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Abstract

New Synthetic Methods for a Molecular Skeleton of
Cephalotaxus Troponoids and Regioselective Synthesis

of 2,3-Disubstituted Indoles

Ju hee Kim
Chemical and Biological Engineering
The Graduate School

Seoul National University

This thesis comprises two chapters. Chapter 1 describes the new
synthetic method for a molecular skeleton of Cephalotaxus troponoids.

Chapter 2 describes the regioselective synthesis of 2,3-disubstituted indoles.

Chapter 1.

The first study is the total synthesis of Cephalotaxus troponoid
isolated from natural products. Among the troponoid compounds, we focused
on a harringtonolide, which has been reported as representative plant growth
inhibitory, antiviral, and antitumor agent. It is also known as a cytotoxicity to
KB tumor cells. Despite showing various biological activities, the effective
synthesis of harringtonolide has not been reported so far. In this study, we
suggested a total synthesis of the harringtonolide through 12-steps of organic
reactions and newly proposed 7-steps. It is possible to complete the target
structure reducing the number of reaction steps, and with high overall yield
compared to the existing synthetic methods of harringtonolide. Additionally,
we have created the benzenoid structure similar to Cephalotaxus benzenoid
which has recently been spotlighted. This derivative can be completed in 12-
steps of organic reactions. The new synthetic pathway presented in this study

1 A



will be an important platform for the synthesis of Cephalotaxus troponoid and

benzenoid derivatives.

Chapter 2.
The second study is the regioselective synthesis of 2,3-disubstituted

indole. Since these compounds show interesting biological activities, it is
widely used in medicinal chemistry. The most commonly employed method
for the preparation of 2,3-disubsituted indoles was Fischer indole synthesis.
However, it has difficulty in proceeding by boiling with strong acid, and when
an unsymmetrical ketone participates in the reaction, regioisomer mixtures
can be formed. In this study, we present a new method for the synthesis of
2,3-disubstituted indoles using amino cyclization that can complete the
reaction in a short time under much milder conditions than previous indole
synthesis. Moreover, highly regioselective product with various substituents
can be achieved. This methodology will be utilized for the synthesis of natural

products and fine chemicals containing 2,3-disubstituted indole.

Keyword:  Cephalotaxus  troponoid, Cephalotaxus  benzenoid
Norditerpenoid, Harringtonolide, Radical anionic coupling, Total
synthesis, 2,3-Disubstituted indoles, PIFA, Aminocyclization, C-C Cross
coupling reaction. Regioselective indole, Stille, Suzuki.

Student Number: 2017-30536
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Chapter 1.

New synthetic methods for a molecular skeleton
of Cephalotaxus troponoids

Introduction

1. Introduction of Cephalotaxus troponoids

Cephalotaxus, called plum yew or cowtail pine, is a genus of coniferous
which is evergreen shrubs and small trees reaching 1.0-10 m tall."* This genus
is generally constituted of 6-12 species depending on their length and shape
of needles, bark, and stomatal band color, yet the taxonomy of Cephalotaxus
is difficult.> Cephalotaxus trees have been harvested for timber, firewood and
medicinal purposes which can be related to the anti-cancer alkaloids in which
they generally involved.!? Several natural products including harringtonolide
(C. harringtonia), hainanolidol (C. hainanensis), Fortunolide A and B (C.
fortune), and 7-hydroxyhainanolidol (C. Koreana) can also be extracted from

Cephalotaxus."* (Figure 1, 2)
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harringtonii hainanensis fortunei koreana

Figure 1. The several Cephalotaxus troponoid species

2. Cephalotaxus troponoid framework

Harringtonolide was first reported by Buta er al. as a new terpenoid
material isolated from the seeds of C. harringtonia, in 1978.> A few months
later, Sun ef al. also discovered the compound from C. hainanensis. They also
found a new tropone of hainanolidol, whose structure was elucidated a few
years later. Interestingly, the harringtonolide was shown to inhibit the growth
of tobacco and beans and was found to have antineoplastic and antiviral
activities against Walker carcinoma, Lewis lung carcinoma, leukemia cells
and influenza type A.>® Furthermore, harringtonolide was described as
strongly cytotoxic against KB tumour cells at the ICso concentration of 43
nM.* Fortunolide A and fortunolide B were isolated by Du et al. from the
stems and needles of C. fortune’ and 7-hydroxyhainanolidol was described
by Yoon et al. from C. koreana.® However, there was no biological activity
for these compounds at all.

These compounds commonly have a tetracyclic carbon skeleton with a

compact cis-fused tricyclic ring bearing several contiguous stereogenic

13 R e 1A



centers and an unusual tropone ring structure. Moreover, harringtonolid and
Fortunolide B contain additional tetrahydrofuran rings with cage-like
framework, and a hydroxyl group still remains on the Hainaolidol,
Fortunolide A, 7-hydroxyhainanolidol, and even Fortunolide B (Figure 2).
As a result, the tetracyclic carbon skeleton with the hydroxyl group removed
and having a cage-like structure generated from the tetrahydrofuran ring have
interesting biological activity. Therefore, the following studies have been

focused on the synthesis of harringtonolide.

Harringtonolide Fortunolide A
(hainanensis) (fortunei)

19 5 (0]

Cephalotaxus

Hain.anolidc:I troponoid framework Fortunolide B
(harringtonii) (fortunei)

7-hydroxyhainanolidol
(koreana)

Figure 2. The Cephalotaxus troponoid framework
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3. Previous synthetic studies toward harringtonolide

The synthetic study of harringtonolide has attracted much attention for
organic chemists due to their low natural abundance, unique structure, and
various biological activities. First, syntheses of hainanolidol and
harringtonolide were reported by the Mander group in 1998.° They used
intramolecular cyclopropanation of diazocarbonyl catalyzed by rhodium
mandelate. The reaction undergoes a Cope rearrangement leading to the
formation of cycloheptatriene, which was then transformed to tropone ring
structure.'? (Scheme 1)

Tang et al. developed the tetracyclic carbon skeleton of harringtonolide
via an intramolecular oxidopyrylium-based [5+2]!! cycloaddition, then
tropone ring was formed through a sequence [4+2] cycloaddition of diene
with singlet oxygen, Kornblum—DelLaMare rearrangement, and double
elimination.'? Despite the effort, complicated reactions make it difficult to
achieve the asymmetric harringtonolide.

More recently, the Zhai et al. reported a first enantioselective total
synthesis of (+)-harringtonolide.'* They described the key transformations of
total synthesis include an intramolecular Diels—Alder reaction and a rhodium
catalyzed intramolecular [3+2] cycloaddition.!* The formation of both
tetracyclic carbon skeleton and tropone ring structure were accomplished
through over twenty steps in less than 0.1% of overall yield.

Finally, Yuan et al. demonstrate the one-pot enantioselective synthesis



of cis-substituted  2,3-dihydroazulen-6(1H)-one.!’> They wused an
organocatalyzed Michael reaction to prepare the phenolic nitronate
intermediate, which is converted to tropone ring structure by radical anionic
coupling reaction in the presence of oxidant and base. This methodology
would be successfully utilized to synthesize the tricyclic carbon skeleton of
Cephalotaxus norditerpenes.

Although many chemists have indulged in the synthesis of
harringtonolide, the drawback of previously reported methods is low overall
yield due to long reaction steps. In this study, we suggested a new synthetic
protocol of harringtonolide using radical anionic coupling reaction previously
reported by our research to produce the tropone ring structure.!® We expect
radical anionic coupling reaction for the synthesis of harringtonolide would

be a novel and concise strategy.
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Mander

Intramolecular
cyclopropanation

Hainanolidol

[4+2] cycloaddition

oxidopyrylium

Zhai
Harringtonolide
~OTBS Rh catalyzed
H.‘\OTBS [3+2] cycloaddition
(¢]]
Yuan
OH o o o
R1 R1 R1 R1
R One-pot @
R 4+ 1 p R: R, _ R,

K .I/RS R3 Ge
H™ S0 CH,0H CH,0H

2,3-dihydroazulen-6(1H)-one

Scheme 1. Syntheses of harringtonolide and its precursor
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4. Radical anionic coupling reaction

Kende coupling is an oxidative radical anionic coupling, which was first
reported by Kende et al. in 1986.!7 As a substrate of the reaction, phenolic
nitronate was used to achieve the corresponding 7-membered tropone ring
structure. A phenolic nitronates under the strong base of potassium hydroxide
gave the spirocyclic nitropentane intermediate via intramolecular oxidative
coupling reaction initiated by the radical source of K3Fe(CN)e.!'* A
rearrangement of the spirocyclic niropentane in the presence of citric acid or
DBU spontaneously led to a 2,3-dihydroazuien-6(1H)-one containing tropone

ring.!” (Scheme 2)

NO,

HO\@ 1) 0.01 M aq. KOH, K3Fe(CN)g :©i>
> O
2) Citric acid
OMe NO, MeO  NO, MeO,
HO 1) 0.01 M aq. KOH 3.DBU
~ 0 —> 0
2) K3Fe(CN)g

Scheme 2. Intramolecular oxidative coupling reaction of phenolic nitronates
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The mechanism of Kende coupling reaction was proposed in Scheme
3.!7 The phenolic nitronate under strong base condition provided a dianion
which undergoes one-electron transfer to the oxidant, and the subsequent
cyclization lead to the radical anion. The second electron transfer produced
the neutral intermediate which occurs acidification to produce corresponding
nitronic acid. Once the cyclopropane intermediate is formed through the “ene”

reaction, the subsequent rearrangement provides a tropone system.

NO,

©o
NO, . 1) N -0
HO Base ©0 o 1)-e N
2) cyclization
- e'
Owoz

o
+ O\
o) ®N-O 1)-H o oN=0
HO -0 0
NO, H -HNO
O e ==Y

Scheme 3. Mechanism of intramolecular oxidative coupling reaction
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Result and Discussion

1. Retrosynthetic analysis of harringtonolide

In this study, concise total synthesis of enantioselective harringtonolide
was suggested. The retrosynthesis of harringtonolide was presented in
Scheme 4. We envisioned the harringtonolide could arise from tetracyclic
carbon skeleton (2) via late-stage lactonization. The structure could be
achieved through oxidative ring expansion of phenolic nitrate (3) by radical
anionic coupling of Kende reaction. The 3 was produced by the selective
hydrogenation of nitroalkenylated tricycloketone (4) prepared by Stille
coupling reaction and nitration of brominated product (5). The 5 also achieved
by selective bromization of ¢, f-unsaturated tricycloketone (6), which could

be disconnected into the commercially available 6-hydroxytetralone (8).
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O o
O O Luche recution
C > }  ——

f °© lactonization
R
19, R* = 2,R*=
harrintonolide ' R7=H R'=H
19", R* = Me 2' R*=Me

Kende

reaction

\CO,Et  Nitration

]

D ——

PO 1) bromination PO
CO,Et
‘ Stille coupling reaction

4
! R 2) aldol selenylation R
elimination ©
6,R*=H 13,R*=H 14,R*=H
21, R*=Me 26, R* = Me cis-3-Me, R* = Me
Robinson
annulation
PO protection HO
COEt carboxylation
o] 0
7 6-hydroxytetralone

Scheme 4. Retrosynthetic analysis of harringtonolide
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2. Preparation of o f-unsaturated tricycloketone (6) and its
stereoselective hydrogenation.
2.1. Synthesis of «¢,f-unsaturated tricycloketone (6)

According to the previous retrosynthetic strategy, «,f-unsaturated
tricycloketone (6) was prepared through three steps from 6-hydroxytetralone
(8). First, protection of hydroxyl group was accomplished to stabilize the
reactants from harsh reaction conditions. When methoxy group was
incorporated in the reactant, it was hard to remove the methyl functional
moiety from the final product even we used harsh reaction condition. Next,
we used the TBS group to protect the hydroxyl function, however, protecting
group disappeared in the acidic or basic condition such as Michael addition.
Therefore, we attempted the reactions using the TIPS protecting group as
shown in Scheme S. TIPS protection of 8 with TIPSCI and imidazole under
DMF solvent gave the corresponding 7. The carboxylation of the 7 using
sodium hydride and diethylcarbonate provided carboxylated product!'®, which
undergoes keto-enol tautomerism in the column purification. Then Michael
addition and intramolecualr aldol condensation (Robinson annulation)?®-!

with no further purification of the mixed product 9 gave rise to «,/f-

unsaturated tricycloketone (6) in 84% yield over two steps.
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2.2. Synthesis of trnas-12 with Pd/C hydrogenation

The hydrogenation of ¢«,f-unsaturated cycloketone (6) was first
attempted using the Pd/C catalyst with H, bubbling.?? The hydrogenation of
6 simply brings tricycle ring structure accompanied with #rans configuration
and with alcohol functionality produced by unexpected ketone reduction.
Then PCC oxidation?® was proceeded to obtain trans-12. The configuration
of product was measured by X-ray crystallography in Scheme 5. We planned
to achieve the desired cis configuration of tricycloketone (cis-12) involved in
natural product of harringtonolide, and further three steps were developed in

the next part.

2.3. Synthesis of cis-12 with direct Crabtree hydrogenation

The Crabtree hydrogenation of ¢,f-unsaturated cycloketone (6) was
next investigated with H> bubbling while obtaining cis-configuration by
directing effect of ester functional group. As a result, most of the starting
material was not consumed, and some of the starting materials that
participated in the reaction converted to the desired cis-12. Although the
desired cis-12 was produced by the directing effect of ester, the yield was
remarkably low. For this reason, we conducted further research on the
preparation of cis-12, as follows by introducing an additional directing effect

of the hydroxyl group (Scheme 5).
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o o]
8 7 9 °©
7a: P = Me 9a: P = Me, 75%
7b: P = TBS, quant. 9b: P = TBS. 20%
7c: P =TIPS, 92% — H, 33%

9c: P =TIPS, 84%

TIPSO TIPSO PO
ol NS
S 72% S quant. ‘

6H

1"

6a, P = OMe, 61%
6¢c, P = TIPS, 75%

(h) \ 60%

cis-12 trans-12

(a) TIPSCI (1.2 eq), Imidazole (2.5 eq), DMF, rt, 18 h (b) 1) CO(OEt), (2 eq),
NaH (2.1 eq), toluene, 120 °C, 3 h (c) MVK (2 eq), TEA (0.5 eq, MeOH, 80 °C,
3 h (d) Piperidine (1 eq), AcOH (1 eq), toluene, 120 °C, overnight (e) NaBH, (2
eq), CeCl;.7H,0 (1 eq), MeOH, DCM, -78 °C, 2 h (f) [(Cod)Ir(Pcy3) (Py)IPFg
(25 mol%), H,, DCM, 1atm, 3 h (g) PCC (1.5 eq), DCM, rt, 2 h (h) 10 wt%
Pd/C, H,, DCM, 2 h, PCC (1.5 eq), DCM, rt, 2 h

Scheme 5. Synthesis of configurational isomers trans-12 and cis-12
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2.4. Synthesis of cis-12 with Luche and Crabtree reduction
2.4.1. Luche reduction®* of 6.

Luche reduction is the selective organic reduction of «,f-unsaturated
ketone to allylic alcohols. The reaction was conducted in NaBH4 and CeCl3
in an alcohol solvent. This can be progressed chemoselectively toward only
ketone, competing the conjugate 1,4-addition. The selectivity of Luche
reduction can be explained in terms of the HSAB theory.>> The substitution
of hydrides in BH4 by alkoxy groups increases the hardness of the reagent,
then carbonyl group demanding hard nucleophiles participated in
hydrogenation toward selective 1,2-addition (Scheme 6). Furthermore,
moderate cis stereoselectivity of carboxylate and hydride was observed by

connected CeCl; providing more favored an axial attack of cyclohexanone

(Scheme 6).%¢

NaBH, + CeCly7H,0
in MeOH

\

R'O
O‘ COLEt NaH,(BOMe),.,

(o] Meo@? 5H

|

MeO=B*H §

o1

OMe EtO._ JH

Tell----0”
Me

Scheme 6. Chemoselective hydrogenation of Luche reduction
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2.4.2. Crabtree hydrogenation of cyclic allylic alcohol (10)

Crabtree hydrogenation is an effective method in direct reduction of a
cyclic allylic alcohol. The direct hydrogenation with Crabtree catalyst occurs
syn addition to the hydroxyl group. The internal alkene of allylic alcohol can
be reached only when the hydroxyl-metal complex is in the pseudoaxial

).2” The Crabtree hydrogenation was applied to the

orientation (Figure 3
streoselective hydrogenation of the 10 to achieve a cis-fused product (11).
Even though high catalyst loading (25 mol%) was required to consume the

starting material, the corresponding stereoselective hydrogenation of 11 was

provided in a high yield of 72%.

Figure 3. Stereoselective hydrogenation with Crabtree reagent.
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2.5. Configurational analysis of trans-12 and cis-12

The structural difference between the #rnas-12 and cis-12 can be
detected by '"H NMR spectra as shown in Figure 4. A fused proton of cis-12
is down shifted to 4 ppm in proton NMR chemical shift than that of trnas-12

owing to adjacent EWG substituents of carboxylic ester.

% N8 e gE &

Figure 4. Configurational analysis of frans-12 and cis-12 in '"H NMR
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2.6. Nitroethylation of trans-12 and cis-12

Next, we investigated the first nitration of the prepared cis-12 with a
simple method of nitroethylation using LDA and nitroethene. First,
nitroethene reagent was produced from 2-nitroethanol through an E2 acid-
catalyzed dehydration reaction, then obtained by vacuum distillation. We used
the reagent, 1M solution in toluene and stored in the freezer. With the obtained
reagent, nitroethylation was carried out to achieve desired phenolic nitronate,
which is a precursor of Kende coupling reaction (Scheme 7). However, the
result brings out not only extremely low yielded product but also no
chemoselectivity of nitration that determines the reactivity of a or &’ to both
cis-12 and trans-12. We assumed that selective incorporation of nitro
functional group at « position is additionally needed, then selective
bromination of ¢, f-unsaturated tricycloketone (6) was performed as

following next reaction.

al
(e}

TIPSO
(a) O@ Oz
”

O,N

cis-12 Desired product trans-12

(@) ZNO, (nitroethene), LDA (1.2 eq), THF, -78 °C

Scheme 7. Chemoselectivity issue of nitroethylation on trans-12 and cis-12



3. Synthesis of phenolic nitronate (3) and its Kende coupling reaction
3.1. Synthesis of ¢,f-unsaturated phenolic nitronate (3)

We have devised a different route started from 6 to offer the
regioselectivity on the structure for the incorporation of nitro group. On
account of selectivity, a bromination of 6 was attempted with a convenient
halogenation of oxone and hydrobromic acid®® to provide brominated «,f-
unsaturated tricycloketone (5). The 5 is able to carbon-carbon coupling
reactions as a electrophile. The bromination was optimized by adjusting the
concentration and chemical equivalent of oxone to prevent the further
bromination on the aromatic ring.?’ Next vinylation was accomplished with
palladium-catalyzed Stille coupling reaction. The coupling of vinylstannane
as a nucleophile with § allowed to provide corresponding vinylated «,/f-
unsaturated tricycloketone (13) in moderate yield. Stereoselective nitration of
the 13 with AgNO; and TEMPO through nitroalkane radical formation leads
to the desired nitroolefin (4) as a mechanism presented in Scheme 8.% ¢, -
Unsaturated phenolic nironate (3), a core precursor of kende coupling
reaction, was obtained from simple procedure of reduction, oxidation and

TIPS deprotection (Scheme 9).

7N

2 TEMPO TEMPOH
R? R
BuNO, TEMPO N :’
— g NOy; ———» N02 X NO,
RTT™X R! R3
RS H

Scheme 8. Nitration of olefin mechanism
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o ' CO,Et TIPSO TIPSO
) 7w 0
8 , (5
(6]

Desired product (2) ON OoN

19

(0]

Cephalotaxus
benzenoid framework

(a) 1) Oxone (0.7 eq), 2N HBr (2 eq), 2 h, 2) TEA (3 eq), 2 h, DCM, rt, 98% (b)
Pd(PPh3),Cl5(10 mol%), vinyltributyltin (1.5 eq), dioxane, reflux, 2 h, 56% (c) AgNO,
(2 eq), TEMPO (0.4 eq), dioxane, 90 °C, 3 h, 68% (d) 1) NaBH,4 (2 eq), EtOH, rt, 2 h,
2) PCC (1.5 eq), DCM, rt, 2 h, 58% (e) TBAF (1.1 eq), THF, rt, 2 h, quant. (f) 1M
CsOH, K3Fe(CN)g (4 eq), CHCI3, H,O, 0 °C, 1 h, 30% (g) 1) NaBH4 (2 eq),
CeCl3.7H,0 (1 eq), MeOH, DCM, -78 °C, 2 h, 2) p-TsOH (0.2 eq), toluene, 100 °C, 2
h, 55% (h) NaBH,4 (1 eq), EtOH, 1 h, 58% (i) TBAF (1.1 eq), THF, 0 °C, 2 h, 45%

Scheme 9. Synthesis of «,f-unsaturated phenolic nitronate (3)

and its Kende coupling reaction
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3.2. Kende coupling reaction of 3

Kende coupling reaction is an oxidative cyclization of phenolic nitronate
which can give rise to the fused tropone ring, one of the core freamwork of
Cephalotaxus troponids. We applied the reaction to phenolic nitronate (3)
using aqueous potassium ferricyanide and cecium hydroxide as following
procedure reported in previous literature.!® We anticipated a desired product
(2) with the fused tropone ring was observed, however, 6-membered
tetracyclic carbon skeleton with nitro group (15) was detected (Scheme 9).
The structure was analyzed by 'H NMR, *C NMR, and HRMS.

