 0.05 (s, 6H). 13C NMR (100 MHz): 129.63,
128.63, 62.62, 31.59, 31.27, 25.96, 18.38, 5.37 (3C), -5.25 (2 C).

Synthesis

of

(Z)-(6-((tert-butyldimethylsilyl)oxy)hex-3-en-1-

yl)triphenylphosphonium iodide (247): To a stirred solution of iodo compound 246 (7.59
g, 22.3 mmol) in CH3CN (60 mL) was added PPh3 (15.2 g, 57.9 mmol) at rt under argon.
The reaction mixture was heated at 55 C for 24 hours. The solvent was evaporated under
reduced pressure and the residue was purified by silica gel chromatography using 5%
MeOH/CH2Cl2 to afford phosphonium salt 247 (11.6 g, 86%) as a solid. HRMS (ESI) m/z
calcd for [C30H40OPSi]+, 475.2581; found, 475.2907. 1H NMR (400 MHz, CDCl3): δ 7.89 –
7.83 (m, 6H), 7.73 – 7.69 (m, 6H), 7.46 (t, J = 7.7 Hz, 3H), 5.72 (q, J = 7.8 Hz, 1H), 5.43 (q,
J = 8.0 Hz, 1H), 3.80 (q, J = 9.4, 8.3 Hz, 2H), 3.53 (t, J = 6.6 Hz, 2H), 2.45 (p, J = 8.2 Hz,
2H), 2.05 (q, J = 6.8 Hz, 2H), 0.83 (s, 9H), -0.03 (s, 6H). 13C NMR (100 MHz): 135.14 (3C),
133.79 (6C), 130.54 (6C), 128.50 (3C), 118.50, 117.65, 62.38, 31.10, 25.95 (3C), 23.43,
20.49, 18.35, -5.28 (2C).
The synthesis of the metabolites of Compounds 249-260, and 262 (Section 3.4) has
been published previously.68
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NMR and Mass Spec. data of 6-(4-Iodo-phenyl)-hexanal (263): Yield: 88%.
HRMS (ESI) m/z calcd for [C12H16IO]+, 303.0240; found 302.9735. 1H NMR (400 MHz,
CDCl3): δ 9.76 (s, 1H), 7.59 (d, J = 8.0 Hz, 2H), 6.92 (d, J = 7.9 Hz, 2H), 2.55 (t, J = 7.7 Hz,
2H), 2.42 (t, J = 7.1 Hz, 2H), 1.69 – 1.32 (m, 4H), 1.41 – 1.30 (m, 2H). 13C NMR (100 MHz):
202.6, 142.0, 137.3 (2C), 130.5 (2C), 90.7, 43.79, 35.2, 31.0, 28.6, 21.9.

NMR and Mass Spec. data of tert-Butyl-[12-(4-iodo-phenyl)-dodeca-3,6dienyloxy]-dimethyl-silane (264): Yield: 56%. HRMS (ESI) m/z calcd for [C24H40IOSi]+,
499.1888; found 499.1250. 1H NMR (400 MHz, CDCl3): δ 7.58 (d, J = 8.2 Hz, 2H), 6.92 (d,
J = 8.2 Hz, 2H), 5.48 – 5.32 (m, 4H), 3.61 (t, J = 7.0 Hz, 2H), 2.78 (t, J = 5.9 Hz, 2H), 2.57
– 2.52 (m, 2H), 2.34 – 2.25 (m, 2H), 2.07 – 2.00 (m, 2H), 1.60 – 1.54 (m, 2H), 1.38 – 1.31
(m, 4H), 0.90 (s, 9H), 0.06 (s, 6H). 13C NMR (100 MHz): 142.4, 137.3 (2C), 130.6 (2C),
130.1, 129.9, 128.0, 126.0, 90.5, 62.9, 35.4, 31.2, 31.2, 29.5, 28.8, 27.1, 26.0 (3C), 25.8,
18.4, −5.2 (2C).

NMR and Mass Spec. data of 12-(4-Iodo-phenyl)-dodeca-3,6-dien-1-ol (264 step
c): Yield: 60%. HRMS (ESI) m/z calcd for [C18H26IO]+, 385.1023; found 385.0617. 1H NMR
(400 MHz, CDCl3): δ 7.58 (d, J = 8.3 Hz, 2H), 6.92 (d, J = 8.1 Hz, 2H), 5.53 (q, J = 7.9 Hz,

144
1H), 5.46 – 5.28 (m, 3H), 3.65 (t, J = 6.4 Hz, 2H), 2.81 (t, J = 7.0 Hz, 2H), 2.54 (t, J = 7.8
Hz, 2H), 2.35 (q, J = 6.7 Hz, 2H), 2.06 (p, J = 6.8 Hz, 2H), 1.58 (p, J = 7.6 Hz, 2H), 1.43 –
1.31 (m, 4H). 13C NMR (100 MHz): 142.4, 137.3 (2C), 131.5, 130.6 (2C), 130.3, 127.6,
125.4, 90.6, 62.3, 35.4, 31.2, 30.8, 29.4, 28.8, 27.2, 25.8.

NMR and Mass Spec. data of 1-Iodo-4-(12-iodo-dodeca-6,9-dienyl)-benzene
(264 step d): Yield: 90%. HRMS (ESI) m/z calcd for [C18H25I2]+, 495.0040; found 494.9524.
H NMR (400 MHz, CDCl3): δ 7.58 (d, J = 8.3 Hz, 2H), 6.93 (d, J = 8.2 Hz, 2H), 5.55 – 5.46

1

(m, 1H), 5.43 – 5.29 (m, 3H), 3.14 (t, J = 7.3 Hz, 2H), 2.76 (t, J = 7.2 Hz, 2H), 2.65 (q, J =
7.5 Hz, 2H), 2.58 – 2.52 (m, 2H), 2.05 (dt, J = 13.9, 7.0 Hz, 2H), 1.59 (p, J = 7.6 Hz, 2H),
1.42 – 1.31 (m, 4H). 13C NMR (100 MHz): 142.4, 137.3 (2C), 130.7, 130.6 (2C), 130.5,
128.1, 127.3, 90.6, 35.4, 31.5, 31.2, 29.4, 28.8, 27.2, 25.8, 5.2.

NMR and Mass Spec. data of [12-(4-Iodo-phenyl)-dodeca-3,6-dienyl]-triphenylphosphonium iodide (265): Yield: 96%. HRMS (ESI) m/z calcd for [C36H39IP]+, 629.1829;
found 629.1885. 1H NMR (400 MHz, CDCl3): δ 7.87 – 7.79 (m, 9H), 7.84 – 7.78 (m, 6H),
7.58 (d, J = 8.3 Hz, 2H), 6.92 (d, J = 8.1 Hz, 2H), 5.65 – 5.55 (m, 1H), 5.43 – 5.28 (m, 2H),
5.23 – 5.13 (m, 1H), 3.91 – 3.80 (m, 2H), 2.56 – 2.43 (m, 6H), 1.88 (q, J = 6.9 Hz, 2H), 1.58
– 1.51 (m, 2H), 1.32 – 1.26 (m, 4H). 13C NMR (100 MHz): 142.3, 137.3 (2C), 135.1 (3C),
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133.8 (6C), 130.7 – 130.4 (10C), 126.9, 126.2, 118.1 (3C), 90.6, 35.4, 31.1, 29.3, 28.8, 27.1,
25.6, 23.4, 20.4.

NMR and Mass Spec. data of 5-(tert-Butyl-diphenyl-silanyloxy)-20-(4-iodophenyl)-icosa-6,8,11,14-tetraenoic acid methyl ester (266): Yield: 98%. HRMS (ESI) m/z
calcd for [C43H56IO3Si]+, 775.3038; found 755.0714. 1H NMR (400 MHz, CDCl3): δ 7.73 –
7.60 (m, 4H), 7.60 – 7.55 (m, 2H), 7.40 – 7.33 (m, 6H), 6.91 (d, J = 8.2 Hz, 2H), 6.16 (dd, J
= 15.0, 11.2 Hz, 1H), 5.87 (t, J = 11.1 Hz, 1H), 5.58 (dd, J = 15.0, 6.8 Hz, 1H), 5.41 – 5.26
(m, 5H), 4.21 (q, J = 6.0 Hz, 1H), 3.62 (s, 3H), 2.81 – 2.74 (m, 4H), 2.57 – 2.50 (m, 2H),
2.18 (t, J = 7.1 Hz, 2H), 2.03 (q, J = 6.6 Hz, 2H), 1.61 – 1.50 (m, 6H), 1.42 – 1.29 (m, 4H),
1.06 (s, 9H). 13C NMR (100 MHz): 173.9, 142.4, 137.2 (2C), 135.9 (4C), 135.7, 134.2 (2C),
130.5 (2C), 130.2, 129.5 (3C), 128.7, 128.1, 127.7, 127.6, 127.4 (4C), 125.4, 90.5, 73.7, 51.4,
37.2, 35.4, 34.0, 31.2, 29.4, 28.8, 27.1, 27.1 (3C), 26.0, 25.6, 20.1, 19.4.