Furthermore, we discovered the 15 obtained from Kende coupling
reaction shows a structural similarity of Cephalotaxus benzenoid which is
recently disclosed as natural products. Yue et al. isolated new structurally
unique norditerpenoids cephanolides A—D from Cephalotaxus sinensis
(Figure 5).>! Cephalotaxus benzenoids commonly have a tetracyclic carbon
skeleton with a compact cis-fused tricyclic ring bearing several contiguous
stereogenic centers and a benzene ring.>>* We anticipated these fascinating
architectural would have interesting biological activities, and challenging to
targets for total synthesis. Accordingly, our synthetic method using Kende
coupling reaction would be an attractive possibility to develop Cephalotaxus

benzenoid derivatives.



2 Cephalotaxus
Cephalotaxus sinensis | benzenoid framework

cephanolide A cephanolide B cephanolide C cephanolide D

Figure 5. The Cephalotaxus benzenoid framework

3.3. Formation of lactone and its Kende coupling reaction

After failed from the formation of the fused tropone ring, we examined
how the structural similarity affects the Kende coupling reaction. We believed
that the structural similarity of harringtonolide with lactone ring such as 18
would certainly give us the desired tetracyclic carbon (19) in the Kende
coupling reaction. We first accomplished Luche reduction of 4 with presented
method in Scheme 5, then intramolecular esterification with catalytic p-TsOH
was carried out for the formation of lactone (16).>* Next, simple
hydrogenation of 16 gave rise to 17, then TIPS deprotection of 17 with TBAF
was conducted to obtain lactonized a,f-unsaturated phenolic nitronate (18).
When the deprotection of 17 was carried out in the room temperature as same
condition of 14, the electron migration occurs through the conjugated system

as COy is removed (Scheme 10). The reaction should be proceeded in the ice
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water to reduce side product by the opening of lactone ring during the reaction.
Then, we expected that the desired 19 could be obtained by the Kende
coupling reaction from the obatined latonized 18. However, it was found that
not only desired 19 was not observed, but also the unstable 18 disappeared

during the Kende coupling reaction.

o
0| o, (L
5 9

O,N

TBAF (1.1 equiv)

THF, rt

TIPSO

HO
O,N

TBAF (1.1 equiv)
THF, 0 °C \
45%

17

O,N
18

Scheme 10. Deprotection condition of lactonized 17
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4. Model structure of phenolic nitronates

We believed that the formation of 15 during the Kende coupling reaction
was due to structural hardness of «,f-unsaturated phenolic nitronate (3).
Three dimensional structure of phenolic nitronates composed of sp? bond (3)
and sp’ bond (trans- and cis-3) were constructed by molecular model set as
shown in Figure 6. This three structures are important factors in determining
whether the final product would be 6-membered ring or fused tropone ring
structure in the Kende coupling reaction. Following in the Figure 6, only the
6-membered ring can be created in the structure of 3 due to strong rigidity of
double bond on tricycloketone. On the other hand, 5-membered ring can be
formed in the frans-3 and cis-3, since sp® bond on these structures are

relatively flexible.

Rigid double bond Sterically hindered Favored configuration

Figure 6. Model structure of phenolic nitronates (3, trnas-3, and cis-3)
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Furthermore, trans-3 is more difficult to make the 5-membered ring than
cis-3 as their configuration. When the nitro backbone of trans-3 closed to the
phenol ring, a flat shape was observed in the structure, yet cis-3 holds a cage-
like structure that makes 5-membered rings more favored. Consequently, we
concluded cis-3 would be a proper structure to synthesize the core

intermediate (2) of harringtoolide from the Kende coupling reaction.

5. Synthesis of cis-3-Me and stereochemistry analysis.
5.1. Synthesis of cis-3-Me

From the previous experimental results, we disclosed a saturated
cycloketone having selectivity would be absolutely necessary for further
research. Accordingly, 3-methyl-3-butene-2-one instead of MVK was used in
the Michael addition followed by intramolecular aldol condensation —
Robinson annulation to provide o/-methyl-¢,S-unsaturated cycloketone (21)
(Scheme 12). The Robinson annulation gave one relative stereoisomer of 21
which is formed in preference to another diastereoisomer. We explain that
single stereoisomer could be generated as following Scheme 11. First, two
enantiomers can be observed depending on whether the reagent is
approaching upwards or downwards when the Michael reaction occurs. Then,
next protonation is determined by the position of the adjacent ester group,
generating relatively identical isomers such as 20 and 20’°. After that, one

relative stereochemistry (21 and 21°) can be also produced from the



intramolecular aldol condensation. The methylated product thus obtained has
the following advantages: (1) Selective functionalization towards « side is
possible. (2) It enables the introduction of the tetrahydrofuran ring one of the

harringtonolide structure that affects biological activity.

Michael addition TIPSOwcozEt Michael addition
h 0 ﬁ
TIPSO W@Lo TIPSO
: ﬂ "CO,Et
o]

o]
20
Intramolecular Intramolecular
aldol condensation aldol condensation

21

Scheme 11. Stereoselective Robinson annulation
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Then, 24 was obtained through Luche reduction, Crabtree hydrogenation,
and oxidation with the reported condition in Scheme 5. We identified the
stereochemistry of 24 with chemical shift and coupling constant presented in
proton NMR spectra (Figure 7). It was confirmed that the substituent groups
of a proton and ester group are oriented in same direction, the diastereomer is
referred to as cis, and methyl substituent is oriented in opposing direction of
the proton and ester group. The reason for being in the upward direction is
explained by the stereoselectivity obtained when 20 is generated from
Michael addition as in Scheme 11. 24 treated with TMSCI allows to regio
selective enol silylation, which provides desired product 25. Direct
nitroethylation of 25 with nitroethene was conducted, however, the reaction
was not progressed at all. Additional two reaction routes for saturated
phenolic nitronate (cis-3-Me) were suggested. One is aldol condensation and
elimination method.* From that, vinylated tricycloketone (26) was achieved,
then nitration of the prepared 26 was carried out. However, this is relatively
difficult than the nitration of unsaturated 13 due to the unstable radical
intermediate. Another route is bromination of 25 with NBS, which provides
the brominated tricycloketone (28). We expected the product can participate
in C(sp®)-C(sp?) cross-coupling reactions that enable the further reactions.

These reactions are currently in progress for the formation of cis-3-Me.



TIPSO

TIPSO
TR -
(b) o

J (9)

TIPSO TIPSO
.\\COZEt (h)
‘ (i)

OTMS

28 cis-3-Me

(a) CO(OEt), (2 eq), NaH (2.1 eq), toluene, 3 h, 120 °C (b) 3-Methyl-3-buten-2-one
(2 eq), TEA (0.5 eq), MeOH, 80 °C, 3 h, 68% (c) Piperidine (1 eq), AcOH (1 eq),
toluene, 120 °C, 12 h, 84% (d) NaBH, (2 eq), CeCl3.7H,0 (1 eq), MeOH, DCM, -78
°C, 2 h, 96%. (e) [(Cod)Ir(Pcy3)(Py)]PFg (25 mol%), Hy, DCM, rt, 3 h, 1 atm, 78%
(f) PCC (1.5 eq), DCM, rt, 2 h, 95% (g) LHMDS (5 eq), TMSCI (2 eq), THF, 0 °C, 5
min, 87% (h) Sc(OTf); (10 mol%), PhSeCH,CHO (1.5 eq), THF, H,O, rt, 2 h (i)
MsCI (4 eq), TEA (3 eq), DCM, 0 °C, 2 h, 50% (j) AgNO,, (2 eq), TEMPO (0.4 eq),
dioxane, 90 °C, 3 h (k) NBS (1.2 eq), NaHCO3 (1.2 eq), THF, -78 °Ctort, 2 h, 61%

Scheme 12. Synthesis of stereocontrolled cis-3-Me
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5.2. Stereochemistry and configurational analysis of 24

The J-based NMR configurational analysis was applied to the
determination of relative stereochemistry of 24. Chemical shift and coupling
constant of H, used for its assignment are reported in Figure 7 and 8. The
chemical shift of H, was down shifted to 4.0 ppm by the EWG of adjacent
carboxylic ester. The carboxylic ester induces a greater deshielding effect to
the proton of Ha because both H, and carboxylic ester present the cis
configuration (Figure 7). This configuration can be also supplemented by the
coupling constant (Ju.n) of Ha and adjacent CH», which value was observed
in 5.4, 5.6 Hz. As their coupling constant, we conclude gauche (60°)
conformer of Ha and adjacent CH» presented in segment of Figure 8 is

favorable as a data to prove relative cis configuration.
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In case of Hp, a multiplet was detected in 2-3 ppm as coupled with
adjacent CHz and CH3s, which is ambiguous to analyze the its configuration.
The resolution of Hp was enhanced by homonuclear decoupling of CH3 to
simplify multiplet to doublet of doublet as shown in Figure 7. The coupling
constant of Hyand CH> was 13.5 and 5.2 Hz, respectively, that is, the dihedral
angles of Hy and CH> must be positioned at both gauche (60°) and anti (180°)
conformer, respectively. (Figure 8) Therefore, methyl group in CS5 is

introduced in the opposite direction of Hy and carboxylic ester.

Framment Segment Ju-n (Hz)
H CH
C3-C2 8 H, (J=5.4,5.6 Hz)
Ha
H
H
CHjy
C6-C5 Hp (J=13.5,5.2 Hz)
H
Hp

Figure 8. Stereochemistry and configurational analysis of 24
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6. Finalization of harringtonolide derivative

Due to the failure of the previous nitration reaction using silver nitrate
and TEMPO, we newly planned the nitration reaction using the olefin
metathesis reaction (Scheme 13). After that, it will be possible to synthesize
phenolic nitronate (cis-3-OP) by reduction and deprotection. Here, we plan
to synthesize the 2", which is a key intermediate, while forming a tropone
ring through the Kende reaction, and following lactonization gave the 19 The
OP group located at ' will complete the introduction of the tetrahydrofunran
ring, which is an important structure in the biological activity of
harringtonolide. Since the harringtonolide derivative synthesized in this way
is simpler than the existing synthetic methods and goes through a short
reaction step, it is expected to be very useful reactions for more efficient

production of Cephalotaxus troponoid.

cis-3-OP

' Kende reaction
¥

Harringtonolide
(from hainanensis) Harringtonolide 19' 2"
derivative

Scheme 13. Finalization of harringtonolide
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Conclusion

In this study, a key molecular skeleton of harringtonolide derived from
the Cephalotaxus troponoids was developed by several organic reactions.
First, we suggested a retrosynthetic analysis of harringtonolide structure from
commercially available 6-hydroxytetralone. The starting material was
converted to o,f-unsaturated cycloketone by a sequential TIPS protection,
carboxylation, and Robinson annulation. In addition, bromination and Stille
coupling reactions were successfully optimized by controlling the amount of
reagents, molarities, and reaction temperatures. Also, nitration step can
produce o, f-unsaturated phenolic nitronate, a substrate of Kende coupling a
reaction.

However, Kednde coupling reaction of phenolic nitronate prepared from
above method has rigid double bond on its architecture that prevents tropone
ring formation. Accordingly, undesired 6-membered ring product was
observed. We assume that a rigid structure of ,f-unsaturated phenolic
nitronate triggered 6-memebered cyclization with a favorable bond angle, and
saturated phenolic nitronate was absolutely needed to succeed Kende
coupling reaction. The accidentally discovered 6-membered ring product has
a similar structure to the recently discovered natural product Cephalotaxus
benzenoid. Therefore, if we reduce one carbon on the « side and proceed with
the Kende coupling reaction, we expect that a core architecture of
Cephalotaxus benzenoid can be completed. Furthermore, biological activity
of the obtained 6-membered ring product can be expected.

We investigated an additional synthetic method of «’-methylated
saturated phenolic nitronate. Functionalized products at a’ position gave two

advantageous. One is the advantage of being able to selectively proceed with



the reaction toward «. Another is that the tetrahydrofuran ring, which is a
biologically active structure of the harringtonolide, can be inserted. Therefore,
cis-3-Me was prepared througth Luche reduction, Crabtree hydrogenation,
selective enol silylation, aldol condensation, and elimination. In this part, we
focused on the regio and stereo selectivity of products to reach
enantioselective harringtonolide. The structures were analyzed by proton
NMR spectra, chemical shift, and coupling constant for the identification of
their configuration.

Furthermore, we suggested further synthetic method to achieve target
harringtonolide derivatives from the o’-functionalized saturated phenolic
nitronate. When the reaction succeeds, we will be able to synthesize
enantioselective harringtonolide with 16 steps of organic reaction. This is
expected to be able to produce target materials with high yield in a much
shorter step than the Zhai group that synthesized the existing enantioselective

harritonolide.
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Experimental Details

1. General information

All materials were obtained from Sigma-Aldrich, Alfa Aesar, TCI,
Merck and were used without further purification. Air- and moisture-sensitive
manipulations were carried out under a nitrogen atmosphere using oven-dried
glassware and standard syringe/septa techniques. Thin-layer chromatography
(TLC) analysis was run on SiO> TLC plate under UV light (254 nm) followed
by visualization with p-anisaldehyde staining solution. Column
chromatography was performed with silica gel 60 (70-230 mesh).
Compounds were characterized by 'H and '*C NMR spectra with a Bruker
400 AVANCE (400 and 100 MHz, respectively). All '"H and '*C NMR
chemical shifts are reported in ppm relative to TMS as an internal standard
using 'H (chloroform-d: 7.26 ppm) and '°C (chloroform-d: 77.23 ppm)
chemical shifts. "TH NMR were presented as following: chemical shifts (6,
ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, p = pentet,
sep = septet, br = broad, dd = doublet of doublets, td = triplet of doublets, tt
= triplet of triplets, m = multiplet), coupling constants, and integration.
HRMS analyses were obtained on a JMS-700(JEOL, Japan) mass

spectrometer.
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2. General synthetic method

2.1. 6-((triisopropylsilyl)oxy)-3,4-dihydronaphthalen-1(2H)-one (7)
Imidazole (20.99 g, 308.28 mmol) and TIPSCI (28.53 g, 147.98 mmol) was
added to a solution of 6-hydroxytetralone 8 (20 g, 123.33 mmol) in DMF (100
mL) at room temperature. Reaction mixture was stirred for 18 h under argon
atmosphere. The resulting mixture was quenched with a deionized water (70
mL) and extracted diethyl ether (3 x 50 mL). The combined organic layers
were dried over anhydrous MgSQOg, filtered and concentrated under reduced
pressure. The residue was purified by silica gel column chromatography
using Hexane/EtOAc (16:1) to give the corresponding product 7 (36.10 g,
113.45 mmol, 92%) as an orange liquid; 'H NMR (CDCls): § 7.94 (d, J= 8.4
Hz, 1H) 6.77 (dd, J=8.4,2.4 Hz, 1H) 6.69 (d, J=2.4 Hz, 1H) 2.87 (t,J=6.2
Hz, 2H) 2.60 (t, J = 6.4 Hz, 2H) 2.11 (quint, J = 6.3 Hz, 2H) 1.28 (m, 3H)
1.10 (d, J = 7.2 Hz, 18H): *C NMR (CDCl3): 6 196.9, 160.5, 146.6, 129.4,
126.3, 118.7, 118.3, 38.7, 29.7, 23.2, 17.7, 12.5; HRMS (M) calcd for

Ci9H3002S1 318.2015, found 318.2019
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2.2. Ethyl 1-o0x0-2-(3-oxobutyl)-6-((triisopropylsilyl)oxy)-1,2,3,4-tetrahy-
dronaphthalene-2-carboxylate (9)

NaH, 55% dispersion in paraffin liquid (5.76 g, 132.00 mmol) was slowly
added to a solution of 7 (20 g, 62.85 mmol) and Diethyl carbonate (14.85 g,
125.71 mmol) in Toluene (100 mL) at 0 °C. The reaction temperature was
increased slowly up to 120 °C, then the reaction mixture stirred for 3 h under
argon atmosphere. The resulting mixture was quenched with MeOH and H2O,
and extracted with diethyl ether (3 x 50 mL). The combined organic layers
were dried over anhydrous MgSOg, filtered and concentrated under reduced
pressure. Without further purification, methyl vinyl ketone (10.5 mL, 125.71
mmol) and TEA (4.4 mL, 31.43 mmol) was slowly added to to the crude
product in MeOH (100 mL). The reaction mixture was placed to 80 °C and
stirred for 12 h. The resulting mixture was quenched with saturated aqueous
NaCl solution (100 mL) and extracted with diethyl ether (3 x 50 mL). The
combined organic layers were dried over anhydrous MgSOQs, filtered and
concentrated under reduced pressure. The residue was purified by silica gel
column chromatography using Hexane/EtOAc (4:1) to give the
corresponding product 9 (24.32 g, 52.80 mmol, 80%) as a brown liquid; 'H
NMR (CDCl3): 6 7.94 (d, J= 8.8 Hz, 1H), 6.79 (dd, J= 8.8, 2.4 Hz, 1H), 6.65
(d,J=2.4Hz, 1H), 4.19 - 4.13 (m, 2H), 2.96 — 2.89 (m, 2H), 2.71 — 2.67 (m,
1H), 2.62 — 2.51 (m, 2H), 2.22 — 2.15 (m, 1H), 2.15 (s, 3H), 2.10 — 2.04 (m,

2H), 1.32 — 1.23 (m, 3H), 1.18 (t, J= 7.0 Hz, 3H) 1.10 (d, J = 7.2 Hz, 18H);



B3C NMR (CDCls): § 207.9, 194.2, 172.0, 160.8, 145.1, 130.3, 125.5, 118.8,
118.6, 61.2, 56.2, 39.1, 31.5, 29.8, 27.4, 25.8, 17.7, 13.9, 12.6; HRMS (M")

calcd for C26H4005S1 460.2645, found 460.2650

2.3. Ethyl 6-oxo0-2-((triisopropylsilyl)oxy)-7,8,9,10-tetrahydro phenanth-
rene-8a(6H)-carboxylate (6)

Piperidine (4.3 mL, 43.41 mmol) and AcOH (2.5 mL, 43.41 mmol) was
slowly added to a solution of 9 (20 g, 43.41 mmol) in Toluene (100 mL). The
reaction mixture was stirred for 12 h at 120 °C under argon atmosphere. The
resulting mixture was quenched with saturated aqueous NaCl solution (100
mL) and extracted with EtOAc (2 x 50 mL). The combined organic layers
were dried over anhydrous MgSOs, filtered and concentrated under reduced
pressure. Without further purification, imidazole (5.28 g, 77.49 mmol) and
TIPSCI (7.17 g, 37.20 mmol) was added to a solution of crude product in
DMF (50 mL) at room temperature. The reaction mixture was stirred for 3 h
at room temperature. The resulting mixture was quenched with saturated
aqueous NaCl solution (100 mL) and extracted with diethyl ether (3 x 50 mL).
The combined organic layers were dried over anhydrous MgSQOa, filtered and
concentrated under reduced pressure. The residue was purified by silica gel
column chromatography using Hexane/EtOAc (4:1) to give the
corresponding product 6 (19.22 g, 43.41 mmol, 75%) as a light brown solid,

mp : 60 °C; 'H NMR (CDCL): 6 7.65 (d, J = 8.8 Hz, 1H), 6.75 (dd, J = 8.6,
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2.6 Hz, 1H), 6.63 (d, J= 2.4 Hz, 1H), 6.57 (s, 1H), 4.16 — 4.07 (m, 2H), 2.85
~2.76 (m, 2H), 2.51 —2.41 (m, 4H), 2.08 — 2.01 (m, 1H), 1.87 — 1.81 (m, 1H),
1.31-1.23 (m, 3H), 1.11 — 1.09 (m, 21H); '*C NMR (CDCls): § 199.0, 173.1,
158.3, 155.0, 140.1, 127.3, 124.4, 120.2, 119.8, 118.8, 61.3, 47.6, 34.7, 34.5,
34.3, 27.0, 17.8, 14.0, 12.6; HRMS (M") calcd for CaeHisO4Si 442.2539,

found 442.2543

2.4. Ethyl (6S,8aR)-6-hydroxy-2-((triisopropylsilyl)oxy)-7,8,9,10-tetra-
hydrophenanthrene-8a(6H)-carboxylate (10)

NaBH4 (17.11 g, 45.22 mmol), CeCl3.7H0 (8.42 g, 22.61 mmol), and MeOH
(25 mL) were placed in reaction vessel at -78 °C, then a diluted solution of 6
(10 g, 22.61 mmol) in DCM (25 mL) was added dropwise. The reaction
mixture was stirred for 2 h under argon atmosphere. The resulting mixture
was quenched with H>O (25 mL) and extracted with DCM (2 x 25 mL). The
combined organic layers were dried over anhydrous MgSOQs, filtered and
concentrated under reduced pressure. The residue was purified by silica gel
column chromatography using Hexane/EtOAc (2:1) to give the
corresponding product 10 (10.05 g, 22.61 mmol, quant.); '"H NMR (CDCl5):
0748 (d,J=8.6 Hz, 1H), 6.69 (dd, J= 8.6, 2.4 Hz, 1H), 6.55 (d, J= 2.4 Hz,
1H), 6.17 (d, J = 2.0 Hz, 1H), 4.41 (s, 1H), 4.15 - 4.01 (m, 2H), 2.81 — 2.67
(m, 2H), 2.26 — 2.32 (m, 1H), 2.28 — 2.23 (m, 1H), 2.11 — 2.08 (m, 1H), 1.70

~ 1.65 (m, 1H), 1.59 — 1.42 (m, 2H), 1.28 — 1.20 (m, 3H), 1.10 — 1.08 (m,
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21H); '*C NMR (CDCls): § 175.4, 155.7, 137.1, 137.0, 127.4, 125.9, 124.0,

119.6, 118.5, 68.4, 61.0, 47.2, 34.8, 34.1, 29.7, 27.1, 18.1, 14.3, 12.9.