NMR and Mass Spec. data of Methyl (S,6E,8Z,11Z,14Z)-20-(4-(6-azidohex-1yn-1-yl)phenyl)-5-((tert-butyldiphenylsilyl)oxy)icosa-6,8,11,14-tetraenoate

(261):

Yield: 64%. HRMS (ESI) m/z calcd for [C48H64N3O3Si]+, 770.4711; found 770.5009. 1H
NMR (400 MHz, CDCl3): 7.68 – 7.61 (m, 4H), 7.41 – 7.33 (m, 6H), 7.29 (d, J = 8.0 Hz, 2H),
7.08 (d, J = 7.9 Hz, 2H), 6.16 (dd, J = 15.0, 11.2 Hz, 1H), 5.87 (t, J = 11.1 Hz, 1H), 5.58 (dd,
J = 15.0, 6.9 Hz, 1H), 5.39 – 5.28 (m, 5H), 4.21 (q, J = 6.1 Hz, 1H), 3.63 (s, 3H), 3.34 (t, J
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= 6.7 Hz, 2H), 2.81 – 2.74 (m, 4H), 2.57 (t, J = 7.6 Hz, 2H), 2.45 (t, J = 6.8 Hz, 2H), 2.18 (t,
J = 7.2 Hz, 2H), 2.03 (q, J = 7.0 Hz, 2H), 1.79 (dt, J = 14.2, 6.7 Hz, 2H), 1.68 (dt, J = 14.1,
6.6 Hz, 2H), 1.60 – 1.48 (m, 6H), 1.42 – 1.29 (m, 4H), 1.06 (s, 9H). 13C NMR (100 MHz):
173.9, 142.6, 136.0 (4C), 135.7, 134.2 (2C), 131.4 (2C), 130.3, 129.6, 129.5 (4C), 128.7,
128.3 (2C), 128.1, 127.7, 127.6, 127.5, 127.4, 125.5, 120.9, 88.4, 81.3, 73.7, 51.4, 51.1, 37.2,
35.8, 34.0, 31.2, 29.5, 28.9, 28.0, 27.2, 27.1 (3C), 26.0, 25.9, 25.6, 20.1, 19.4, 19.0.

NMR and Mass Spec. data of ((1R,2S,3R,4S)-bicyclo[2.2.1]hept-5-ene-2,3diyl)dimethanol (305): HRMS (ESI) m/z calcd for [C9H15O2]+, 155.1067; found 155.0963.
H NMR (400 MHz, CDCl3): δ 6.03 (s, 2H), 4.11 (s, 2H), 3.63 (dd, J = 11.1, 3.1 Hz, 2H),

1

3.37 (s, 2H), 2.80 (s, 2H), 2.53 (dd, J = 9.1, 3.4 Hz, 2H), 1.40 (q, J = 8.3 Hz, 2H). 13C NMR
(100 MHz) δ 134.79 (2C), 63.42 (2C), 49.93, 46.55 (2C), 45.09 (2C).

NMR

and

Mass

Spec.

data

of

(1R,4S,5R,6S)-5,6-

bis(methoxymethyl)bicyclo[2.2.1]hept-2-ene (306): HRMS (ESI) m/z calcd for
[C11H19O2]+, 183.1380; found 183.1274. 1H NMR (400 MHz, CDCl3) δ 6.13 (s, 2H), 3.29 (s,
6H), 3.20 – 3.15 (m, 2H), 3.00 (t, J = 8.9 Hz, 2H), 2.91 (s, 2H), 2.51 – 2.37 (m, 2H), 1.47 (d,
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J = 8.3 Hz, 1H), 1.31 (d, J = 8.3 Hz, 1H). 13C NMR (100 MHz) δ 135.29 (2C), 72.88 (2C),
58.71 (2C), 49.09, 45.52 (2C), 41.39 (2C).

NMR

and

Mass

Spec.

data

of

(1R,2R,3S,4S,5R,6S)-5,6-

bis(methoxymethyl)bicyclo[2.2.1]heptane-2,3-diol (307): HRMS (ESI) m/z calcd for
[C11H21O4]+, 217.1434; found 217.1264. 1H NMR (400 MHz, CDCl3) δ 4.01 (s, 2H), 3.46 –
3.27 (m, 10H), 2.88 (s, 2H), 2.26 (s, 4H), 1.90 (d, J = 10.5 Hz, 1H), 1.22 (d, J = 10.5 Hz,
1H). 13C NMR (100 MHz) δ 69.84 (2C), 69.46 (2C), 58.81 (2C), 46.97 (2C), 38.50 (2C),
33.00.

NMR

and

Mass

Spec.

data

of

(1R,3S,4R,5S)-4,5-

bis(methoxymethyl)cyclopentane-1,3-dicarbaldehyde (308): HRMS (ESI) m/z calcd for
[C11H19O4]+, 215.1278; found 215.1037. 1H NMR (400 MHz, CDCl3) δ 9.73 (d, J = 1.3 Hz,
2H), 3.43 (dd, J = 9.7, 4.8 Hz, 2H), 3.38 – 3.32 (m, 2H), 3.26 (s, 6H), 2.98 – 2.86 (m, 2H),
2.84 – 2.72 (m, 2H), 2.64 (dt, J = 14.1, 8.8 Hz, 1H), 1.93 (dt, J = 14.1, 8.7 Hz, 1H). 13C NMR
(100 MHz) δ 202.60 (2C), 69.33 (2C), 58.67 (2C), 52.43 (2C), 44.77 (2C), 23.89.
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1,1'-((1R,3S,4R,5S)-4,5-bis(methoxymethyl)cyclopentane-1,3-diyl)bis(ethan-1ol) (309): HRMS (ESI) m/z calcd for [C13H27O4]+, 247.1904; found 247.1711. NMR for this
compound contains four sets of peaks.

NMR

and

Mass

Spec.

data

of

1,1'-((1R,3S,4R,5S)-4,5-

bis(methoxymethyl)cyclopentane-1,3-diyl)bis(ethan-1-one) (310): HRMS (ESI) m/z
calcd for [C13H23O4]+, 243.1591; found 243.1343. 1H NMR (400 MHz, CDCl3) δ 3.41 (dd, J
= 9.4, 4.6 Hz, 2H), 3.20 (s, 8H), 3.06 (dt, J = 10.3, 7.9 Hz, 2H), 2.70 (dp, J = 12.0, 6.6 Hz,
2H), 2.19 (s, 7H), 1.92 (dt, J = 13.9, 7.9 Hz, 1H). 13C NMR (100 MHz) δ 209.40 (2C), 69.70
(2C), 58.52 (2C), 51.93 (2C), 45.19 (2C), 31.21 (2C), 29.06.

NMR

and

Mass

Spec.

data

of

(1R,3S,4S,5R)-4,5-

bis(methoxymethyl)cyclopentane-1,3-diyl diacetate (285): HRMS (ESI) m/z calcd for
[C13H23O6]+, 275.1489; found 275.1304. 1H NMR (400 MHz, CDCl3) δ 5.17 (q, J = 6.0 Hz,
2H), 3.51 (d, J = 6.0 Hz, 4H), 3.31 (s, 6H), 2.52 (m, 3H), 2.05 (s, 6H), 1.79 (dt, J = 15.5, 4.5
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Hz, 1H). 13C NMR (100 MHz) δ 170.47 (2C), 73.61 (2C), 69.05 (2C), 58.86 (2C), 43.02
(2C), 38.22, 21.19 (2C).

NMR

and

Mass

Spec.

data

of

(1R,3S,4S,5R)-4,5-

bis(hydroxymethyl)cyclopentane-1,3-diyl diacetate (311): HRMS (ESI) m/z calcd for
[C11H19O6]+, 247.1176; found 247.0989. 1H NMR (400 MHz, CDCl3) δ 5.31 – 5.16 (m, 2H),
3.98 – 3.72 (m, 4H), 2.70 (s, 2H), 2.63 – 2.43 (m, 3H), 2.08 (s, 6H), 1.83 (d, J = 15.5 Hz,
1H). 13C NMR (100 MHz) δ 170.67 (2C), 74.34 (2C), 59.35 (2C), 45.84 (2C), 38.35, 21.07
(2C).