2.5. Ethyl (4bS,6S,8aR)-6-hydroxy-2-((triisopropylsilyl)oxy)-5,6,7,8,9,10-
hexahydrophenanthrene-8a(4bH)-carboxylate (11)

[(Cod)Ir(Pcys3)(py)]PFs (91 mg, 0.11 mmol) was slowly added to a solution
of 10 (200 mg, 0.45 mmol) in DCM (5 mL), then the reaction was bubbled
with hydrogen balloon. The reaction was stirred for 2 h at hydrogen
atmosphere. The resulting mixture was concentrated under reduced pressure
and purified by silica gel column chromatography using Hexane/EtOAc (2:1)
to give the corresponding product 11 (0.14 g, 0.32 mmol, 72%); 'H NMR
(CDCl3): 0 7.04 (d, J= 8.4 Hz, 1H), 6.65 (dd, J= 8.4, 2.5 Hz, 1H), 6.56 (d, J
= 2.5 Hz, 1H), 4.15 — 4.01 (m, 2H), 3.85 (s, 1H), 3.54 (q, J = 4.6 Hz, 1H),
2.78 (t,J=6.7 Hz, 2H), 2.12 — 2.07 (m, 1H), 2.02 - 1.91 (m, 3H) 1.84 — 1.73
(m, 4H), 1.61 — 1.55 (m, 2H), 1.27 — 1.07 (m, 24 H); *C NMR (CDCl3): 6
177.1, 154.0, 135.8, 128.7, 119.8, 118.0, 66.1, 60.6, 45.7, 38.6, 35.9, 29.8,

27.8,26.4,18.1, 14.3, 12.9.
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2.6. Ethyl (4bS,8aR)-6-o0x0-2-((triisopropylsilyl)oxy)-5,6,7,8,9,10-hexahy-
drophenanthrene-8a(4bH)-carboxylate (12-cis)

Pyridinium chlorochromate (105 mg, 0.32 mmol) was added to a solution of
11 (145 mg, 0.49 mmol) in DCM (3 mL) at room temperature. The reaction
mixture was stirred for 2 h under argon atmosphere. The resulting mixture
was quenched with a water (3 mL) and extracted diethyl ether (3 x 3 mL).
The combined organic layers were dried over anhydrous MgSOs, filtered and
concentrated under reduced pressure. The residue was purified by silica gel
column chromatography wusing Hexane/EtOAc (4:1) to give the
corresponding product (cis)-12 (132 mg, 0.30 mmol, 92%); 'H NMR (CDCl5):
0 6.95(d,J=8.4 Hz, 1H), 6.66 (dd, J=8.4,2.6 Hz, 1H), 6.59 (d, J= 2.5 Hz,
1H), 4.15 — 4.08 (m, 2H), 3.67 (t, /= 6.6 Hz, 1H), 2.88 — 2.82 (m, 2H), 2.59
—2.57 (m, 2H), 2.41 (t, J = 7.0 Hz, 2H), 2.23 — 1.96 (m, 4H), 1.15 (t, J=7.1
Hz, 3H), 1.08 (d, /= 7.1 Hz, 18H); 3*C NMR (CDCls): 6 210.3, 176.0, 154.6,
135.7,130.4,129.0, 119.9, 118.3,61.1,46.0,45.4,41.1,37.3,32.9,26.9, 26.5,

18.1, 14.3, 12.9.
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2.7. Ethyl (4bR,8aR)-6-oxo0-2-((triisopropylsilyl)oxy)-5,6,7,8,9,10-hexa-
hydrophenanthrene-8a(4bH)-carboxylate (12-trans)

10 wt% Pd/C (75 mg) was slowly added to a solution of 6 (1.50 g, 0.45 mmol)
in DCM (10 mL), then the reaction was bubbled with hydrogen balloon. The
reaction mixture was stirred for 3 h, then filtered through a pad of Celite with
a washing solvent of DCM (3 x 5 mL). The combined organic mixture was
concentrated under reduced pressure. Without further purification,
Pyridinium chlorochromate (1.10 g, 5.09 mmol) was added to a solution of
crude product in DCM (5 mL) at room temperature. The reaction mixture was
stirred for 2 h at room temperature. The resulting mixture was quenched with
a water (3 mL) and extracted diethyl ether (3 x 5 mL). The combined organic
layers were dried over anhydrous MgSQOs, filtered and concentrated under
reduced pressure. The residue was purified by silica gel column
chromatography using Hexane/EtOAc (4:1) to give the corresponding
product (trans)-12  (0.99 g, 2.24 mmol, 66%); '"H NMR (CDCls): 6 6.93 (d,
J=28.5 Hz, 1H), 6.67 (dd, J= 2.6 Hz, 1H), 6.60 (d, J = 2.6 Hz, 1H), 4.09 —
4.04 (m, 2H), 3.09 — 2.99 (m, 3H), 2.85 — 2.81 (m, 2H), 2.49 — 2.36 (m, 4H),
1.80 — 1.71 (m, 2H), 1.27 — 1.18 (m, 3H), 1.11 — 1.08 (m, 21H); *C NMR
(CDCl3): 6210.9, 174.2, 154.4, 136.1, 130.6, 125.0, 120.0, 117.8, 60.7, 46.6,

43.8,42.4,38.9,36.1,34.6,27.2,18.2,14.3, 12.9.
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2.8. Ethyl 5-bromo-6-oxo0-2-((triisopropylsilyl)oxy)-7,8,9,10-tetrahydro-
phenanthrene-8a(6H)-carboxylate (5)

Oxone (0.49 g, 0.79 mmol), 2N HBr (1.13 mL) and water (25 mL) was added
to a solution of 6 (0.50 g, 1.13 mmol) in DCM (25 mL). The reaction mixture
was stirred vigorously for 2 h under argon atmosphere and TEA (0.47 mL,
3.39 mmol) was added dropwise. The reaction mixture was stirred for
additional 2 h at room temperature. The resulting mixture was extracted with
DCM (3 x 25 mL). The combined organic layers were dried over anhydrous
MgSOs, filtered and concentrated under reduced pressure. The residue was
purified by silica gel column chromatography using Hexane/EtOAc (8:1) to
give the corresponding product 5 (0.58 g, 1.11 mmol, 98%) as a light yellow
solid, mp : 95 °C; IR 2945, 2867, 1726, 1686, 1602 cm™'; '"H NMR (CDCls):
07.98 (d,J=8.8 Hz, 1H), 6.75 (dd, J= 8.4, 2.4 Hz, 1H), 6.64 (d, J=2.0 Hz,
1H), 4.08 — 3.95 (m, 2H), 2.88 — 2.79 (m, 2H), 2.73 — 2.69 (m, 2H), 2.43 —
2.34 (m, 2H), 2.10 — 1.96 (m, 2H), 1.31 — 1.23 (m, 3H), 1.10 (d, J= 7.2 Hz,
18H) 0.99 (t, J = 7.0 Hz, 3H); 1*C NMR (CDCls): § 191.07, 172.63, 158.09,
154.94, 141.00, 132.26, 126.59, 120.41, 118.77, 117.17, 61.43, 51.41, 34.85,
34.56,31.94,26.67,17.84, 13.85, 12.63; HRMS (M") calcd for C26H37BrO4Si

520.1644, found 520.1648
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2.9. Ethyl 6-oxo0-2-((triisopropylsilyl)oxy)-5-vinyl-7,8,9,10-tetrahydroph-
enanthrene-8a(6H)-carboxylate (13)

Vinyl tributyltin (3.65 g, 11.50 mmol) was added dropwise to a solution of §
(4.0 g, 7.67 mmol) and Pd(PPh3)>Cl> (0.54 g, 0.77 mmol) in 1,4-dioxane (30
mL). The reaction mixture was stirred for 2 h at 100 °C. The resulting mixture
was quenched with saturated aqueous NaCl solution, and extracted with DCM
(3 x 30 mL). The combined organic layers were dried over anhydrous MgSOa,
filtered and concentrated under reduced pressure. The residue was purified by
silica gel column chromatography using Hexane/EtOAc (8:1) to give the
corresponding product 13 (3.22 g, 6.87 mmol, 90%) as a yellow solid, mp :
53 °C; 'THNMR (CDCls): 6 7.48 (d, J= 8.4 Hz, 1H), 6.67 (dd, J= 8.4, 2.4 Hz,
1H), 6.62 (d, J= 2.4 Hz, 1H), 6.43 (dd, J = 17.6, 11.6 Hz, 1H), 5.94 (dd, J =
11.6, 2.4 Hz, 1H), 5.40 (dd, J = 11.6, 2.4 Hz, 1H), 4.08 — 3.93 (m, 2H), 2.96
—2.83 (m, 3H), 2.65—-2.60 (m, 1H), 2.48 —2.43 (m, 2H), 2.38 — 2.34 (m, 1H),
1.98 — 1.90 (m, 2H), 1.31 — 1.28 (m, 3H), 1.09 (d, /= 7.2 Hz, 18H) 0.96 (t, J
=7.0 Hz, 3H); *C NMR (CDCl3): § 198.0, 173.5, 157.5, 153.2, 140.5, 133.8,
131.8, 129.2, 126.8, 120.7, 119.2, 117.1, 61.1, 49.1, 35.3, 35.3, 32.2, 26.6,

17.8,13.9, 12.6; HRMS (M") calcd for C25H4004Si 468.2696, found 468.2696
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2.10. Ethyl (E)-5-(2-nitrovinyl)-6-oxo-2-((triisopropylsilyl) oxy)-7,8,9,10-
tetrahydrophenanthrene-8a(6H)-carboxylate (4)

AgNO; (1.78 mL, 14.94 mmol) and TEMPO (0.47 g, 2.99 mmol) was added
to a solution of 13 (3.5 g, 7.47 mmol) in 1,4-dioxane (30 mL) at room
temperature. The reaction mixture was stirred for 3 h at 90 °C with O2 ballon
attached. The resulting mixture was concentrated with a rotary evaporator.
The residue was purified by silica gel column chromatography using
Hexane/EtOAc (4:1) to give the corresponding product 4 (3.37 g, 6.56 mmol,
88%) as a yellow liquid; '"H NMR (CDCIl3):  8.36 (d, J = 13.2 Hz, 1H), 7.71
(d, J=13.2 Hz, 1H), 7.16 (d, J = 8.8 Hz, 1H), 6.78 (d, /=9.2, 2.6 Hz, 1H),
6.71 (d,J=2.4Hz, 1H),4.12-3.97 (m, 2H), 3.01 —2.91 (m, 2H), 2.65 —2.54
(m, 3H), 2.43 — 2.39 (m, 1H), 2.06 — 1.97 (m, 2H), 1.33 — 1.25 (m, 3H) 1.11
(d,J=7.2Hz, 18H), 0.97 (t,J = 7.0, 3H); *C NMR (CDCls): § 195.4, 171.8,
164.2, 159.5, 141.7, 140.3, 134.2, 132.9, 125.6, 122.9, 119.6, 117.6, 61.0,
49.6, 34.7, 34.3, 31.2, 26.0, 17.4, 13.4, 12.2; HRMS (M") calcd for

CosH39NO6S1 513.2547 found 513.2556
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2.11. Ethyl 5-(2-nitroethyl)-6-oxo-2-((triisopropylsilyl)oxy)-7,8, 9,10-
tetrahydrophenanthrene-8a(6H)-carboxylate (14)

NaBHj4 (0.50 g, 13.12 mmol) was slowly added to a solution of 4 (3.37 g, 6.56
mmol) in MeOH (15 mL) and DCM (20 mL) under argon atmosphere. The
reaction mixture was stirred for 2 h at room temperature. The resulting
mixture quenched with MeOH and saturated NaHCO3 aqueous solution (30
mL), and extracted with EtOAc (3 x 50 mL) and aqueous 1 N HCI solution
(5§ mL). The combined organic layers were dried over anhydrous MgSQOa,
filtered and concentrated under reduced pressure. Without further purification,
PCC (2.83 g, 13.12 mmol) was added to a solution of the crude product in
DCM (25 mL). The reaction mixture was stirred for 3 h at 70 °C. The resulting
mixture was quenched with H>O (25 mL) and extracted with EtOAc (3 x 25
mL). The combined organic layers were dried over anhydrous MgSOs,
filtered and concentrated under reduced pressure. The residue was purified by
silica gel column chromatography using Hexane/EtOAc (4:1) to give the
corresponding product 14 (2.90 g, 5.62 mmol, 86%) as a yellow solid, mp :
83 °C; 'THNMR (CDCls): 6 7.13 (d, J= 8.4 Hz, 1H), 6.74 (dd, J= 8.4, 2.4 Hz,
1H), 6.68 (d, J = 2.4 Hz, 1H), 4.59 — 4.57 (m, 1H) 4.46 — 4.44 (m, 1H), 4.06
—3.94 (m, 2H), 3.39 - 3.36 (m, 1H), 3.20 - 3.15 (m, 1H), 2.78 — 2.70 (m, 2H),
2.57 —2.49 (m, 2H), 2.40 — 2.37 (m, 1H), 2.29 — 2.25 (m, 1H), 2.05 — 1.94
(m, 1H), 1.93 — 1.89 (m, 1H), 1.30 — 1.21 (m, 3H), 1.10 (d, /= 7.2 Hz, 18H),

1.01 (t, J = 7.0 Hz, 3H); *C NMR (CDCls): 6 198.3, 173.3, 157.6, 156.4,
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141.2, 130.3, 128.3, 126.6, 119.2, 117.7, 74.4, 61.1, 49.4, 35.3, 34.4, 31.9,
26.7, 26.0, 17.8, 13.8, 12.5; HRMS (M") caled for C2sH41NOsSi 515.2703

found 515.2702

2.12. Ethyl 2-hydroxy-5-(2-nitroethyl)-6-0x0-7,8,9,10-tetra hydrophena-
nthrene-8a(6H)-carboxylate (3)

IM TBATF solution in THF (6.18 mL) was added dropwise to a solution of 14
(2.9 g, 5.62 mmol) in distilled THF (20 mL) at 0 °C under argon atmosphere
for 1 h. The reaction mixture was quenched with saturated NaHCO3 aqueous
solution (20 mL) and extracted with EtOAc (3 x 20 mL) and aqueous 1N HCI
solution (3 mL). The combined organic layers were dried over anhydrous
MgSOq, filtered and concentrated under reduced pressure. The residue was
purified by silica gel column chromatography using Hexane/EtOAc (2:1) to
give the corresponding product 3 (1.74 g, 4.84 mmol, 86%) as a light yellow
solid, mp : 135 °C; 'H NMR (CDCls): § 7.15 (d, J = 8.4 Hz, 1H), 6.68 (dd, J
=8.4,2.8 Hz, 1H), 6.63 (d,J=2.4 Hz, 1H), 6.38 (s, 1H), 4.63 - 4.58 (m, 1H),
4.48 — 4.46 (m, 1H), 4.07 — 4.01 (m, 2H), 3.41 — 3.37 (m, 1H), 3.20 — 3.18
(m, 1H), 2.78 — 2.71 (m, 2H), 2.58 — 2.52 (m, 2H), 2.41 — 2.37 (m, 1H), 2.30
—2.27 (m, 1H), 2.04 — 1.94 (m, 1H), 1.93 — 1.91 (m, 1H), 1.07 (t, /= 7.2 Hz,
3H); C NMR (CDCls): § 198.8, 173.7, 157.6, 156.8, 142.0, 130.8, 128.3,
126.0,114.7,113.4,74.5, 61.5,49.6,35.3,34.4,31.9,26.7,26.1, 13.9; HRMS

(M) caled for Ci9H21NOs 359.1369 found 359.1364
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2.13. Ethyl 7-hydroxy-9-nitro-1-oxo-2,3,4,5-tetrahydropyrene -3a(1H)-
carboxylate (15)

1.0 M aqueous CsOH (0.67 mL, 0.67 mmol) was added dropwise to a solution
of 3 (30 mg, 0.084 mmol) in chloroform (3 mL) at 0 °C, followed by addition
of K3Fe(CN)g (0.11 g, 0.33 mmol) in H>O (3 mL). The reaction mixture was
stirred for 1 h, then diluted with i-PrOH (5 mL), and filtered through a pad of
celite with a washing solvent of i-PrOH (3 x 3 mL) and acetone (3 x 3 mL)
sequentially. The combined filtrate was concentrated under reduced pressure.
The residue was purified by silica gel column chromatography using
Hexane/EtOAc (1:1) to give the corresponding product 15 (8.90 mg, 0.025
mmol, 30%) as a yellow solid, mp: 265 °C; '"H NMR (Acetone-ds) 6 8.63 (s,
1H), 7.76 (d, J= 1.6 Hz, 1H), 7.23 (s, 1H), 4.21 —4.13 (m, 2H) 3.79 (s, 1H),
3.26-3.20 (m, 1H), 3.16 —3.07 (m, 1H), 2.79 -2.56 (m, 5H), 2.43 — 2.39 (m,
1H), 1.14 (t, J= 7.2 Hz, 3H); *C NMR (Acetone-ds) 6 195.5, 173.8, 161.2,
148.3, 146.4,141.8,130.4, 126.1, 125.9, 122.1, 120.2, 105.0, 62.7, 49.6, 35.9,
35.2, 34.4, 28.7, 14.6; HRMS (M") calcd for C19Hi7NOs 355.1056 found

355.1051



2.14. (3S,10aR)-4-((E)-2-nitrovinyl)-7-((triisopropylsilyl)oxy) -2,3,9,10-
tetrahydro-1H-3,10a-(epoxymethano)phenanthren-11-one (16)

NaBHj (221 mg, 5.85 mmol), CeCl3.7H20 (4.54 g, 12.18 mmol), and MeOH
(12 mL) were placed in reaction vessel at -78 °C, then a diluted solution of 4
(2.50 g, 4.87 mmol) in DCM (12 mL) was added dropwise. The reaction
mixture was stirred for 2 h under argon atmosphere. The resulting mixture
was quenched with H>O (25 mL) and extracted with DCM (3 x 25 mL). The
combined organic layers were dried over anhydrous MgSOs, filtered and
concentrated under reduced pressure. The residue was purified by silica gel
column chromatography (Hexane : EtOAc =2 : 1) to give the corresponding
products (1.93 g, 3.75 mmol, 77%). p-TsOH (111 mg, 0.58 mmol) was added
to a solution of the obtained product (1.50 g, 2.91 mmol) in toluene (15 mL).
The reaction mixture was stirred for 2 h at 100 °C. The resulting mixture was
quenched with H2O (10 mL) and extracted with diethyl ether (3 x 25 mL).
The combined organic layers were dried over anhydrous MgSQOg, filtered and
concentrated under reduced pressure. The residue was purified by silica gel
column chromatography using Hexane/EtOAc (4:1) to give the
corresponding product 16 (0.75 g, 1.60 mmol, 55%); 'H NMR (CDCls): ¢
8.14 (d, J=13.5 Hz, 1H), 7.4 (d, J=13.5 Hz, 1H), 7.26 (m, 1H), 6.85 (dd, J
=8.4,2.5Hz, 1H), 6.80 (d, /J=2.5Hz, 1 H), 5.44 (d,J=2.5 Hz, 1H), 2.78 —
2.71 (m, 2H), 2.59 — 2.53 (m, 1H), 2.41 - 2.35 (m, 1H), 1.93 — 1.74 (m, 3H),

1.63 — 1.56 (m, 1H), 1.34 — 1.26 (m, 3H), 1.13 (d, /= 7.3 Hz, 18H).
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2.15. (3S,10aR)-4-(2-nitroethyl)-7-((triisopropylsilyl)oxy)-2,3,9,10-tetra-
hydro-1H-3,10a-(epoxymethano)phenanthren-11-one (17)

NaBHj (62 mg, 1.65 mmol) was slowly added to a solution of 16 (772 mg,
1.65 mmol) in EtOH (8 mL) under argon atmosphere. The reaction mixture
was stirred for 1 h at room temperature. The resulting mixture quenched with
H>0O (8 mL), and extracted with EtOAc (3 x 5 mL). The combined organic
layers were dried over anhydrous MgSOQa, filtered and concentrated under
reduced pressure. The residue was purified by silica gel column
chromatography using Hexane/EtOAc (4:1) to give the corresponding
product 17 (450 mg, 0.95 mmol, 58%); '"H NMR (CDCls): § 7.19 (d, J = 8.2
Hz, 1H), 6.78 — 6.75 (m, 2H), 5.11 (dd, J = 3.6, 1.4 Hz, 1H), 4.63 — 4.58 (m,
2H), 3.33 — 3.24 (m, 2H), 2.74 — 2.68 (m, 2H), 2.49 — 2.45 (m, 1H), 2.29 —
2.26 (m, 1H), 1.84 — 1.73 (m, 2H), 1.68 — 1.60 (m, 1H), 1.52 — 1.45 (m, 1H),
1.30 — 1.24 (m, 3H), 1.11 (d, J = 7.3 Hz, 18H); *C NMR (CDCIl3): 6 175.6,
156.6, 142.6, 138.2, 128.4, 127.8, 122.9, 120.0, 118.1, 78.0, 73.4, 47.8, 29.5,