NMR

and

Mass

Spec.

data

of

(1R,3S,4S,5R)-4,5-

bis(methoxymethyl)cyclopentane-1,3-diol (314): HRMS (ESI) m/z calcd for [C9H19O4]+,
191.1278; found 191.1091. 1H NMR (400 MHz, CDCl3) δ 4.28 (s, 2H), 3.71 – 3.59 (m, 4H),
3.39 (s, 6H), 3.12 (d, J = 7.8 Hz, 2H), 2.35 (dq, J = 5.7, 3.4 Hz, 2H), 2.23 – 2.14 (m, 1H),
1.80 (dt, J = 14.8, 2.7 Hz, 1H). 13C NMR (100 MHz) δ 73.90 (2C), 69.98 (2C), 58.99 (2C),
44.47 (2C), 43.91.
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NMR

and

Mass

Spec.

data

of

(((1R,3S,4S,5R)-4,5-

bis(methoxymethyl)cyclopentane-1,3-diyl)bis(oxy))bis(tert-butyldiphenylsilane) (315):
HRMS (ESI) m/z calcd for [C41H55O4Si2]+, 667.3633; found 667.3487. 1H NMR (400 MHz,
CDCl3) δ 7.60 (ddd, J = 22.9, 8.0, 1.3 Hz, 8H), 7.44 – 7.37 (m, 4H), 7.32 (dt, J = 9.8, 7.3 Hz,
8H), 4.10 – 4.00 (m, 2H), 3.88 – 3.75 (m, 4H), 3.33 (s, 6H), 2.04 – 1.94 (m, 2H), 1.65 (dt, J
= 14.5, 7.9 Hz, 1H), 1.40 (dt, J = 14.6, 5.8 Hz, 1H), 1.06 (s, 18H). 13C NMR (100 MHz) δ
135.88 (4C), 135.82 (4C), 134.36 (2C), 133.69 (2C), 129.50 (4C), 127.47 (4C), 127.45 (4C),
72.76 (2C), 70.22 (2C), 58.53 (2C), 45.55 (2C), 44.36, 26.99 (6C), 19.18 (2C).
To improve the yield, we also prepared the benzoate derivatives of Compounds 285,
and 311-313 (Scheme 24, Section 4.6.2) as shown in Scheme 28. The benzoate function in
the molecule not only increased stability of the compound, but also introduced UV
absorbance to the molecule for TLC experiments.

Scheme 30. Synthesis of the benzoate derivatives of 285, and 311-313. Reagents and conditions: (a)
benzoate chloride, Et3N, CH2Cl2 0°C-rt, 4 h; (b) (Me)2BBr, CH2Cl2, -78°C-rt, 2.5 h; (c) Dess–Martin
periodinane, CH2Cl2, 0°C-rt, 16 h.
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NMR

and

Mass

Spec.

data

of

(1R,3S,4S,5R)-4,5-

bis(methoxymethyl)cyclopentane-1,3-diyl dibenzoate (285-OBz): HRMS (ESI) m/z calcd
for [C23H27O6]+, 399.1802; found 399.1613. 1H NMR (400 MHz, CDCl3) δ 8.00 (d, J = 7.7
Hz, 4H), 7.55 (t, J = 7.4 Hz, 2H), 7.40 (t, J = 7.5 Hz, 4H), 5.55 (dq, J = 6.8, 3.9, 3.4 Hz, 2H),
3.78 – 3.65 (m, 4H), 3.28 (d, J = 2.1 Hz, 6H), 2.80 – 2.63 (m, 3H), 2.15 (dt, J = 15.6, 3.6 Hz,
1H). 13C NMR (100 MHz) δ 165.82 (2C), 132.93 (2C), 130.36 (2C), 129.51 (4C), 128.36
(4C), 74.52 (2C), 69.16 (2C), 58.81 (2C), 43.52 (2C), 38.74.