28.5,27.7,26.6,26.5,18.1, 12.8.
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2.16. (3S,10aR)-7-hydroxy-4-(2-nitroethyl)-2,3,9,10-tetrahydro-1H-3,10a
-(epoxymethano)phenanthren-11-one (18)

IM TBAF solution in THF (330 pL) was added dropwise to a solution of 17
(140 mg, 0.28 mmol) in distilled THF (2 mL) at 0 °C under argon atmosphere
for 2 h. The reaction mixture was quenched with H>O (2 mL) and extracted
with EtOAc (3 x 5 mL). The combined organic layers were dried over
anhydrous MgSOs, filtered and concentrated under reduced pressure. The
residue was purified by silica gel column chromatography using
Hexane/EtOAc (1:1) to give the corresponding product 18 (42 mg, 0.13 mmol,
45%); '"H NMR (CDCls): § 7.19 (d, J= 8.4 Hz, 1H), 6.76 — 6.70 (m, 2H), 5.12
(d,J=2.4 Hz, 1H), 4.64 —4.53 (m, 2H), 3.35-3.19 (m, 2H), 2.75 — 2.59 (m,
2H), 2.49 — 2.43 (m, 1H), 2.31 — 2.25 (m, 1H), 1.78 — 1.72 (m, 2H), 1.66 —
1.59 (m, 1H), 1.51 — 1.44 (m, 1H), 1.29 — 1.25 (m, 1H); *C NMR (CDCl5):
0 176.5, 156.8, 142.8, 138.1, 128.7, 127.6, 122.2, 115.7, 113.9, 78.3, 73.3,

479,294, 28.5,27.6,26.6, 26.5.
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2.17. Ethyl 2-(2-methyl-3-oxobutyl)-1-0x0-6-((triisopropyl silyl)oxy)-
1,2,3,4-tetrahydronaphthalene-2-carboxylate (20)

NaH, 55% dispersion in paraffin liquid (1.44 g, 33.00 mmol) was slowly
added to a solution of 9 (5.00 g, 15.71 mmol) and diethyl carbonate (3.71 g,
31.43 mmol) in toluene (30 mL) at 0 °C. The reaction temperature was
increased slowly up to 120 °C, then the reaction mixture stirred for 3 h under
argon atmosphere. The resulting mixture was quenched with MeOH and H-O,
and extracted with diethyl ether (3 x 20 mL). The combined organic layers
were dried over anhydrous MgSOg, filtered and concentrated under reduced
pressure. Without further purification, methyl vinyl ketone (2.6 mL, 31.43
mmol) and TEA (1.1 mL, 7.86 mmol) was slowly added to the crude product
in MeOH (30 mL). The reaction mixture was placed to 80 °C and stirred for
12 h. The resulting mixture was quenched with saturated aqueous NaCl
solution (30 mL) and extracted with diethyl ether (3 x 20 mL). The combined
organic layers were dried over anhydrous MgSOys, filtered and concentrated
under reduced pressure. The residue was purified by silica gel column
chromatography using Hexane/EtOAc (4:1) to give the corresponding

product 20 (5.07 g, 10.69 mmol, 68%)
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2.18. Ethyl (7R,8aR)-7-methyl-6-0xo0-2-((triisopropylsilyl) oxy)-7,8,9,10-
tetrahydrophenanthrene-8a(6H)-carboxylate (21)

Piperidine (1.1 mL, 10.69 mmol) and AcOH (0.6 mL, 10.69 mmol) was
slowly added to a solution of 20 (5.07 g, 10.69 mmol) in toluene (30 mL).
The reaction mixture was stirred for 12 h at 120 °C under argon atmosphere.
The resulting mixture was quenched with saturated aqueous NaCl solution
(30 mL) and extracted with EtOAc (2 x 30 mL). The combined organic layers
were dried over anhydrous MgSQg, filtered and concentrated under reduced
pressure. Without further purification, imidazole (1.30 g, 19.07 mmol) and
TIPSCI (1.77 g, 9.16 mmol) was added to a solution of crude product in DMF
(20 mL) at room temperature. The reaction mixture was stirred for 3 h at room
temperature. The resulting mixture was quenched with saturated aqueous
NaCl solution (20 mL) and extracted with diethyl ether (3 x 20 mL). The
combined organic layers were dried over anhydrous MgSOQs, filtered and
concentrated under reduced pressure. The residue was purified by silica gel
column chromatography using Hexane/EtOAc (4:1) to give the
corresponding product 21 (4.10 g, 8.98 mmol, 84%); 'H NMR (CDCls): ¢
7.64 (d, J=8.8 Hz, 1H), 6.74 (d, J = 8.8 Hz, 1H), 6.62 (s, 1H), 6.53 (s, 1H),
4.18 — 4.05 (m, 2H), 2.88 — 2.75 (m, 2H), 2.48 — 2.41 (m, 3H), 1.86 — 1.77

(m, 2H), 1.30 — 1.21 (m, 3H), 1.17 (d, J = 6.4, 3H), 1.10 (d, ] = 7.2 Hz, 21 H).
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2.19. Ethyl (6S,7R,8aR)-6-hydroxy-7-methyl-2-((triisopropyl silyl)oxy)-
7,8,9,10-tetrahydrophenanthrene-8a(6H)-carboxylate (22)

NaBHj (6.14 g, 16.22 mmol), CeCl3.7H20 (3.02 g, 8.11 mmol), and MeOH
(20 mL) were placed in reaction vessel at -78 °C, then a diluted solution of 4
(3.70 g, 8.11 mmol) in DCM (20 mL) was added dropwise. The reaction
mixture was stirred for 2 h under argon atmosphere. The resulting mixture
was quenched with HO (50 mL) and extracted with DCM (3 x 30 mL). The
combined organic layers were dried over anhydrous MgSOs, filtered and
concentrated under reduced pressure. The residue was purified by silica gel
column chromatography using Hexane/EtOAc (2:1) to give the
corresponding product 22 (3.57 g, 7.79 mmol, 96%); 'H NMR (CDCls): ¢
7.48 (d, J= 8.7 Hz, 1H), 6.68 (dd, J = 8.6, 2.5 Hz, 1H), 6.54 (d, J = 2.4 Hz,
1H), 6.14 (d, J=2.4 Hz, 1H), 4.16 — 4.07 (m, 1H), 4.04 — 3.96 (m, 1H), 3.90
(t, J=17.3 Hz, 1H), 2.79 — 2.66 (m, 2H), 2.35 — 2.31 (m, 1H), 2.12 (dd, J =
13.4,2.6 Hz, 1H), 1.86 — 1.84 (m, 1H), 1.68 — 1.54 (m, 2H), 1.39 (t,J=13.3
Hz, 1H), 1.28 — 1.19 (m, 6H), 1.09 — 1.04 (m, 21H); '*C NMR (CDCl;): ¢
175.5,155.7,137.0, 136.6, 127.2, 125.9, 123.9, 119.6, 118.4, 74.9, 60.9, 48.0,

42.5,34.9,349,27.1,18.7, 18.1, 14.2, 12.9.
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2.20. Ethyl (4bS,6R,7R,8aR)-6-hydroxy-7-methyl-2-((triiso-propylsilyl)-
0xY)-5,6,7,8,9,10-hexahydrophenanthrene-8a(4bH)-carboxylate (23)

[(Cod)Ir(Pcys3)(py)]PFs (141 mg, 0.17 mmol) was slowly added to a solution
of 22 (320 mg, 0.70 mmol) in DCM (5 mL), then the reaction was bubbled
with hydrogen balloon. The reaction was stirred for 2 h at hydrogen
atmosphere. The resulting mixture was concentrated under reduced pressure
and purified by silica gel column chromatography using Hexane/EtOAc (2:1)
to give the corresponding product 23 (257 mg, 0.56 mmol, 80%); 'H NMR
(CDCl3): 6 7.26 (d, J= 8.6 Hz, 1H), 6.71 (dd, J= 8.5, 2.6 Hz, 1H), 6.60 (d, J
=2.5Hz, 1H), 4.21 (q,J="7.1 H2H), 3.58 (s, 1H), 3.01 (t, /= 10.5 Hz, 1H),
2.89 —2.80 (m, 1H), 2.71 — 2.65 (m, 1H), 2.57 — 2.52 (m, 1H), 1.94 — 1.88
(m, 2H), 1.83 — 1.78 (m, 1H), 1.74 — 1.67 (m, 1H), 1.56 — 1.46 (m, 2 H), 1.28
—1.19 (m, 6H), 1.10 (d, J= 7.0 Hz, 18H); 3*C NMR (CDCl3): 6 177.3, 171.3,
153.8, 136.3, 129.7, 127.2, 119.9, 118.3, 71.7, 60.8, 60.6, 46.8, 38.3, 37.6,

36.2,34.2,32.5,26.0,21.2,18.5, 18.1, 14.4, 14.4, 12.8.
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2.21. Ethyl (4bS,7R,8aR)-7-methyl-6-0xo0-2-((triisopropyl silyl)oxy)-
5,6,7,8,9,10-hexahydrophenanthrene-8a(4bH)-carboxylate (24)

PCC (181 mg, 0.84 mmol) was added to a solution of 23 (257 mg, 0.56 mmol)
in DCM (3 mL) at room temperature. The reaction mixture was stirred for 2
h under argon atmosphere. The resulting mixture was quenched with a
water (3 mL) and extracted diethyl ether (3 x 3 mL). The combined organic
layers were dried over anhydrous MgSOQa, filtered and concentrated under
reduced pressure. The residue was purified by silica gel column
chromatography using Hexane/EtOAc (4:1) to give the corresponding
product 24 (243 mg, 0.53 mmol, 95%); '"H NMR (CDCls): § 7.10 (d, J= 8.5
Hz, 1H), 6.69 (dd, J= 8.5, 2.5 Hz, 1H), 6.60 (d, J=2.4 Hz, 1H), 4.26 (t, J =
7.1 Hz, 2H), 3.84 (t, J = 5.3 Hz, 1H), 2.90 — 2.84 (m, 1H), 2.79 — 2.70 (m,
3H), 2.62 — 2.52 (m, 1H), 2.29 — 2.26 (m, 1H), 2.21 — 2.14 (m, 1H), 1.81 —
1.75 (m, 1H), 1.46 (t, J = 13.5 Hz, 1H), 1.30 (t, /= 7.1 Hz, 3H), 1.27 — 1.18
(m, 3H), 1.08 (d,J=7.2 Hz, 18H), 0.93 (d, J= 6.5 Hz, 3H); 1*C NMR (CDCls):
0211.9,176.7,154.4,136.6, 128.8, 128.5,119.6, 118.2, 61.2,46.3,43.0, 41.3,

39.7,38.2,32.0, 26.5, 18.1, 14.4, 14.3, 12.8.
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2.22. Ethyl (4bS,7R,8aR)-7-methyl-2-((triisopropylsilyl)oxy)-6-((trimeth-
ylsilyl)oxy)-7,8,9,10-tetrahydrophenanthrene-8a(4bH)-carboxylate (25)

LHMDS 1M solution in THF (21.3 mL, 21.30 mmol) was added dropwise to
a solution of 24 (1.95 g, 4.26 mmol) and TMSCI (1.1 mL, 8.52 mmol) in THF
(20 mL) at 0 °C. Reaction mixture was stirred for 5 minutes under argon
atmosphere. The resulting mixture was quenched with a deionized water (20
mL) and extracted diethyl ether (3 x 10 mL). The combined organic layers
were dried over anhydrous MgSQOg, filtered and concentrated under reduced
pressure. The residue was purified by silica gel column chromatography using
Hexane/EtOAc (16:1) to give the corresponding product 25 (1.97 g, 3.71
mmol, 87%); '"H NMR (CDCl3): § 7.08 (d, J= 8.4 Hz, 1H), 6.68 (dd, J = 8.4,
2.5 Hz, 1H) 6.59 (d, J = 2.4 Hz, 1H), 5.32 (dd, J= 6.1, 1.2 Hz, 1H), 4.19 —
4.14 (m, 2H), 3.9 (d, J = 5.9 Hz, 1H), 2.78 — 2.63 (m, 2H), 2.37 — 2.31 (m,
1H), 2.07 — 2.00 (m, 2H), 1.68 — 1.62 (m, 1H), 1.28 — 1.20 (m, 6H), 1.09 (d,
J=17.2Hz, 18H), 0.93 (d, J= 7.0 Hz, 3H), 0.21 (s, 9H); '*C NMR (CDCIl3):
0 177.1, 154.2, 153.7, 136.3, 133.0, 128.8, 188.9, 177.9, 106.5, 60.6, 45.5,

38.2,35.7,33.5,32.3,26.6,18.7, 18.1, 14.4, 12.8, 0.5.
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2.23. Ethyl (4bS,7R,8aR)-7-methyl-6-0x0-2-((triisopropylsilyl) oxy)-5-
vinyl-5,6,7,8,9,10-hexahydrophenanthrene-8a(4bH)-carboxylate (26)

Sc(OTf)3 (618 mg, 0.99 mmol) was added to a solution of 25 (1.06 g, 1.99
mmol) and PhSeCH>CHO (556 pL, 2.40 mmol) in THF (8 mL) and H>O (2
mL). The reaction mixture was vigorously stirred for 2 h under argon
atmosphere. The resulting mixture was quenched with H2O (5 mL) and
extracted with diethyl ether (3 x 10 mL). The combined organic layers were
dried over anhydrous MgSOs, filtered and concentrated under reduced
pressure. The residue was purified by silica gel column chromatography
(Hexane : EtOAc =4 : 1) to give the corresponding products (0.98 g, 1.49
mmol, 75%). MsCl (347 pL, 4.48 mmol) and TEA (833 pL, 5.97 mmol) was
added to a solution of the obtained product (0.98 g, 1.49 mmol) in DCM (10
mL). The reaction mixture was stirred for 30 minutes at room temperature.
The resulting mixture was quenched with H>O (10 mL) and extracted with
DCM (3 x 10 mL). The combined organic layers were dried over anhydrous
MgSOs,, filtered and concentrated under reduced pressure. The residue was
purified by silica gel column chromatography using Hexane/EtOAc (8:1) to
give the corresponding product 26 (540 mg, 1.11 mmol, 56%); 'H NMR
(CDCl3): 6 6.94 (d, J=8.3 Hz, 1H), 6.64 — 6.59 (m, 2H), 5.86 — 5.77 (m, 1H),
5.10 (dd, J=11.2, 1.0 Hz, 1H), 4.85 (dd, J=17.1, 1.0 Hz, 1 H), 4.15 — 4.05
(m, 2H), 3.75 (d, J = 8.0 Hz, 1H), 3.23 (t, J = 7.8 Hz, 1H), 2.86 — 2.72 (m,

3H),2.35 (dd, J=13.9, 6.6 Hz, 1H),2.17 - 2.11 (m, 1H), 1.75 — 1.68 (m, 1H),
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1.48 (t, /=139 Hz, 1H), 1.26 — 1.15 (m, 6H), 1.08 — 1.03 (m, 21H).

2.24. Ethyl (4bS,7R,8aR)-5-bromo-7-methyl-6-oxo-2-((triiso propylsilyl)-
0xY)-5,6,7,8,9,10-hexahydrophenanthrene-8a(4bH)-carboxylate (28)

NBS (81 mg, 0.45 mmol) and Sodium bicarbonate (38 mg, 0.45 mmol) was
added to a solution of 25 (200 mg, 0.38 mmol) in THF (2 mL) at -78 °C. The
reaction mixture was stirred for 2 h under argon atmosphere. The resulting
mixture was quenched with a water (3 mL) and extracted diethyl ether (3 x 3
mL). The combined organic layers were dried over anhydrous MgSOs,
filtered and concentrated under reduced pressure. The residue was purified by
silica gel column chromatography using Hexane/EtOAc (4:1) to give the
corresponding product 28 (123 mg, 0.23 mmol, 61%); 'H NMR (CDCl;): §
7.16 (d, J= 8.6 Hz, 1H), 6.71 (dd, J = 8.5, 2.6 Hz, 1H), 6.62 (d, J = 2.5 Hz,
1H), 4.72 (d, J=4.1 Hz, 2H), 4.30 — 4.18 (m, 3H), 3.67 — 3.58 (m, 1H), 2.76
(t, J=6.7 Hz, 2H), 2.39 — 2.33 (m, 1H), 2.20 — 2.13 (m, 1H), 1.64 — 1.57 (m,
1H), 1.42 (t,J=13.3 Hz, 1H), 1.28 — 1.18 (m, 6H), 1.08 (d, /= 7.2 Hz, 18H),
1.03 (d, J = 6.4 Hz, 3H); 3C NMR (CDCls): § 206.3, 176.1, 155.1, 137.2,
129.0, 126.7, 120.1, 118.2, 61.3, 51.8, 48.4, 44.1, 38.5, 36.0, 32.6, 26.2, 18.1,

14.3, 14.1, 12.8.
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Chapter 2.

Regioselective synthesis of 2,3-disubstituted

indoles

Introduction

1. Biological activity of indoles

The indole ring motif accounts for the large class of alkaloids and
represents undoubtedly one of the most ubiquitous and important
heterocycles in nature. The indole alkaloids possess a wide range of structural
complexity and diversity, as well as interesting biological activities such as
anti-depressant,®® anti-diabetic,’” anti-HIV,*® anti-tubercular,®® and anti-
oxidant.** In particular, 2,3-disubstituted indole derivatives are an important
class of compounds, which exhibit a wide range of biological activities and
they widely used in medicinal chemistry (Figure 9). For example, tryptamine
derivative show good affinity for the gonadotropin-releasing hormone
(GnRH-antagonist).*! The (+)Gelliusine E and F isolated from the marine
sources exhibit the inhibition of specific ligand binding at neuropeptide Y

receptor and somatostatin receptor sites.*> Indomethacin is also a NSAID with
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very effective antipyretic, analgesic, and anti-inflammatory activity.*’ Final
Ngouniensine found in numerous naturally have proven pharmacological
effects as anti-tumour agents, CDK inhibitors, and GSK inhibitors.*
Accrordingly the synthesis of 2,3-disubstituted indoles in which various

substituents are introduced is becoming very important.
(\N/
_ NH,

N N
HN— © Br
N \
Et,N 0‘< N\
I~ R
O N H
H

HoN
Tryptamine derivative R = OH, (t)gelliusine F
GnRH-antagonist R = Br, (¢)gelliusine E
OH
MeO 0
A\
N

Indole-fused polycycle

Indomethacin o
Ngouniensine

Figure 9. Representative biologically active 2,3-disubstituted indoles
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2. Regioselectivity issue in the classical indole synthesis.

Owing to interesting biological activity of 2,3-disubstittued indoles, the
continued importance of the indole to organic synthesis and pharmaceutical
chemistry has spurred the development of common synthetic methods.
Among indole syntheses, the Fischer indole synthesis, discovered in 1883, is
most well known process. The reaction is an important reaction to obtain
indoles from hydrazine and an aldehyde or ketone under acidic conditions
(Scheme 14).*> However, two major drawbacks usually identified with the
Fischer process are: (1) unsymmetrical ketones give a mixture of isomeric
products, depending upon the structure of the hydrazine*® and (2) harsh
reaction conditions are required, typically refluxing in concentrated acid.
Accordingly, we have developed a reaction using o-haloaniline, which is a
condition that can regioselectively synthesize the indoles under much milder
conditions than the classical Fisher indole synthesis.

R R1(R?)
©\N,NH2 . Ru?\/RZ . @L TRz . @ TRZ(R%
N N N

\ [3.3]

RZ( R'(R?)
N
H

R’ , R2 1 R1)1 ,
N N NH, N

Scheme 14. Regioselectivity issue in the classical Fischer indole synthesis.
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3. Indole syntheses from the o-haloanilines

o-Haloanilines has been used for indole syntheses, as exemplified by the
Castro and Larock methods for the preparation of 2,3-disubstituted indoles,
respectively.**® Impressive advances in cross-coupling reactions with the o-
haloanilines provide easy access to o-alkynyl and o-alkenyl aniline

derivatives that serve as versatile precursors to disubstituted indoles.*’

3.1. Aminocyclization of o-alkynylanilines

The palladium-catalyzed reaction between o-iodoaniline derivatives and
internal alkynes for the preparation of 2,3-disubstituted indoles is referred to
as the Larock reaction (Scheme 15).>° The Larock is an attractive method for
the preparation of complex indoles in one-pot operation. The reaction
generally provides a range of indole targets, since both starting materials
possess considerable functionality.

However, consecutive reaction devised by Larock group gave rise to a
mixed product of complementary regioisomers not separated each other.
Consequently, the stepwise reaction was exploited from the following
researcher. Kondo et al. was using Sonogashira reaction for the C-C cross-
coupling reaction of 2-haloanilines to achieve the 2-alkynylanilines.’! They
utilized the alkoxide-mediated cyclization of 2-alkynylanilines as a sequential

step for the preparation of a number of indole derivatives.