NMR

and

Mass

Spec.

data

of

(1R,3S,4S,5R)-4,5-

bis(hydroxymethyl)cyclopentane-1,3-diyl dibenzoate (311-OBz): HRMS (ESI) m/z calcd
for [C21H23O6]+, 371.1489; found 371.1297. 1H NMR (400 MHz, CDCl3) δ 7.99 (d, J = 7.8
Hz, 4H), 7.57 (t, J = 7.4 Hz, 2H), 7.40 (t, J = 7.7 Hz, 4H), 5.74 – 5.54 (m, 2H), 4.02 (ddd, J
= 46.9, 10.5, 4.6 Hz, 4H), 2.89 – 2.59 (m, 5H), 2.21 (d, J = 15.5 Hz, 1H). 13C NMR (100
MHz) δ 166.20 (2C), 133.29 (2C), 129.81 (2C), 129.59 (4C), 128.50 (4C), 75.49 (2C), 59.67
(2C), 46.55 (2C), 39.04.
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NMR and Mass Spec. data of (1S,3aR,4R,6S,6aR)-1-hydroxyhexahydro-1Hcyclopenta[c]furan-4,6-diyl

dibenzoate

(312-OBz)

and

(1S,3aS,4S,6R,6aS)-1-

hydroxyhexahydro-1H-cyclopenta[c]furan-4,6-diyl dibenzoate (313-OBz): HRMS (ESI)
m/z calcd for [C21H21O6]+, 369.1333; found 369.1152. 1H NMR (400 MHz, CDCl3) δ 8.05
(d, J = 7.8 Hz, 4H), 7.57 (t, J = 7.5 Hz, 2H), 7.42 (t, J = 7.7 Hz, 4H), 5.78 (s, 1H), 5.49 (q, J
= 7.3, 6.5 Hz, 1H), 5.40 (q, J = 7.4, 6.6 Hz, 1H), 4.27 (d, J = 9.3 Hz, 1H), 4.20 – 4.14 (m,
1H), 3.30 (q, J = 7.7 Hz, 1H), 3.16 (t, J = 8.1 Hz, 1H), 2.52 (dt, J = 12.1, 6.0 Hz, 1H), 2.42
(s, 1H), 2.19 (q, J = 9.2 Hz, 1H). 13C NMR (100 MHz) δ 165.92, 165.80, 133.27 (2C), 129.72
(4C), 129.70 (2C), 128.45 (4C), 99.23, 72.46, 71.61, 66.87, 53.44, 44.68, 36.29.

NMR

and

Mass

Spec.

data

of

1,1'-((1R,3S,4S,5R)-4,5-

bis(methoxymethyl)cyclopentane-1,3-diyl)bis(ethan-1-one) (324): HRMS (ESI) m/z
calcd for [C13H23O4]+, 243.1591; found 243.1343. 1H NMR (400 MHz, CDCl3) δ 3.40 (dd, J
= 9.5, 5.4 Hz, 2H), 3.36 – 3.29 (m, 8H), 2.98 – 2.87 (m, 2H), 2.63 – 2.53 (m, 2H), 2.18 (s,
7H), 1.97 (dt, J = 12.8, 9.5 Hz, 1H). 13C NMR (100 MHz) δ 209.64 (2C), 72.34 (2C), 58.75
(2C), 54.55 (2C), 43.31 (2C), 31.44, 28.74 (2C).
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NMR

and

Mass

Spec.

data

of

(1R,3S,4R,5S)-4,5-

bis(methoxymethyl)cyclopentane-1,3-diyl diacetate (325): HRMS (ESI) m/z calcd for
[C13H23O6]+, 275.1489; found 275.1304. 1H NMR (400 MHz, CDCl3) δ 5.02 (dt, J = 8.0, 4.0
Hz, 2H), 3.42 (h, J = 4.4, 3.9 Hz, 4H), 3.31 (s, 6H), 2.71 (dt, J = 15.4, 7.8 Hz, 1H), 2.51 (q,
J = 4.5 Hz, 2H), 2.04 (s, 6H), 1.61 (ddd, J = 11.7, 8.1, 4.1 Hz, 1H). 13C NMR (100 MHz) δ
170.93 (2C), 77.04 (2C), 70.93 (2C), 59.09 (2C), 46.01 (2C), 38.90, 21.40 (2C).
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Appendix A
1H NMR and 13C NMR Spectra of Selected
Compounds
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Copies of 1H NMR and 13C NMR spectra of selected compounds are shown in this
section. These 1H NMR and 13C NMR spectra were recorded at 400 MHz in CDCl3 unless
otherwise mentioned. The assignment of the 1H NMR peaks is based on the results that were
generated from DEPT, HSQC, HMBC and COSY spectra.
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