Castro et al. also developed indole synthesis from the two pathway. One
is the cyclization of o-iodoaniline derivatives with cuprous acetylides.>
Another is the cyclization of 2-alkynylanilines with copper(I) iodide. While
reactions employing cuprous acetylides are rare and not amenable to scale up,
copper promoted cyclizations of 2-alkynylanilines have received
considerable attention as an attractive method for the construction of indoles.

Senanayake et al. suggested a practical and economical one-pot process
for synthesis of 2,3-disubstituted indoles based on Cacchi original protocol.>
This Pd-catalyzed domino indolization procedure allows rapid access to a
variety of 2,3-disubstituted indoles regiospecifically under fairly mild

conditions.
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R R
X = Br, Cl
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(no regioselectivity)

Kondo and Sakamoto
Pd(PPh3),Cl,

R1—' Cu, NEtg rt KOt Bu
=
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NH TMS HOl‘ Bu Z~N
| H
Boc

o-haloaniline
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R _ R —— R R2
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Scheme 15. Aminocyclization of o-alkynyl anilines
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3.2. Aminocyclization of o-alkenyl anilines

Despite the great progress on the development of indole syntheses
derived from o-alkynylanilines, new synthetic methods were needed for the
formation of 2,3-disubstituted indoles, which possess a wide range of
structural complexity and diversity. More recently aminocyclization of o-
alkenyl anilines was prevalently investigated for the formation of 2,3-
disubstituted indoles. The methodology is efficient, simple to perform, which
involve the use of metal-free reagents such as DDQ,>* NIS,> and (PhSe),.>
However, migration of substituents (i.e., the switch between R? and R?®)
during the reaction was unavoidable issues and an N-protecting group would
be crucial to the success of the reactions (Scheme 16).°”>® Moreover, the

introduction of diverse functionality at C2 and C3 still remains challenge.
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Scheme 16. Aminocyclization of o-alkenyl anilines
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3.3. PIFA mediated free N-H indole synthesis of o0-alkenyl anilines

Conspicuously missing from the previous literature was an
experimentally expedient, yet conceptually attractive approach involving
electrocyclization of o-alkenyl nitrene intermediates, leading to free N—H
indoles without requiring N-protecting groups (Scheme 17). We report herein
a successful implementation of this strategy which is amenable to the
preparation of indoles with all substitutions. We first investigated Suzuki and
Stille coupling reaction of o-iodoaniline with alkenyl reagents that afforded
the corresponding o-alkenyl anilines. Among o-haloanilines, iodoaniline
shows a high yield with a shorter reaction time even in the presence of a small
catalyst loading in the cross-coupling reaction.’” That next undergo the simple
and efficient PIFA mediated intramolecular aminocyclization, which leads to
the regioselective 2,3-disubstituted indoles. We expect our recommendation
would be extended for the development of highly functionalized indoles and
their complementary regioisomers.

BPin This work

K RSJ\ H
NH2 R? Suzuki reaction NH; PIFA N )
_— / R
| SnBuj Stille reaction ~>R2 THF i, 1h
R3
2) RN R®
R2

R!,R?2= —C— (C3, C4, C5)
R" = H, aryl, alkyl, OPiv, CHO
R? = aryl, alkyl

Scheme 17. PIFA mediated free N-H indole synthesis of o-alkenyl anilines
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4. Plausible mechanism of PIFA mediated aminocyclization

A plausible mechanism of direct PIFA mediated intramolecular

aminocyclization is suggested in Scheme 18 through the nitrene formation.

The reaction initiated from the formation of iminoiodinane provided by the

reaction of nucleophilic aniline and electrophilic iodine. This would

spontaneously decompose to the nitrene as a carbene counterpart. The nitrene

intermediate triggers intramolecular aminocyclization with an alkene,

providing the indole derivatives. The aminocyclization of o-alkenyl anilines

gave a chance to produce regioselective 2,3-disubstituted indoles.

1.
.o O
NH, i
* Ph O
Z “R2 )\
5 o)
R
PIFA

CF4
-TFA

CF;

— _Ph _
|I N
N N:
— 7 )
A~
> R2? Z “R?
R R®

Iminoiodinanes Nitrene

Scheme 18. Intramolecular aminocyclization via nitrene intermediate
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Result and Discussion

1. Preparation of indole substrate, o-alkenyl anilines
1.1. Preparation of alkenyl boronates (30-BPin)

Prior to the Suzuki reaction, alkenyl boronates (30-BPin) were prepared
by regiocontrolled syn hydroboration of internal alkynes (29). Following two
methods were used for the hydroboration. First, Zirconium catalyzed
hydroboration of functionalized internal alkynes with pinacolborane was
investigated (Table 1, Method A). The reaction allowed the excellent syn
selectivity and high regioselectivity, but it has a narrow scope of reaction, not
applicable to all the internal alkynes.®

Accordingly, regiocontrolled Cu(I)-catalyzed borylation was subjected
to propargylic-functionalized internal alkynes (Table 1, Method B).°' A
range of propargylic functional groups with steric and electronic properties
show uniformly good reactivity and high regiocontrolled result. However, the
borylation of a non-functionalized internal alkyne such as 2-pentyne was
much less efficient (34% yield) and led to an inseparable mixture of « and S

vinylboronates.
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Table 1. Preparation of alkenyl boronates with method A and B

method A
HBPin (1.5 equiv), R R3
HZrCp,Cl (5 mol%) 2
3 R
= | R zep,ol | — 7 BPin
DCE, 100 °C, 24 h P2
) ) H H
30
RE—=—R3 | method B
29 CuBr (0.1 equiv)
NaOtBu(0.15 equiv) R3
PCy; (0.12 equiv) - , R* R%BPin
R b
B,Pin, (1.1 equiv) <y /BPin H
Toluene, MeOH 9“
0°C,1h CysP 30

with method A

L L. Q
BPin )\/LBPm @BPm Sapin
H i

H H

30e (32%) 30g (81%) 30h (quant.) 30i (65%)

with method B

MeO
/
i . / .
/}H%Bpm Meo/\)\BPm HO/\)\BPm PIVO/\)\BPIH

H H H
30f (34%)

alp ratio 20:80 30j (44%) 30k (92%) 301 (81%)
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1.2. Preparation of alkenyl stannanes (30-SnBus3)

Alkenyl stannanes (30-SnBu3) were also constructed by the palladium-
catalyzed hydrostannation of internal alkynes 29 (Table 2). The reaction
generally proceeds under much milder conditions, resulting in high yields of
products and excellent syn-addition. Regioselectivity of the syn-addition on
the alkyne triple bond is controlled by directing ability which involves steric,

electronic, or chelating effect as shown in Figure 10.%

-§%‘ $—=——Ewe —§%‘ _gT:T&ﬁ/‘

S
steric effect electronic effect coordination effect ortho-directing effect

Figure 10. Regioselectivity for alkyne hydrostannation

The palladium-catalyzed hydrostannation of 1-phenyl-1-propyne (29m)
is completely regioselective, delivering a single constitutional isomer. We
explain the result by excellent directing effect of aromatic ring for electronic
reasons. The selectivity of 2-butyn-1-ol (29n) for the hydroboration is
influenced by the relative size of proximal substituents, although neighboring
hydroxyl groups might have a directing effect. Hydrostannation of
diarylalkynes has little effect on selectivity, resulting in two stereoisomers. In

case of the isomers, 300 and 30p were produced from a single diarylalkyne
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(29), and separated by a column chromatography, respectively.®® On the other
hand, 30q was not separated from another isomer and only a small amount of

30q was obtained as a major product.

Table 2. Preparation of alkenyl stannanes with method C

method C
Pd(PPh;),Cl, (2 mol%) R3
RI-— R? HSnBuj (1.2 equiv) sz/\SnBu
3
29 THF, rt, 12 h H

30

with method C

Br

O Br
SnBU3 O O
= SnBuj, 7 SnBuj

H H
30m (39%) 300 (39%) 30p (13%)
OH
\’B/A;SHBLQ
H
30n (56%
(a:ﬁn=(75:;)5) 30q (49%)

¥ i 211
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1.3. Suzuki coupling reaction for the preparation of o0-alkenyl anilines (32)
The Suzuki reaction of o-iodoaniline (31) with obtained alkenyl
boronates (30) gave the corresponding desired alkene (32). The reaction
performed in the presence of Pd(PPh3)>Cl> and K>COs under a 2:1 mixture of
DMF and H>O in good to excellent yields of 49-97% (Table 3). The reaction
of cycloalkenyl boronates (30a-d) showed a great result on the formation of
32, whereas the reaction of disubstituted alkenyl boronates (32e-l) provided
E/Z mixtures of 32, although expected product was E-configuration. This is
because E- to Z- isomerization was generated during an organic conjugate
reaction, sharing of common Pd species.®*® E- to Z- isomerization occurs
through the migratory insertion and S-hydride elimination in the presence on

the palladium catalyst (Figure 12).

R3
2
Ln Pd”J\/R
NH 3
HOBPIn 2 R
o R?
R3 R2
— i NH2
PinB Transmetalation Reductive
elimination (E)-olefin
L,—Pd"-OH
NHz PdoL,
Oxidative
addition
: [
La—Pd™! I-Ar-NH,
~ NH,
OH

Figure 11. Suzuki coupling reaction mechanism
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3 3
R H|\/| R H RS H
R2
¥ H M
ArNH ArNH
2 S 2 L M ArNH,
Il = I = I
H M 2 2
R&  aR? R3H’» R R3Hc RoH
HoNAr H HoNAr yM H,NAF M
migratory || F-hydride migratory || S-hydride
insertion || elimination insertion | elimination
R3 R2 R3
HNAY | HoNAr 1 R2
H-M H-M
(E)-olefin (Z)-olefin

Figure 12. Pd (Il)-catalyzed E- to Z- isomerization

The E- and Z- ratio of 32 presented on Table 3, and all of 32 have slightly
E-rich configuration. Additionally, we separated £- and Z-mixture of 32e and
32f by column chromatography, then the structure of two stereoisomers were
analyzed by 2D NMR in Figure 13. E-configuration of 32 showed much
higher reactivity in the aminocyclization than Z of 32, since E-isomer is
structurally more accessible for the reaction. Accordingly, we made an effort
into preparing E-isomer, reducing the Suzuki reaction time to 30 minutes. The
desired £ configuration of 32 was absolutely produced, maintaining the yield

of product.
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Table 3. Synthesis of o-alkenyl anilines via Suzuki coupling reaction

Pd(PPhs),Cl, (10 mol%),

©:NH2 BPin K,CO3 (4 equiv) ©;Niz\
+
3
| R*™S DMF, H,0, 80 °C, 12 h A R?
R? R3
31 30 32

Suzuki reaction?

NH,
o
32a, 97% 32b, 82% 32c, 80% 32d, 81%

NH, NH, NH,
~ CS/N C%W
32f, 92% (E/Z=1:1)°
92% (E)°

NH, NH,
OMe
= ©%/\/OH
OMe

32j, 99% (E)

O NH,

32h, 91% (E/Z=1.5:1)
92% (E)P

NH,
Q%A/Opiv

321, 49% (E)

32e, 72% (E/Z=1:1)°
75% (E)P

NH2
e

32i, 78% (E/2=2.8:1)

329, 98% (E/Z=1.5:1)
84% (E)°

32k, 65% (E)

2 |solated yield ® Shortened reaction time to 30 min, £/Z mixture ratio was detected in
NMR € E/Z isomers was separated by column chromatography
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1.4. Stille coupling reaction for the preparation of o-alkenyl anilines (32)

Although the Suzuki coupling reaction is an efficient method for the
synthesis of 32, there have been difficulties in preparing two complementary
regioisomer pairs such as 32h vs 32m, 32k vs 32n, and 320 vs 32p.
Consequently, another coupling method, Stille reaction has been devised with
alkenyl stannanes (30). Performing the Stille reaction with prepared reagents
and cesium fluoride in the presence of a catalytic amount of Pd(PPhs)4 and
Cul allows the formation of 32 in 38-88% yields (Table 4).

Stille reaction required higher temperature and prolonged reaction times
for the consumption of starting material. Although the reaction proceeds
under harsher conditions compared to the Suzuki reaction, the product shows
a considerably high rate of E-configuration. Moreover, regioisomer pairs
unable of generating from Suzuki coupling reaction can be prepared from the
Stille coupling reaction. It would be a new synthetic strategy for expanding

the scope of 2,3-disubstituted indoles.
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Table 4. Synthesis of o-alkenyl anilines via Stille coupling reaction

NH, SnBuy Pd(PPhsy (5 mol%), NH,
" Cul (10 mol%), CsF (2 equiv)
| RT™S =~ “R?

Stille reaction?

%\

32m, 69% (E/Z=8:1)P 320, 48% 32p, 38%

NH,
%
HO

32n, 58% (E/Z=4:1)° 32q, 80%

NH,

a |solated yield.  The ratio of E/Z mixture was detected in NMR.
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1.5. Stereochemistry analysis with NOESY

For more details on stereochemistry, we separated £- and Z- mixture of
32e and 32f by column chromatography. The assignment and configurational
analysis of separated E- and Z- stereoisomers of 32e and 32f was supported
by 'H and NOESY spectra (Figure 13). All protons of the 32e and 32f were
assigned as their chemical shift, integration, and NOE correlation. NOE cross
peak signals between H-C (4) and H-C (5) with a red circle indicated the £
configuration of 32e and 32f as the alkenyl substituent rotates, while no
appearance of the signal is shown in the Z configuration.

In the case of 32e, NOESY cross peak signals between H-C (4) and H-
C (6)/ H-C (4) and H-C (7) with a blue circle of Z-32e suggested the Z-alkenyl
aniline. The signal between H-C (10) and H-C (5) with a yellow circle
additionally confirmed the E-32 by correlating adjacent amine and vinyl
proton. These two results present the stereoisomer of Z- and E-32e,
respectively (Figure 13, (a)).

In the case of 32f, NOESY cross peak signals between H-C (4) and H-C
(6) with a green circle of Z-32f suggested the Z-alkenyl aniline, and the signal
between H-C (9) and H-C (5) with a purple circle additionally confirmed the
E-32f by correlating adjacent amine and vinyl proton. These two results

present the stereoisomer of Z- and E-32f, respectively (Figure 13, (b)).
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Figure 13. Stereochemistry analysis of (a) E- and Z-32¢, (b) E- and Z-32f
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2. Intramolecular aminocyclization with hypervalent iodines (PIFA)
2.1. Optimization studies

As an effective metal-free reaction, intramolecular aminocyclization of
32 with hypervalent iodines has been presented in Table 5. First, we used
PIFA reagent for the aminocyclization of 32a that produced the indole product
33a. Screening of solvent and reaction temperature for the reaction revealed
a satisfactory yield shows at room temperature in THF. Comparable yields of
32a were obtained with PIDA in THF. lodosobenzene was also used as a mild
oxidant, reducing further oxidation. However, the product yield from the
reaction with iodosobenzene was not as good as with PIDA and PIFA even in
the increased temperature. Finally, this synthetic approach has been expanded
to the Weiss reagents, the strong oxidizing agent, however the reactivity of
aminocyclization was extremely low due to decomposition of starting

material.



Table 5. Optimization studies with hypervalent iodines.

O ‘ Oxidant @E@
N
H
33a

NH, Solvent, T (°C), ¢ (h)
32a
Entry Oxidant Solvent T (°C) Yield (%)P
1 PIDA THF rt 61
2 PIFA THF rt 58
3 PhIO THF rt 3¢
4 PhIO THF 50 °C 12¢
5 PhIO THF 80 °C 41°
6 PhIO DMF 100 °C 37¢
IPh
N
7 N oz THF rt 5
<| /> 20Tf
2
IPh
N
8 M e THF rt 4
)
2
IPh
(/'f
9 < Nj> 2011 THF t 14
Me’ >

@ Reaction conditions: 32a (0.28 mmol), oxidant (2 equiv.) in solvent for 1 h.
b |solated yield of purified products.
° Yield brsm by "H NMR.
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2.2. Scope of PIFA mediated intramolecular aminocyclization.

The substrate scope was broad, and alkyl- and aryl- 2,3-disubstituted
indoles were obtained in comparable (40-83%) yields (Table 6). The
formation of free N—H indoles is a noteworthy feature of this method, whereas
many known methods required protecting groups at the indole nitrogen. As
expected, this protocol is tolerant of common functional groups such as
bromo and keto substituents. Indoles 33i and 33m were prepared from a
mixture of £- and Z-alkenyl anilines (8:1 and 1:2.8, respectively). The similar
yields obtained was suggestive of the indole formation from both E- and Z-
alkenes. In the case of 33e and 33f, an E- and Z- mixture of the staring
substrates was separated by column chromatography. Each geometrical
1somer was subjected to indole formation: both isomers afforded the identical
indoles, where higher yields (70% and 80% for 33e and 33f) were obtained
from the E-alkenes than the Z-isomers (38% and 56%). This is because E-
alkenes are structurally more favored for cyclization than Z-alkenes. (Figure
14). Overall, this method offers a regioselective alternative to the Larock

indole synthesis.

Figure 14. 3D structure of E- and Z-32¢
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Table 6. Intramolecular aminocyclization of o-alkenyl anilines

NH, PIFA (1.2 equiv) ¥
2
C@/\Rz THF, tt, 1 h Ci/g\R
R® R®
32 33
Entry 32 33 Yield (%)2 | Entry 32 33 Yield (%)?
H
N s
1 2 589
32a % & 8 E/Z-32i O Y O 62%
33a Q
H
2 32b % 57% 33i
H
33b O N
9  E/z-32m 7 57%
s
3 32¢ % 83% Q
33m
33c
H §
0,
4 E32 p 70% 10 32 O / O 62%
Z-32e 38%
33e Q
H Br
N
5 E-% p 80% 330
Z-32f 56% ’
N
33f O p O Br
1 32p 62%
q O
6  E32 N 61%
g / ° 33p
339 H
N
-0
N 12 32q 58%
7 E-32h 54% Q
33h 5
33q

2 |solated yield.
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2.3. Further oxidation in aminocyclization

Along with the advantage of being able to prepare various indoles,
aminocyclization also delivered interesting indole structures through further
oxidation reactions (Table 7). A remarkable result was confirmed in
aminocyclization of 32d, which provides unexpected benzocarbazole (33d)
via additional PIFA oxidation of dihydrobenzocarbazole. Furthermore, when
the oxygenated 32j and 32k are exposed to the reaction, it miraculously brings
a new product with aldehyde via the additional oxidation of alcohol (Scheme
19). However, when the pivalated substrate bearing an EWG beside on the
oxygen lone pair (321) is applied to the reaction, aldehyde product was not
observed. We conclude the ester functional group is not appropriate for the
further oxidation reaction such as Dess-Martin oxidation to obtain aldehyde

product.
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Table 7. Further oxidation of intramolecular aminocyclization

H
NH; PIFA (1.2 equiv) N
Vs
Z>R'" THF, i, 1h ,
R? R
32 33
Entry Substrate Product Yield (%)?
NH, ¥
1 ‘/\' 38
32d 33d
2 " NP 22
Z OMe Y/,
OMe OMe
32j 33j
NH H
3 ? NP 24
_~_OH Y,
32k 33k
NH; N oPiv
. b
4 _~_OPiv @J 21
321 33l

2 |solated yield. ® Deprotection affects the yield of the product.
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2.4. Plausible mechanism of PIFA mediated aminocyclization

A plausible pathway of direct PIFA mediated intramolecular amination
is proposed in Scheme 18. The reaction initiated from the formation of
iminoiodinane through the reaction between nucleophilic aniline and
electrophilic iodine. This would spontaneously decompose to the nitrenes as
a carbene counterpart.’®®” The nitrene triggers cyclization with an adjacent
alkene, providing indole derivatives. However, when the oxygenated
functional group is introduced into the substituent R?, the aldehyde product
could be generated through an additional oxidation step with PIFA reagent

such as Dess-Martin oxidation, then aldehydes (33i and 33n) were observed.

(¢} _
ce O)J\CFg, |/
NH, ! -2CF3CO,H 1
©/\‘/\ ' Ph/I\O - " @@/\
Z R2 Z “R2
R O)\CF3 A R2 R
R3
32 PIFA Iminoiodinane Nitrene
R2 = CH,0OH H
2 N =N N
R = CH,OMe 2 N
)R < P
PIFA
R3
33 36
Ph
H H
N 05 -2CF4CO,H NP
/ ) OCOCF3 _ Y/
H\ -Phl
RE R®
OCOCF3
37 33iand 33n

Scheme 19. Plausible mechanism of PIFA-mediated aminocyclization
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Conclusion

A novel synthetic methodology of 2,3-disubsituted indole was suggested
in this study. Since these compounds show interesting biological activities, it
is widely used in medicinal chemistry. Although the preparation of indole
compounds has been studied by many chemists for a long time, the synthesis
of 2,3-disubstituted indole suffers from the migration of substituents and
structural instability. We suggested an efficient synthetic method of 2,3-
disubstituted indole with PIFA mediated aminocyclization via nitrene
intermediate. o-Alkenylaniline as a precursor of the aminocyclization were
prepared from Suzuki and Stille coupling reactions. The precursors exist as a
mixture of trans and cis-isomers, whereas the selective trans-isomer can be
exclusively obtained when the reaction time was shortened. It was also
possible to separate the two stereoisomers for the analysis of respective
structures by detection of 2D NMR. Furthermore, we reported here synthetic
method of alkenyl boronate (BPin) and stannane (SnBus) reagents from
regioselective hydroboration and stannation. Since the aminocyclization
reaction proposed in this study proceeds through a nitrene intermediate, free
N-H indole can be efficiently synthesized without protecting group.
Furthermore, it enables the regioselective synthesis of indoles having various
substituents, which have not been reported in many existing papers. This
methodology will be utilized in a concise synthetic method of valuable 2,3-

disubstituted indoles in the field of fine chemicals and natural products.
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Experimental Details

1. General information

All materials were obtained from Sigma-Aldrich, Alfa Aesar, TCI,
Merck and were used without further purification. Air- and moisture-sensitive
manipulations were carried out under a nitrogen atmosphere using oven-dried
glassware and standard syringe/septa techniques. Thin-layer chromatography
(TLC) analysis was run on SiO> TLC plate under UV light (254 nm) followed
by visualization with PMA and ninhydrin staining solution, and I . Column
chromatography was performed on glass plates coated with silica gel 60 (70-
230 mesh). Compounds were characterized by 'H and *C NMR spectra
recorded on a Bruker 400 AVANCE spectrometer (400 and 100 MHz,
respectively). All 'H and '*C NMR chemical shifts are reported in ppm
relative to TMS as an internal standard using 'H (chloroform-d: 7.26 ppm)
and *C (chloroform-d: 77.23 ppm) chemical shifts. "H NMR were presented
as following: chemical shifts (d, ppm), multiplicity (s = singlet, d = doublet, t
= triplet, q = quartet, p = pentet, sep = septet, br = broad, dd = doublet of
doublets, td = triplet of doublets, tt = triplet of triplets, m = multiplet),

coupling constants (Hz), and integration.
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2. General synthetic method

2.1. General procedure for first hydroboration

HZrCp2ClI (0.16 g, 0.61 mmol), disubstituted 3-hexyne 29e (1.00 g, 12.10
mmol) were placed in pressure tube and dichloroethane (5 mL) was charged
to the vessel. The HBPin (2.32 g, 18.15 mmol) was added dropwise and the
mixture was stirred at 100 °C for 24 h. The reaction was quenched with water
(5§ mL) and washed with dichloromethane (5 mL x 3). The combined organic
layers were dried over anhydrous MgSOQa, filtered and concentrated under

reduced pressure.

2.1.1. (£)-2-(hex-3-en-3-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (30e)
Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (16:1) with PMA staining to give the
corresponding product 30e. (0.81 g, 3.86 mmol, 32%) as a yellow oil; 'H
NMR (400 MHz, CDCI3): 6 6.30 — 6.26 (m, 1 H), 2.20 — 2.13 (m, 4 H), 1.28
(s, 12 H), 1.04 — 0.94 (m, 6 H). MS (EI) m/z (relative intensity): 210 (M, 24),
195 (38), 181 (44), 167 (11), 153 (100), 139 (17), 124 (17), 111 (79), 101 (89),

93 (3), 84 (90), 69 (45), 55 (57).
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2.1.2. (£)-4,4,5,5-tetramethyl-2-(4-methylpent-2-en-2-yl)-1,3,2-dioxabor-
olane (30g)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (4:1) with PMA staining to give the
corresponding product 30g (3.93 g, 18.71 mmol, 81%) as a colorless oil; 'H
NMR (400 MHz, CDCl3): 6 6.14 — 6.11 (m, 1 H), 2.73 — 2.64 (m, 1 H), 1.69
(s,3H), 1.26 (s, 12 H), 0.98 — 0.95 (m, 6 H). MS (EI) m/z (relative intensity):
210 (M, 44), 195 (28), 181 (1), 167 (20), 153 (73), 139 (7), 125 (18), 112 (4),

101 (85), 84 (100), 69 (56), 55 (28).

2.1.3. (Z£)-2-(1,2-diphenylvinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(30i)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with PMA staining to give the
corresponding product 30i (0.60 g, 1.96 mmol, 65%) as a yellow solid, mp :
96 °C; 'H NMR (400 MHz, CDCl3): 6 7.38 (s, 1 H), 7.31 — 7.27 (m, 3 H),
7.20 - 7.18 (m, 2 H), 7.15 - 7.12 (m, 3 H), 7.08 — 7.06 (m, 2 H), 1.33 (s, 12
H). MS (EI) m/z (relative intensity): 306 (M, 100), 290 (11), 273 (2), 249 (8),
233 (8), 206 (23), 190 (100), 165 (15), 147 (3), 129 (0.9), 103 (29), 77 (8), 55

3).
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2.2. General procedure for second hydroboration

CuBr (0.22 g, 1.46 mmol), NaO7Bu (0.21 g, 2.19 mmol), PCy3 (0.48 g, 1.75
mmol), and B,Pin> (4.08 g, 16.06 mmol) were placed in round bottom flask,
then toluene (2 mL) and methanol (3 mL) were charged to the vessel. 2-
Pentyne 29f (1.00 g, 14.60 mmol) in toluene (2 mL) was added dropwise and
the mixture was stirred at 0 °C for 1 h. The reaction was quenched with water
(5§ mL) and washed with diethyl ether (5 mL x 3). The combined organic
layers were dried over anhydrous MgSOQa, filtered and concentrated under

reduced pressure.

2.2.1. (2)-4,4,5,5-tetramethyl-2-(pent-2-en-2-yl)-1,3,2-dioxaborolane (30f)
Following the procedure as above, residue was purified by silica gel column
chromatography with hexane followed by using Hexane/EA (4:1) with PMA
staining to give the corresponding product 30f (0.90 g, 4.59 mmol, 34% —
4.5:1 of regioisomer) as a colorless oil; "H NMR (400 MHz, CDCls): § 6.38
(q, J = 6.9 Hz, 0.22 H, minor isomer), 6.33 — 6.29 (m, 1 H, major isomer),
2.17 —2.10 (m, 2.44 H, major and minor isomers), 1.72 (d, J = 6.9 Hz, 0.66,
minor isomers), 1.67 (s, 3 H, major isomer), 1.26 (s, 12 H, major isomer),
1.26 (s, 2.64 H, minor isomer), 1.02 — 1.00 (m, 3 H, major isomer), 0.98 —
0.92 (m, 0.66 H, minor isomer). MS (EI) m/z (relative intensity for major
isomer): 196 (M, 32), 181 (67), 167 (29), 153 (6), 139 (78), 125 (26), 110

(50), 97 (100), 83 (45), 69 (38), 55 (62). MS (EI) m/z (relative intensity for
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minor isomer): 196 (M, 25), 181 (42), 167 (73), 152 (4), 139 (56), 125 (26),

110 (46), 97 (100), 83 (32), 69 (44), 55 (31).

2.2.1. (2)-4,4,5,5-tetramethyl-2-(1-phenylprop-1-en-2-yl)-1,3,2-dioxabor-
olane (30h)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with PMA staining to give the
corresponding product 30h (2.35 g, 9.63 mmol, quant.) as a pale yellow oil;
'H NMR (400 MHz, CDCls): § 7.39 — 7.32 (m, 4 H), 7.25 — 7.23 (m, 2 H),
1.99 (s, 3 H), 1.31 (s, 12 H). MS (EI) m/z (relative intensity): 244 (M, 100),
229 (28), 187 (15), 171 (10), 158 (18), 143 (82), 128 (75), 116 (37), 103 (23),

91 (14), 77 (8).

2.2.2. (Z2)-2-(1,4-dimethoxybut-2-en-2-yl)-4,4,5,5-tetramethyl-1,3,2-diox-
aborolane (30j)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (4:1) with PMA staining to give the
corresponding product 30j (0.57 g, 2.36 mmol, 44%) as a yellow oil; 'H NMR
(400 MHz, CDCl3): 0 6.61 (t,J=5.6 Hz, 1 H), 4.16 (d, /= 5.6 Hz, 2 H), 4.04
(s, 2 H), 3.36 (s, 3 H), 3.30 (s, 3 H), 1.26 (s, 12 H). MS (EI) m/z (relative
intensity): 210 (M-32, 100), 182 (1), 153 (12), 137 (25), 110 (36), 84 (37), 59

(20).
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223. (£)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-2-en-1-ol
(30k)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (2:1) with PMA staining to give the
corresponding product 30k (2.44 g, 12.32 mmol, 92%) as a colorless oil; 'H
NMR (400 MHz, CDCl3): 0 6.42 (t,J=4.9 Hz, 1 H), 4.3 (d,J=4.9 Hz, 2 H),
1.71 (s, 3 H), 1.68 (d, J= 4.4 Hz, 1H), 1.27 (s, 12 H). MS (EI) m/z (relative
intensity): 197 (M, 1), 183 (22), 141 (12), 123 (10), 115 (18), 101 (100), 94

(6), 84 (67), 69 (31), 55 (31).

224. (2£)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-2-en-1-yl
pivalate (301)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (4:1) with PMA staining to give the
corresponding product 301 (0.694 g, 2.46 mmol, 81%) as a colorless oil; 'H
NMR (400 MHz, CDCI3): 6 6.35 - 6.32 (m, 1 H), 4.73 —4.71 (m, 2 H), 1.74
(s, 3 H), 1.27 (s, 18 H), 1.21 (s, 9 H). MS (EI) m/z (relative intensity): 282
(M, 1), 267 (4), 225 (2), 197 (44), 181 (19), 165 (11), 138 (9), 123 (11), 97

(59), 83 (28), 69 (6), 57 (100).
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2.3. General procedure for hydrostannation

Pd(PPh3)ClL; (0.12 g, 0.17 mmol), 1-Phenyl-1-propyne 29m (1.00 g, 8.60
mmol) were placed in a flame-dried round bottom flask and tetrahydrofuran
(5 mL) was charged to the vessel. The tributyltin hydride — HSnBu3 (3.00 g,
10.32 mmol) was added dropwise and the mixture was stirred at rt for 2 h.
The reaction was quenched with water (5 mL) and washed with diethyl ether
(5§ mL x 3). The combined organic layers were dried over anhydrous MgSOs,
filtered and concentrated under reduced pressure. The residue was purified by

silica gel column chromatography to give the corresponding products 30m.

2.3.1. (E)-tributyl(1-phenylprop-1-en-1-yl)stannane (30m)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane with I staining to give the corresponding
product 30m (1.20 g, 2.95 mmol, 39%) as a colorless oil; "H NMR (400 MHz,
CDCl3): 6 7.31 —7.27 (m, 2 H), 7.13 (t, J=7.4 Hz, 1 H), 6.95 (d, J= 7.4 Hz,
2 H),590(q,J=6.4Hz, 1 H), 1.68 (d, /= 6.4 Hz, 3 H), 1.49 — 1.41 (m, 6
H), 1.33 — 1.24 (m, 6 H), 0.89 — 0.86 (m, 15 H). MS (EI) m/z (relative
intensity): 351 (M-57, 100), 295 (66), 237 (93), 215 (1), 197 (21), 177 (28),

159 (1), 135 (8), 117 (43), 91 (15), 65 (2).
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2.3.2. (E)-2-(tributylstannyl)but-2-en-1-ol (30n)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with I, staining to give the
corresponding product 30n (2.00 g, 5.54 mmol, 42%) as a black oil; '"H NMR
(400 MHz, CDCl3): 0 5.76 — 5.57 (m, 1 H), 4.44 —4.33 (m, 2 H), 1.69 (d, J =
6.6 Hz, 3 H), 1.55 - 1.43 (m, 8 H), 1.36 — 1.26 (m, 8 H), 0.98 — 0.87 (m, 20

H).

2.3.3. (E)-(1-(4-bromophenyl)-2-phenylvinyl)tributylstannane (300)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane with I staining to give the corresponding
product 300 (1.00 g, 1.82 mmol, 39%) as a colorless oil; '"H NMR (400 MHz,
CDCl3): 6 7.39 — 7.37 (m, 2 H), 7.15 = 7.09 (m, 3 H), 7.00 — 6.98 (m, 2 H),
6.86 - 6.84 (m, 2 H), 6.66 (s, 1 H), 1.51 — 1.41 (m, 6 H), 1.34 — 1.20 (m, 6 H),
1.12—-0.82 (m, 18 H). MS (EI) m/z, (relative intensity): 491 (M-57, 100), 435
(31),377 (39), 297 (7), 259 (11), 235 (12), 201 (28), 178 (98), 152 (12), 121

(20).
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2.3.4. (E)-(2-(4-bromophenyl)-1-phenylvinyl)tributylstannane (30p)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane with I staining to give the corresponding
product 30p (0.37 g, 0.67 mmol, 13%) as a colorless oil; 'H NMR (400 MHz,
CDClL3): 0 7.27 = 7.10 (m, 5 H), 6.95 — 6.93 (m, 2 H), 6.86 — 6.83 (m, 2 H),
6.57 (s, 1 H), 1.51 — 1.43 (m, 6 H), 1.33 — 1.24 (m. 6 H), 1.12 — 0.85 (m, 18
H). MS (EI) m/z (relative intensity): 491 (M-57, 97), 435 (38), 377 (47), 297

(7), 275 (12), 235 (12), 201 (29), 178 (100), 152 (11), 121 (24).

2.3.5. (E)-1-(4-(2-phenyl-1-(tributylstannyl)vinyl)phenyl) ethan-1-one
(30q)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (16:1) with I staining to give the
corresponding product 30q (1.15 g, 2.25 mmol, 49%) as a colorless oil; 'H
NMR (400 MHz, CDCl3): 6 7.93 (d, J=8.4 Hz, 1 H), 7.15 - 7.11 (m, 5 H),
7.03 (d, J=8.4 Hz, 1 H), 6.76 (s, 1 H), 2.59 (s, 3 H), 1.58 — 1.51 (m, 6 H),
1.40 — 1.31 (m, 6 H), 1.10 — 1.00 (m, 6 H), 0.95 — 0.91 (m, 12 H). MS (EI)
m/z (relative intensity): 455 (M-57, 77), 429 (8), 399 (14), 341 (39), 281 (21),

253 (22), 207 (100), 179 (29), 135 (19), 73 (19).
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2.4. General procedure for Suzuki coupling reaction

A suspension of Pd(PPh3),Cl (0.28 g, 0.40 mmol), KoCO3 (2.21 g, 16.00
mmol), and o-iodoaniline 31 (0.88 g, 4.00 mmol) in a 2:1 DMF/H,0 were
stirred at room temperature followed by the addition of 1-cyclohexen-1-yl-
boronic acid pinacol ester 30a (1.00 g, 4.80 mmol) in DMF (10 mL) solution.
The reaction mixture was placed at 80 °C, then stirred for 30 minutes to reduce
regio-conversion. The reaction was quenched with water (10 mL) and washed
with diethyl ether (10 mL x 3). The combined organic layers were dried over
anhydrous MgSOs, filtered and concentrated under reduced pressure. The
residue was purified by silica gel column chromatography to give the

corresponding products 32a.

2.4.1.2'3"'4',5'-tetrahydro-[1,1'-biphenyl]-2-amine (32a)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with Ninhydrin staining to give
the corresponding product 32a (0.597 g, 3.45 mmol, 86%) as a brown oil; 'H
NMR (400 MHz, CDCl3): 6 7.06 — 7.01 (m, 1 H), 6.99 — 6.97 (m, 1 H), 6.74
—6.68 (m, 2 H), 5.75 (sep, 1 H), 3.76 (br, 2H), 2.26 — 2.22 (m, 2 H), 2.20 —
2.12 (m, 2 H), 1.78 — 1.74 (m, 2H), 1.72 — 1.66 (m, 2 H). '*C NMR (100 MHz,
CDCl): 6 143.2, 136.5, 130.5, 128.7, 127.5, 126.8, 118.3, 115.4, 29.4, 25.5,
23.2,22.2. MS (EI) m/z (relative intensity): 173 (M, 100), 144 (100), 119 (26),

93 (7), 77 (12), 51 (4).
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2.4.2. 2-(cyclopent-1-en-1-yl)aniline (32b)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with Ninhydrin staining to give
the corresponding product 32b (0.563 g, 3.54 mmol, 82%) as a brown oil; 'H
NMR (400 MHz, CDCl3): 6 7.12 — 7.10 (m, 1 H), 7.06 — 7.01 (m, 1 H), 6.76
—6.70 (m, 2 H), 6.00 — 5.99 (m, 1 H), 3.93 (br, 2 H) 2.72 — 2.68 (m, 2 H),
2.58 —2.54 (m, 2 H), 1.97 (p, 2 H). C NMR (100 MHz, CDCls): 6 144.0,
141.3,128.3,128.2, 127.6, 123.7, 118.2, 115.8, 36.4, 33.9, 23.2. MS (EI) m/z
(relative intensity): 159 (M, 100), 144 (49), 130 (67), 117 (18), 103 (9), 90

(6), 77 (12), 63 (5), 50 (2).

2.4.3. 2-(cyclohept-1-en-1-yl)aniline (32¢)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with Ninhydrin staining to give
the corresponding product 32¢ (0.159 g, 0.85 mmol, 83%) as a brown oil; 'H
NMR (400 MHz, CDCI3): 6 7.03 — 6.96 (m, 2 H), 6.71 — 6.68 (m, 1 H), 6.64
(d,/J=6.5Hz, 1H), 592 (t,J=6.5 Hz, 1 H), 3.67 (br, 2 H), 2.46 — 2.44 (m,
2 H), 2.28 — 2.24 (m, 2 H), 1.84 — 1.80 (m, 2 H), 1.66 — 1.55 (m, 4 H). °C
NMR (100 MHz, CDCl3): 0 143.5, 142.9, 132.6, 132.3, 128.8, 127.5, 118.4,
115.4,34.2, 32.8, 29.0, 27.6, 27.3. MS (EI) m/z (relative intensity): 187 (M,

92), 158 (19), 130 (100), 106 (24), 77 (9), 51 (3).
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2.4.4. 2-(3,4-dihydronaphthalen-1-yl)aniline (32d)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with Ninhydrin staining to give
the corresponding product 32d (0.174 g, 0.79 mmol, 81%) as a brown oil; 'H
NMR (400 MHz, CDCl3): 6 7.23 — 7.16 (m, 3 H), 7.13 — 7.10 (m, 2 H), 6.86
—6.81 (m, 2 H), 6.76 (d, J= 8.0 Hz, 1 H), 3.59 (br, 2 H), 2.95 — 2.92 (m, 2
H), 2.50 —2.46 (m, 2 H). *C NMR (100 MHz, CDCl3): 6 144.3,137.1, 136.2,
134.0, 131.0, 129.6, 128.6, 127.8, 127.4, 126.8, 126.4, 124.9, 118.6, 115.4,
28.2, 23.6. HRMS (EI) m/z: caled for CisHisN™ ([M]") 221.1198; Found

221.1198.

2.4.5. E-2-(hex-3-en-3-yl)aniline (E-32e¢)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with Ninhydrin staining to give
the corresponding product E-32e (0.112 g, 0.64 mmol, 36%) detected on a
higher spot in the TLC as a brown oil; "H NMR (400 MHz, CDCls): J 7.07 —
7.02 (m, 1 H), 6.96 — 6.94 (m, 1 H), 6.74 — 6.68 (m, 2 H), 5.42 — 5.38 (m, 1
H), 3.71 (br, 2 H), 2.41 — 2.35 (m, 2 H), 2.24 — 2.16 (m, 2 H), 1.05 (t, J= 7.5
Hz, 3 H), 0.93 (t, J = 7.5 Hz, 3 H). *C NMR (100 MHz, CDCls): § 143.7,
139.4,131.9, 130.3, 129.6, 127.5, 118.1, 115.3,24.4, 21.4, 14.7, 13.4. HRMS

(EI) m/z: calcd for C1oHi7N™ (IM]") 175.1361; Found 175.1361.
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2.4.5. (£)-2-(hex-3-en-3-yl)aniline (Z-32¢)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with Ninhydrin staining to give
the corresponding product Z-32e (0.110 g, 0.63 mmol, 36%) detected on a
lower spot in the TLC as a brown oil; 'H NMR (400 MHz, CDCls): § 7.08 —
7.03 (m, 1 H), 6.90 — 6.87 (m, 1 H), 6.74 — 6.68 (m, 2 H), 5.55 - 5.52 (m, 1
H), 3.63 (br, 2 H), 2.29 — 2.23 (m, 2 H), 1.84 — 1.80 (m, 2 H), 0.99 (t, J=7.5
Hz, 3 H), 0.90 (t, J = 7.5 Hz, 3 H). *C NMR (100 MHz, CDCls): § 143.4,
139.1, 129.8, 129.4, 127.7,127.3, 118.2, 115.0, 31.4, 22.5, 14.5, 13.0. HRMS

(ET) m/z: caled for CioHi7N* ([M]") 175.1362; Found 175.1362.

2.4.6. (E)-2-(pent-2-en-2-yl)aniline (E-32f)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with Ninhydrin staining to give
the corresponding product E-32f (0.160 g, 0.99 mmol, 44%) detected on a
higher spot in the TLC as a brown oil; "TH NMR (400 MHz, CDCls): J 7.06 —
7.02 (m, 1 H), 6.99—-6.97 (m, 1 H), 6.74 — 6.68 (m, 2 H), 5.50 — 5.45 (m, 1H),
3.73 (br, 2 H), 2.19 (p, J=7.5 Hz, 2 H), 1.94 (s, 3 H), 1.05 (t, /= 7.5 Hz, 3
H). C NMR (100 MHz, CDCls): § 143.1, 133.0, 132.5, 131.7, 128.9, 127.6,
118.4, 115.5, 21.8, 17.3, 14.3. HRMS (EI) m/z: caled for C11HisN™ ([M]")

161.1202; Found 161.1202.
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2.4.7. (£)-2-(pent-2-en-2-yl)aniline (Z-32f)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with Ninhydrin staining to give
the corresponding product Z-32f (0.176 g, 1.09 mmol, 48%) detected on a
lower spot in the TLC as a brown oil; 'H NMR (400 MHz, CDCls): § 7.08 —
7.04 (m, 1 H), 6.93 — 6.91 (m, 1 H), 6.76 — 6.69 (m, 2 H), 5.58 — 5.54 (m, 1
H), 3.66 (br, 2 H), 1.95 (s, 3 H), 1.81 (p, J=7.5 Hz, 2 H), 0.90 (t,J = 7.5 Hz,
3 H). BC NMR (100 MHz, CDCl3): 6 142.9, 133.1, 131.4, 128.9, 128.0, 127.8,
118.4, 115.1, 24.6, 22.7, 14.4. HRMS (EI) m/z: caled for C1iHisN™ ([M]")

161.1201; Found 161.1201.

2.4.8. (E)-2-(4-methylpent-2-en-2-yl)aniline (E-32g)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with Ninhydrin staining to give
the corresponding product E-32g (0.336 g, 1.92 mmol, 84%) as a brown oil;
"H NMR (400 MHz, CDCl3): 6 7.07 (td, J = 7.6, 1.5 Hz, 1 H), 7.01 (dd, J =
7.6, 1.5 Hz, 1 H), 6.78 — 6.71 (m, 2 H), 5.34 (dd, /= 9.2, 1.2 Hz, 1 H), 3.76
(br, 2 H), 2.76 — 2.68 (m, 1 H), 1.98 (d, /= 1.2 Hz, 3 H), 1.08 (s, 3 H), 1.06
(s, 3 H). 3C NMR (100 MHz, CDCl3): 6 142.9, 138.2, 131.5, 131.1, 128.8,
127.4, 118.3, 115.4, 27.6, 22.9, 17.2. HRMS (EI) m/z: caled for Ci1oH7N*

([M]%) 175.1361; Found 175.1361.
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2.4.9. (E)-2-(1-phenylprop-1-en-2-yl)aniline (E-32h)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with Ninhydrin staining to give
the corresponding product E-32h (0.435 g, 2.08 mmol, 92%) as a pale yellow
solid, mp: 45 °C; '"H NMR (400 MHz, CDCls): 6 7.39 — 7.38 (m, 4 H), 7.28 —
7.23 (m, 1 H), 7.11 = 7.08 (m, 2 H), 6.80 - 6.72 (m, 2 H), 6.56 (d, /= 1.4 Hz,
1 H), 3.81 (br, 2 H), 2.23 (d, J = 1.4 Hz, 3 H). *C NMR (100 MHz, CDCl5):
0 143.1, 137.9, 136.8, 131.7, 130.1, 129.1, 128.9, 128.4, 128.1, 126.8, 118.6,
115.8, 19.4. MS (EI) m/z (relative intensity): 209 (M, 100), 194 (35), 165 (15),

152 (6), 132 (11), 118 (62), 91 (20), 77 (7).

2.4.10. 2-(1,2-diphenylvinyl)aniline (32i)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with Ninhydrin staining to give
the corresponding product 32i (0.220 g, 0.81 mmol, 78% — 2.8:1 of
regioisomer) as a brown oil. '"H NMR (400 MHz, CDCls3): 6 7.38 — 7.36 (m,
major and minor isomer), 7.28 — 6.96 (m, major and minor isomer), 6.98 —
6.96 (m, major and minor isomer), 6.75 — 6.70 (m, major and minor isomer),
6.66 — 6.64 (m, 1H, major isomer), 6.57 — 6.55 (m, 0.36 H, minor isomer),
3.50 (br, 2 H, major and minor isomer). °C NMR (100 MHz, CDCl;) of
mixture of two isomers: 0 144.4, 144.2, 141.9, 140.9, 139.8, 139.0, 137.3,

137.1, 131.2, 131.1, 130.7, 130.0, 129.8, 129.6, 129.5, 129.1, 129.0, 128.8,
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128.7, 128.6, 128.3, 128.1, 127.9, 127.7, 127.4, 127.0, 126.8, 125.5, 119.0,
118.4, 116.1, 115.9. HRMS (EI) m/z: calcd for CaoHi7N" ([M]") 271.1354;

Found 271.1354.

2.4.11. (E)-2-(1,4-dimethoxybut-2-en-2-yl)aniline (32j)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (1:1) with Ninhydrin staining to give
the corresponding product 32j (0.472 g, 2.28 mmol, 99%) as a yellow oil. 'H
NMR (400 MHz, CDCl3): 6 7.08 (td, J= 7.6, 1.5 Hz, 1 H), 7.03 (dd, J = 7.6,
1.5Hz, 1 H), 6.72 — 6.66 (m, 2 H), 5.92 (t, J= 6.4 Hz, 1 H), 4.19 (d,J= 6.4
Hz, 2 H), 4.14 (s, 2 H), 4.04 (br, 2 H), 3.41 (s, 3 H), 3.37 (s, 3 H). *C NMR
(100 MHz, CDCl3): 0 144.3, 138.7, 132.6, 129.7, 128.6, 128.1, 118.1, 115.6,
70.9, 68.9, 58.7, 58.5. HRMS (EI) m/z: caled for Ci2H17NO>" (IM]")

207.1260; Found 207.1260.

2.4.12. (E)-3-(2-aminophenyl)but-2-en-1-o0l (32k)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (1:1) with Ninhydrin staining to give
the corresponding product 32k (0.171 g, 1.05 mmol, 65%) as a brown oil. 'H
NMR (400 MHz, CDCl3): 6 7.09 (td, J= 7.7, 1.6 Hz, 1 H), 6.93 (dd, J=17.5,
1.6 Hz, 1 H), 6.79 (dd, J=7.5, 1.1 Hz, 1 H), 6.73 (d,J=7.7 Hz, 1 H), 5.91 —

5.87 (m, 1 H), 3.84 (d, J = 7.4 Hz, 2 H), 2.03 (s, 3 H). '*C NMR (100 MHz,
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CDClz): 0 142.4, 137.5, 128.7, 128.3, 128.2, 127.5, 119.1, 115.9, 75.1, 60.5,
24.9, 24.9. HRMS (EI) m/z: calcd for CioHi3NO™ ([M]") 163.0998; Found

163.0998.

2.4.13. (E)-3-(2-aminophenyl)but-2-en-1-yl pivalate (321)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (4:1) with Ninhydrin staining to give
the corresponding product 321 (0.107 g, 0.43 mmol, 49%) as a brown oil. 'H
NMR (500 MHz, CDCls): 6 7.06 (t, J=7.5 Hz, 1 H), 6.98 (d, /= 7.5 Hz, 1
H), 6.73 (t, J=7.5Hz, 1 H), 6.68 (d, J=6.5 Hz, 1l H), 5.62 (t, J=6.5 Hz, 1
H), 4.75 (d, J = 6.5 Hz, 2 H), 3.74 (br, 2 H), 2.03 (s, 3H), 1.21 (s, 9 H). 13C
NMR (125 MHz, CDCls): 0 178.7, 143.0, 139.2, 130.1, 128.6, 128.2, 124.6,
118.4, 115.7, 61.5, 39.0, 27.4, 18.0. HRMS (EI) m/z: calcd for C1sH21NO,"

(IM]") 247.1569; Found 247.1569.

2.5. General procedure for Stille coupling reaction

A suspension of Pd(PPhz)4 (0.15 g, 0.13 mmol), Cul (0.048 g, 0.25 mmol),
CsF (0.76 g, 5.00 mmol), and o-iodoaniline 5 (0.56 g, 2.50 mmol) in a DMF
were stirred at room temperature followed by the addition of (£)-tributyl(1-
phenylprop-1-en-1-yl)stannane 30m (1.22 g, 3.00 mmol) in DMF solution.
The reaction mixture was placed at 100 °C, then stirred for 12 h. The reaction

was quenched with water (10 mL) and washed with diethyl ether (10 mL x
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3). The combined organic layers were dried over anhydrous MgSO, filtered
and concentrated under reduced pressure. The residue was purified by silica

gel column chromatography to give the corresponding products 32m.

2.5.1. 2-(1-phenylprop-1-en-1-yl)aniline (32m)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with Ninhydrin staining to give
the corresponding product 32m (0.368 g, 1.76 mmol, 70% - E/Z=8:1 of
regioisomer) as a white solid, mp : 66 °C; 'H NMR (400 MHz, CDCls): 6 7.35
—7.26 (m, 6 H), 7.10 — 7.06 (m, 2H), 6.76 — 6.72 (m, 1 H), 6.63 — 6.61 (m, 1
H), 5.95 (q, J = 7.1 Hz, 1 H), 3.53 (br, 2 H), 1.91 (d, J = 7.1 Hz, 3 H). °C
NMR (100 MHz, CDCls): 0 144.1, 140.2, 139.5, 131.1, 130.2, 129.4, 128.4,
128.3,127.2, 126.3, 118.3, 115.8, 15.6. MS (EI) m/z (relative intensity): 209
(M, 100), 194 (40), 180 (69), 165 (19), 152 (9), 139 (3), 130 (12), 115 (16),

103 (4), 91 (8), 77 (7), 65 (3), 51 (3).

2.5.2. 2-(2-aminophenyl)but-2-en-1-0l (32n)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (1:1) with Ninhydrin staining to give
the corresponding product 32n (0.215 g, 1.32 mmol, 58% - E/Z=4:1 of
regioisomer) as a brown oil; 'TH NMR (400 MHz, CDCl3): § 7.12 - 7.06 (m, 1

H, major and minor isomer), 7.00 (dd, J= 7.5, 1.5 Hz, 1 H, major isomer),
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6.94 (dd, J=17.5, 1.5 Hz, 1 H, minor isomer), 6.79 — 6.71 (m, 1 H for major
and 2 H for minor isomer), 6.82 (dd, /= 7.8, 1.0 Hz, 1H, major isomer), 5.92
(q, J = 6.8 Hz, 1 H, minor isomer), 5.71 (q, J = 7.0 Hz, 1 H, major isomer),
4.43 (d, J= 0.4 Hz, 2 H, major isomer), 4.23 (s, 2 H, minor isomer), 1.85 (d,
J=17.0 Hz, 3 H, major isomer), 1.53 (d, J = 6.8 Hz, 3 H, minor isomer). '°C
NMR (100 MHz, CDCIl3) of mixture of two isomers: ¢ 144.0, 143.9, 138.6,
138.3, 129.8, 129.5, 129.2, 128.5, 128.3, 128.1, 124.8, 124.4, 118.7, 118.5,
115.9, 115.4, 67.3, 60.5, 14.2, 13.8. HRMS (EI) m/z: calcd for C1oHisNO™*

(IM]%) 163.0995; Found 163.0995.

2.5.3. (E)-2-(1-(4-bromophenyl)-2-phenylvinyl)aniline (320)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with Ninhydrin staining to give
the corresponding product 320 (0.153 g, 0.44 mmol, 48%) as a yellow oil; 'H
NMR (400 MHz, CDCl3): 0 7.42 (d, J= 8.5 Hz, 2 H), 7.25 (d, /= 8.5 Hz, 2
H), 7.22 - 7.08 (m, 7 H), 6.96 — 6.95 (m, 1 H), 6.78 — 6.71 (m, 2 H), 3.56 (br,
2 H). *C NMR (100 MHz, CDCl3): 6 144.0, 140.8, 137.8, 136.7, 131.6, 130.9,
129.7, 129.1, 129.0, 128.4, 128.3, 127.6, 124.8, 121.8, 119.1, 115.9. HRMS
(EI) m/z: caled for 50% of Ca0Hi6’BrN* ([M]") 349.0463; Found 349.0461.
HRMS (EI) m/z: caled for 50% of CaoHi¢®' BrN* ([M]") 351.0455; Found

351.0455.
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2.5.4. (E)-2-(2-(4-bromophenyl)-1-phenylvinyl)aniline (32p)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with Ninhydrin staining to give
the corresponding product 32p (0.122 g, 0.35 mmol, 38%) as a yellow oil; 'H
NMR (400 MHz, CDCl3): 6 7.44 —7.38 (m, 2 H), 7.41 — 7.25 (m, 4 H), 7.20
—7.08 (m, 2 H), 7.02 (s, 1 H), 6.96 — 6.94 (m, 2 H), 6.81 — 6.68 (m, 2 H), 3.56,
(br, 2H). *C NMR (100 MHz, CDCls): § 144.2, 141.6, 139.9, 136.1, 131.5,
131.0, 130.6, 129.3, 128.8, 128.2, 128.2, 126.9, 125.0, 121.3, 119.2, 116.0.
HRMS (EI) m/z: caled for 50% of CaoHis”BrN" ([M]") 349.0461; Found
349.0461. HRMS (EI) m/z: calcd for 50% of C2oHi6*'BrN* ([M]") 351.0452;

Found 351.0452.

2.5.5. (E)-2-(2-(4-bromophenyl)-1-phenylvinyl)aniline (32q)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (4:1) with Ninhydrin staining to give
the corresponding product 32q (0.169 g, 0.54 mmol, 80%) as a pale yellow
solid, mp : 126 °C; 'H NMR (400 MHz, CDCls): 6 7.91 (d, J= 8.6 Hz, 2 H),
7.49 (d,J=8.6 Hz, 2 H), 7.22 — 7.13 (m, 7 H), 6.99 — 6.97 (m, 1 H), 6.82 —
6.75 (m, 2 H), 3.58 (br, 2 H), 2.59 (s, 3 H). '*C NMR (100 MHz, CDCl;3): 6
197.8, 146.7, 144.2, 138.0, 136.6, 136.3, 131.6, 131.0, 129.7, 129.4, 128.8,
128.5, 128.1, 127.0, 124.8, 119.3, 116.1, 26.8. HRMS (EI) m/z: caled for

C2H1sNO* ([M]") 313.1470; Found 314.1470.
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2.6. General procedure for PIFA mediated aminocyclization

The PIFA (0.15 g, 0.35 mmol) was placed to the reaction vessel, then
tetrahydrofuran (1 mL) was charged. o-alkenyl aniline 32a (0.050 g, 0.29
mmol) in tetrahydrofuran (1 mL) was added dropwise to the vessel with
stirring. After 1 h, the reaction mixture was concentrated under reduced
pressure. The residue was purified by silica gel column chromatography to

give the corresponding products 33a.

2.6.1. 2,3,4,9-tetrahydro-1H-carbazole (33a)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with PMA staining to give the
corresponding product 33a (0.030 g, 0.18 mmol, 60%) as a yellow solid, mp:
106 °C; "H NMR (400 MHz, CDCls3): § 7.66 (br, 1 H), 7.46 — 7.45 (m, 1 H),
7.28 —7.25 (m, 1 H), 7.13 — 7.04 (m, 2 H), 2.74 — 2.69 (m, 4 H), 1.92 — 1.86
(m, 4 H). '*C NMR (100 MHz, CDCls): § 135.8, 134.2, 128.0, 121.2, 119.3,
117.9, 110.5, 110.4, 23.5, 23.5, 23.4, 21.1. MS (EI) m/z (relative intensity):

171 (M, 54), 154 (5), 143 (100), 115 (9), 77 (1).
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2.6.2. 1,2,3,4-tetrahydrocyclopentalb]indole (33b)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with PMA staining to give the
corresponding product 33b (0.028 g, 0.18 mmol, 57%) as a brown solid, mp :
106 °C; "H NMR (400 MHz, CDCls): § 7.80 (br, 1 H), 7.44 — 7.41 (m, 1 H),
7.30—-7.25 (m, 1 H), 7.11 — 7.04 (m, 2 H), 2.88 — 2.81 (m, 4 H), 2.57 — 2.50
(m, 2 H). '*C NMR (100 MHz, CDCls): § 143.9, 141.2, 124.9, 120.7, 120.0,
119.7,118.7, 111.5, 28.9, 26.0, 24.6. MS (EI) m/z (relative intensity): 156 (M,

100), 130 (25), 115 (4), 102 (4), 77 (8), 65 (4).

2.6.3. 5,6,7,8,9,10-hexahydrocyclohepta[b]indole (33c)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with PMA staining to give the
corresponding product 33¢ (0.041 g, 0.22 mmol, 83%) as a white solid, mp :
143 °C; "H NMR (400 MHz, CDCl3): § 7.69 (br, 1 H), 7.51 — 7.46 (m, 1 H),
7.28 —7.24 (m, 1 H), 7.01 — 7.06 (m, 2 H), 2.85 — 2.80 (m, 4 H), 1.92 — 1.87
(m, 2 H), 1.81 — 1.74 (m, 4 H). '*C NMR (100 MHz, CDCl5): 6 137.6, 134.4,
132.2,129.5,120.8, 119.2, 117.8, 110.3, 32.0, 29.8, 28.9, 27.7, 24.9. MS (EI)
m/z (relative intensity): 185 (M, 100), 156 (82), 143 (34), 130 (27), 115 (9),

102 (4), 77 (6).
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2.6.4. 2,3-diethyl-1H-indole (33e)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with PMA staining to give the
corresponding product 33e (0.035 g, 0.20 mmol, 70% from E-32e and 0.019
g, 0.11 mmol, 38% from Z-32e as a yellow oil; 'H NMR (400 MHz, CDCl5):
07.71 (br, 1 H), 7.54 —7.52 (m, 1 H), 7.36 — 7.25 (m, 1 H), 7.13 — 7.05 (m, 2
H), 2.79 — 2.69 (m, 4 H), 1.28 (t, /= 7.6 Hz, 3 H), 1.23 (t, /= 7.6 Hz, 3 H).
3C NMR (100 MHz, CDCls): 6 136.2, 135.4, 128.6, 121.0, 119.1, 118.4,
113.3, 110.5,19.5, 17.5, 16.0, 14.7. MS (EI) m/z (relative intensity): 173 (M,

40), 158 (100), 143 (24), 130 (15), 117 (4), 77 (5), 65 (4), 51 (5).

2.6.5. 2-ethyl-3-methyl-1H-indole (33f)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with PMA staining to give the
corresponding product 33f (0.040 g, 0.25 mmol, 80% from E-32f and 0.028
g, 0.18 mmol, 56% from Z-32f as a pale orange solid, mp : 57 °C; 'H NMR
(400 MHz, CDCl3): 6 7.71 (br, 1 H), 7.49 — 7.47 (m, 1 H), 7.28 — 7.26 (m, 1
H), 7.13 = 7.06 (m, 2 H), 2.76 (q, J=7.6 Hz, 2 H), 2.24 (s, 3 H), 1.27 (t, J =
7.6 Hz, 3 H). 3C NMR (100 MHz, CDCls): J 136.6, 135.3, 129.6, 121.1,
119.2, 118.2, 110.3, 106.4, 19.6, 14.2, 8.5. MS (EI) m/z (relative intensity):
159 (M, 52), 144 (100), 130 (11), 115 (7), 102 (3), 89 (2), 77 (7), 65 (2), 51

Q).

120



2.6.5. 2-ethyl-3-methyl-1H-indole (33f)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with PMA staining to give the
corresponding product 33f (0.040 g, 0.25 mmol, 80% from E-32f and 0.028
g, 0.18 mmol, 56% from Z-32f as a pale orange solid, mp : 57 °C; 'H NMR
(400 MHz, CDCl3): 6 7.71 (br, 1 H), 7.49 — 7.47 (m, 1 H), 7.28 — 7.26 (m, 1
H), 7.13 = 7.06 (m, 2 H), 2.76 (q, /= 7.6 Hz, 2 H), 2.24 (s, 3 H), 1.27 (t, J =
7.6 Hz, 3 H). *C NMR (100 MHz, CDCls): J 136.6, 135.3, 129.6, 121.1,
119.2, 118.2, 110.3, 106.4, 19.6, 14.2, 8.5. MS (EI) m/z (relative intensity):
159 (M, 52), 144 (100), 130 (11), 115 (7), 102 (3), 89 (2), 77 (7), 65 (2), 51

).

2.6.6. 2-isopropyl-3-methyl-1H-indole (33g)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with PMA staining to give the
corresponding product 33g (0.030 g, 0.17 mmol, 61% from E-32g and 0.016
g, 0.09 mmol, 32% from E/Z-32f as a brown oil; '"H NMR (400 MHz, CDCl5):
07.74 (br, 1 H), 7.50 — 7.48 (m, 1 H), 7.29 — 7.27 (m, 1 H), 7.13 — 7.06 (m, 2
H), 3.26 (p,J=7.0 Hz, 1 H),2.25(s,3 H), 1.31 (d, J=7.0 Hz, 6 H). *C NMR
(100 MHz, CDCls): 0 140.3, 134.9, 129.5, 120.9, 119.0, 118.1, 110.3, 105.3,
25.7,22.4, 8.4. MS (EI) m/z (relative intensity): 173 (M, 40), 158 (100), 143

(24), 130 (13), 117 (5), 103 (2), 89 (1), 77 (5), 65 (2), 51 (1).
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2.6.7. 3-methyl-2-phenyl-1H-indole (33h)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with PMA staining to give the
corresponding product 33h (0.027 g, 0.13 mmol, 54% from E-32g and 0.018
g, 0.09 mmol, 36% from E/Z-32g as a pale yellow solid, mp : 90 °C; '"H NMR
(400 MHz, CDCl3): 6 7.97 (br, 1 H), 7.63 — 7.56 (m, 3 H), 7.51 — 7.45 (m, 2
H), 7.39 — 7.32 (m, 2 H), 7.24 — 7.12 (m, 2 H), 2.46 (s, 3 H). 3*C NMR (100
MHz, CDCl3): 0 136.0, 134.2, 133.5, 130.2, 129.0, 127.9, 127.5, 122.5, 119.7,
119.2, 110.9, 108.9, 9.9. MS (EI) m/z (relative intensity): 207 (M, 100), 178

(12), 152 (2), 130 (21), 102 (9), 77 (9), 51 (4).

2.6.8. 2,3-diphenyl-1H-indole (33i)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with PMA staining to give the
corresponding product 33i (0.031 g, 0.12 mmol, 62% from E/Z-32i as a
colorless oil; 'TH NMR (400 MHz, CDCls): 6 8.27 (br, 1 H), 7.73 - 7.71 (m, 1
H), 7.49 - 7.26 (m, 12 H), 7.19 — 7.17 (m, 1 H). ®C NMR (100 MHz, CDCl5):
0136.1,135.3,134.3,132.9, 131.4, 130.4, 128.9, 128.7, 128.4, 127.9, 126.4,
122.9, 120.6, 119.9, 115.3, 111.1 MS (EI) m/z (relative intensity): 269 (M,

100), 239 (5), 207 (1), 190 (1), 165 (7), 134 (8), 113 (1), 94 (1), 77 (1), 51 (1).

122 A =T}



2.6.9. 2-methyl-3-phenyl-1H-indole (33m)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with PMA staining to give the
corresponding product 33m (0.028 g, 0.14 mmol, 57% from E/Z-32m as a
colorless oil; "TH NMR (400 MHz, CDCls): 6 7.86 (br, 1 H), 7.68 — 7.66 (m, 1
H), 7.52 - 7.43 (m, 4 H), 7.31 — 7.28 (m, 2 H), 7.18 — 7.09 (m, 2 H), 2.47 (s,
3 H). C NMR (100 MHz, CDCls): 6 135.6, 135.4,131.6, 129.6, 128.7, 128.0,
126.0,121.7,120.2, 119.0, 114.7, 110.5, 12.7. MS (EI) m/z (relative intensity):

207 (M, 100), 178 (12), 152 (2), 130 (14), 102 (6), 77 (4), 51 (1).

2.6.10. 3-(4-bromophenyl)-2-phenyl-1H-indole (330)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with PMA staining to give the
corresponding product 330 (0.021 g, 0.06 mmol, 43%) as a colorless oil; 'H
NMR (400 MHz, CDCIy): ¢ 8.27 (br, 1 H), 7.65 — 7.63 (m, 1 H), 7.50 — 7.37
(m, 6 H), 7.35-7.30 (m, 4 H), 7.26 — 7.24 (m, 1 H), 7.19 - 7.15 (m, 1 H). *C
NMR (100 MHz, CDCls): ¢ 136.1, 134.6, 134.3, 132.6, 131.9, 129.1, 128.6,
128.4, 128.2, 123.1, 120.9, 120.3, 119.6, 113.9, 11.2. MS (EI) m/z (relative

intensity): 347 (M, 100), 267 (59), 239 (11), 165 (14), 134 (24).
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2.6.11. 2-(4-bromophenyl)-3-phenyl-1H-indole (33p)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with PMA staining to give the
corresponding product 33p (0.020 g, 0.06 mmol, 40%) as a colorless oil; 'H
NMR (400 MHz, CDCI3): 6 8.19 (br, 1 H), 7.67 — 7.65 (m, 1 H), 7.48 — 7.35
(m, 7 H), 7.32 — 7.24 (m, 4 H), 7.16 —7.14 (m, 1 H). *C NMR (100 MHz,
CDCl3): 0 136.2,134.9,133.0, 132.1, 131.9, 131.8, 130.3, 129.8, 128.9, 126.7,
123.3, 122.0, 120.8, 120.0, 115.9, 111.1. MS (EI) m/z (relative intensity): 347

(M, 100), 267 (65), 239 (11), 165 (15), 134 (21).

2.6.12. 1-(4-(2-phenyl-1H-indol-3-yl)phenyl)ethan-1-one (33q)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (4:1) with PMA staining to give the
corresponding product 33q (0.029 g, 0.09 mmol, 58%) as a pale yellow solid,
mp: 207 °C; '"H NMR (400 MHz, CDCl3): & 8.36 (br, 1 H) 7.96 (d, J= 8.5, 2
H),7.71 (d, /J=8.1 Hz, 1 H), 7.54 (d, /=8.5 Hz, 2 H), 7.46 (d, J=8.1 Hz, 1
H), 7.43 - 7.41 (m, 2 H), 7.38 — 7.33 (m, 3 H), 7.30 — 7.26 (m, 1 H), 7.19 —
7.17 (m, 1 H), 2.63 (s, 3 H). *C NMR (100 MHz, CDCls): § 198.1, 140.8,
136.2, 135.4, 135.0, 132.5, 131.0, 130.2, 129.1, 128.9, 128.6, 128.4, 123.2,
121.1,119.6, 114.1, 111.3, 26.8. MS (EI) m/z (relative intensity): 311 (M, 99),

267 (34), 239 (7), 207 (6), 165 (6), 134 (16), 107 (1), 73 (2), 51 (1).
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2.6.13. 7TH-benzo|c]carbazole (33d)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with PMA staining to give the
corresponding product 33d (0.058 g, 0.27 mmol, 38%) as a white solid, mp :
137 °C; '"H NMR (400 MHz, CDCl3): 6 8.78 (d, J=8.2 Hz, 1 H), 8.57 (d, J =
7.9 Hz, 1 H), 8.42 (br, 1 H), 8.00 (d, /=8 Hz, 1 H), 7.86 (d, /= 8.7 Hz, 1 H),
7.71 (td,J=7,1.2 Hz, 1 H), 7.63 (d,J=8.7 Hz, 1 H), 7.58 (d, /=8 Hz, 1 H),
7.47 (q,J= 8 Hz, 2 H), 7.39 (td, J= 7.5, 1.2 Hz, 1 H). *C NMR (100 MHz,
CDCls): 0 138.7,137.3,130.1, 129.5, 129.4, 127.6, 127.1, 124.5, 124.3, 123.5,
123.2, 122.2, 120.5, 112.7, 111.3. MS (EI) m/z (relative intensity): 217 (M,

100), 189 (6), 163 (3), 133 (1), 109 (7), 82 (1), 63 (1).

2.6.14. 3-(methoxymethyl)-1H-indole-2-carbaldehyde (33j)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (2:1) with PMA staining to give the
corresponding product 33j (0.010 g, 0.05 mmol, 22%) as a yellow oil; 'H
NMR (400 MHz, CDCl3): 0 10.16 (s, 1 H), 7.81 (br, 1 H), 7.80 (dd, J = 8.2,
0.9 Hz, 1 H), 7.44 — 7.38 (m, 2 H), 7.22 — 7.18 (m, 1 H), 4.98 (s, 2 H), 3.48
(s, 3 H). 3C NMR (100 MHz, CDCl3): 6 181.8, 137.3, 133.1, 127.7, 127.3,
123.8, 121.9, 121.4, 112.5, 64.9, 58.5. MS (EI) m/z (relative intensity): 189
(M, 100), 174 (73), 158 (50), 144 (18), 130 (51), 118 (23), 103 (23), 89 (14),

77 (23), 63 (8), 51 (8).
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2.6.15. 3-methyl-1H-indole-2-carbaldehyde (33k)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (4:1) with PMA staining to give the
corresponding product 33k (0.012 g, 0.075 mmol, 24%) as a colorless oil; 'H
NMR (400 MHz, CDCl3): 0 8.78 (s, 1 H), 7.71 (d, J=7.4 Hz, 1 H), 7.42 —
7.37 (m, 2 H), 7.18 — 7.14 (m, 1 H). 2.65 (s, 3 H). 3*C NMR (100 MHz,
CDCls): 6 180.6, 137.6, 132.4, 128.5, 127.8, 125.0, 121.6, 120.7, 112.3, 8.6.
MS (EI) m/z (relative intensity): 159 (M, 99), 130 (81), 103 (21), 89 (2), 77

(25), 65 (6), 51 (9).

2.6.16. (3-methyl-1H-indol-2-yl)methyl pivalate (331)

Following the procedure as above, residue was purified by silica gel column
chromatography by using Hexane/EA (8:1) with PMA staining to give the
corresponding product 331 (0.22 g, 0.898 mmol, 21%) as a pale yellow solid,
mp : 75 °C; "H NMR (400 MHz, CDCls): 6 8.42 (br, 1 H), 7.58 (d, /= 8.2 Hz,
1 H),7.35(d,J=8.4Hz 1 H),7.24 (t, J=7Hz, 1 H), 7.14 (t, J=7.6 Hz, 1
H), 5.26 (s, 2 H), 2.38 (s, 3 H), 1.22 (s, 9 H). 3C NMR (100 MHz, CDCl;): ¢
179.9,135.7,129.2,128.2,122.7,119.2, 119.1, 111.4, 110.9, 57.7, 38.9, 27.2,

8.5.

126



10.

11.

12.

13.

14.

15.

16.

17.

References

Tripp, K. E. Cephalotaxus: The Plum Yews. 1995

Abdelkafi, H.; Nay, B. Natural Product Reports. 2012, 29, 845-869.
Lang, X. D.; Su, J. R,; Lu, S. G.; Zhang, Z. J. Phytotaxa 84. 2013, 1,
1-24.

Evanno, L.; Jossang, A.; Nguyen-Pouplin, J.; Delaroche, D.; Herson,
P.; Seuleiman, M.; Bodo, B.; Nay, B. Planta Med. 2008, 74, 870-872.
Buta, J. G.; Flippen, J. L.; Lusby, W. R. J. Org. Chem. 1978, 43, 13-
14.

Sasse, J. M.; Rowan, K. S.; Galbraith, M. N. Phytochemistry, 1981, 20,
2195-2204.

Du, J.; Chiu, M.; Nie, R. J. Nat. Prod. 1999, 62, 1664-1665.

Yoon, K. D.; Jeong, D. G.; Hwang, Y. H.; Ryu, J. M.; Kim, J. J. Nat.
Prod. 2007, 70, 2029-2032.

Frey, B.; Wells, A. P.; Rogers, D. H.; Mander, L. N. J. Am. Chem. Soc.
1998, 120, 1914-1915.

Ye, T.; Mckervey, M. A. Chem. Rev. 1994, 94, 1091-1160.

Ylijoki, K. E. O.; Stryker, J. M. Chem. Rev. 2013, 113, 2244-2266.
Zhang, M.; Liu, N.; Tang, W. J. Am. Chem. Soc. 2013, 135, 12434—
12438.

Zhang, H.-J.; Hu, L.; Ma, Z.; Li, R.; Zhang, Z.; Tao, C.; Cheng, B.; Li,
Y.; Wang, H.; Zhai, H. Angew. Chem. Int. Ed. 2016, 55, 11638-11641.
Graening, T.; Bette, V.; Neudorfl, J.; Lex, J.; Schmalz, H. -G. Org. Lett.
2005, 7, 4317-4320.

Zheng, Y.; Ghazvini Zadeh, E. H.; Yuan, Y. Eur. J. Org. Chem. 2016,
2115-21109.

Hong, S. -K.; Kim, H.; Seo, Y.; Lee. S. H.; Cha, J. K.; Kim, Y. G. Org.
Lett. 2010, 12, 3954-3956.

Kende, A. S.; Koch, K. Tetrahedron Letters, 1986, 27, 6051-6054.

127 5



18.

19.
20.

21.

22.

23.

24,

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

Leboff, A.; Carbonnelle, A. -C.; Alazard, J. -P.; Thal. C.; Kende, A. S.
Tetrahedron Letters, 1987, 28, 4163-4164.

Geibel, 1.; Christoffers, J. European J. Org. Chem. 2016, 918-920.
Boumediene, M.; Guignard, R. F.; Zard, S. Z. Tetrahedron, 2016, 72,
3678-3686.

Christoffers, J.; Schuster, K. Chirality, 2003, 15, 777-782.
Christoffers, J. Synlett, 2006, 2, 318-320.

Kotha, S.; Mandal, K.; Tiwari, A.; Mobin, S. M. Chem. Eur. J. 2006,
12, 8024-8038.

Luche, J. J. Am. Chem. Soc. 1978, 100, 2226-2227.

Gemal, A. L.; Luche, J. J. Am. Chem. Soc. 1981, 103, 5454-5459.

Li, X.; Liu, X.; Jiao, X.; Yang, H.; Yao, Y.; Xie, P. Org. Lett. 2016, 18,
1944-1946.

Hoveyda, A. H.; Evans, D. A.; Fu, G. C. Chem. Rev. 1993, 93, 1307-
1370.

Kim, K. -M.; Park, I. -H. Synthesis. 2004, 16, 2641-2644.

Qiao, L.; Gao, X.; Chai, K.; Shen, J.; Xu, J.; Zhang, P. Tetrahedron
Lett. 2018, 59, 2243-2247.

Maity, S.; Manna, S.; Rana, S.; Naveen, T.; Mallick, A.; Maiti, D. J.
Am. Chem. Soc. 2013, 135, 3355-3358.

Fan, Y.-Y.; Xu, J.-B.; Liu, H, -C.; Gan, L. -S.; Ding, J.; Yue, J. -M. J.
Nat. Prod. 2017, 80, 3159-3166.

Xu, L.; Wang, C.; Gao, Z.; Zhao, Y. -M. J. Am. Chem. Soc. 2018, 140,
5653-5658.

Haider, M.; Sennari, G.; Eggert, A.; Sarpong, R. J. Am. Chem. Soc.
2021, 143, 2710-2715.

Ito, Y.; Takahashi, K.; Nagase, H.; Honda, T. Org. Lett. 2011, 13,
4640-4643.

Tanaka, R.; Ohishi, K.; Takanashi, N.; Nagano, T.; Suizu, H.; Suzuki,

128



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

T.; Kobayashi, S. Org. Lett. 2012, 14, 4886-4889.

Hamid, H. A.; Ramli, A. N. M.; Yusoff, M. M. Front. Pharmacol. 2017,
8, 1-7.

Nomura, S.; Yamamoto, Y.; Matsumura, Y.; Ohba, K.; Sakamaki, S.;
Kimata, H.; Nakayama, K.; Kuriyama, C.; Matsushita, Y.; Ueta, K.;
Tsuda-Tsukimoto, M. ACS Med. Chem. Lett. 2014, 5, 51-55.
Dousson, C. et al. J. Med. Chem. 2016, 59, 1891-1898.

Stec, J.; Onajole, O. K.; Lun, S.; Guo, H.; Merenbloom, B.; Bistoli, G.;
Bishai, W. R.; Kozikowski, A. P. J. Med. Chem. 2016, 59, 6232-6247.
Estevdo, M. S.; Carbalho, L. C.; Ribeiro, D.; Couto, D.; Freitas, M.;
Gomes, A.; Ferreira, L. M.; Fernandes, E.; Marques, M. M. B. Eur. J.
Med. Chem. 2010, 45, 4869-4878.

Ashton, W. T. et al. Bioorganic Med. Chem. Lett. 2001, 11, 2597-2602.
Seetham Naidu, P.; Bhuyan, P. J. Tetrahedron Lett. 2012, 53, 426-428.
Lucas, S. Headache. 2016, 56, 436-446.

Boominathan, S. S. K.; Reddy, M. M.; Hou, R. -J.; Chen, H, -F.; Wang,

J. -J. Org. Biomol. Chem. 2017, 15, 1872-1875.

Wagaw, S.; Yang, B. H.; Buchwald, S. L. J. Am. Chem. Soc. 1999, 121,
10251-10263.

Zhan, F.; Liang, G. Angew. Chemie, 2013, 125, 1304-1307.
Humphrey, G. R.; Kuethe, J. T. Chem. Rev. 2006, 106, 2875-2911.
Inman, M.; Moody, C. J. Chem. Sci. 2013, 4, 29-41.

Cacchi, S.; Fabrizi, G. Chem. Rev. 2005, 105, 2873-2920.

Shen, M.; Li, G.; Lu, B. Z. Hossain, A.; Roschangar, F.; Farina, V.;
Senanayake, C. H. Org. Lett. 2004, 6, 4129-4132.

Kondo, Y.; Kojima, S.; Sakamoto, T. J. Org. Chem. 1997, 62 6507—

6511.

Castro, C. E.; Gaughan, E. J.; Owsley, D. C. J. Org. Chem. 1966, 31,
4071-4078.

129



53.

54.
55.

56.
57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

Lu, B. Z.; Zhao, W.; Wei, H. -X.; Dufour, M.; Farina, V.; Senanayake,
C. H. Org. Lett. 2006, 8, 3271-3274.

Jang, Y. H.; Youn, S. W. Org. Lett. 2014, 16, 3720-3723.

Li, Y. -L.; Li, J.; Ma, A. -L.; Huang, Y. -N.; Deng, J. J. Org. Chem.
2015, 80, 3841-3851.

Ortgies, S.; Breder, A. Org. Lett. 2015, 17, 2748-2751.

Xia, H. -D.; Zhang, Y. -D.; Wang, Y. -H.; Zhang, C. Org. Lett. 2018,
20, 4052-4056.

Andries-Ulmer, A.; Brunner, C.; Rehbein, J.; Gulder, T. J. Am. Chem.
Soc. 2018, 140, 13034-13041.

Potkin, V.; Bumagin, N. A.; Petkevich, S. K.; Lyakhov, A. S.; Rudakov,
D. A.; Livantsov, M. V.; Golantsov, N. E. Synthesis. 2012, 44, 151—
157.

Pereira, S.; Srebnik, M. Organometallics. 1995, 14, 3127-3128.
Moure, A. L.; Arrayas, B. G.; Cardenas, D. J.; Alonso, I.; Carretero, J.
C. J. Am. Chem. Soc. 2012, 134, 7219-7222.

Alami, M.; Hamze, A.; Provot, O. ACS Catal. 2019, 9, 3437-3466.
Rubin, M.; Trofimov, A.; Gevorgyan, V. J. Am. Chem. Soc. 2005, 127,
10243-10249.

Kudo, E.; Sasaki, K.; Kawamata, S.; Yamamoto, K.; Murahashi, T. Nat.
Commun. 2021, 12, 1-8.

Matsuura, R.; Karunananda, M. K.; Liu, M.; Nguyen, N.; Blackmound,
D. G.; Engle, K. M. ACS Catal. 2021, 11, 4239-4246.

Deng, T.; Mazumdar, W.; Ford, R. L.; Jana, N.; lzar, R.; Wink, D. J.
Driver, T. G. J. Am. Chem. Soc. 2020, 142, 4456-4463.

Kuijpers, P. F.; van der Vlugt, J. I.; Schneider, S.; de Bruin, B. Chem,
Eur. J. 2017, 23, 13819-13829.

130



Appendices

List of 'TH-NMR Spectra of Selected Compounds

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

400 MHz '"H-NMR spectrum (CDCls) of compound 6
400 MHz '"H-NMR spectrum (CDCls) of compound 10
400 MHz 'H-NMR spectrum (CDCI3) of compound 11
400 MHz 'H-NMR spectrum (CDCI3) of compound cis-12
400 MHz 'H-NMR spectrum (CDCI3) of compound trans-12
400 MHz 'H-NMR spectrum (CDCls) of compound 5
400 MHz 'H-NMR spectrum (CDCl3) of compound 13
400 MHz 'H-NMR spectrum (CDCls) of compound 4
400 MHz "H-NMR spectrum (CDCl3) of compound 14
400 MHz 'H-NMR spectrum (CDCI3) of compound 3
400 MHz 'H-NMR spectrum (Acetone-ds) of compound 15
400 MHz 'H-NMR spectrum (CDCI3) of compound 16
400 MHz 'H-NMR spectrum (CDCI3) of compound 17
400 MHz 'H-NMR spectrum (CDCI3) of compound 18
400 MHz 'H-NMR spectrum (CDCI3) of compound 20
400 MHz 'H-NMR spectrum (CDCI3) of compound 21
400 MHz 'H-NMR spectrum (CDCls) of compound 22
400 MHz 'H-NMR spectrum (CDCls) of compound 23

400 MHz 'H-NMR spectrum (CDCI3) of compound 24

131



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

400 MHz 'H-NMR spectrum (CDCI3) of compound 25
400 MHz '"H-NMR spectrum (CDCls3) of compound 26
400 MHz '"H-NMR spectrum (CDCls3) of compound 28
400 MHz '"H-NMR spectrum (CDCls) of compound 32a
400 MHz "H-NMR spectrum (CDCls) of compound 32b
400 MHz "H-NMR spectrum (CDCls) of compound 32¢
400 MHz '"H-NMR spectrum (CDCls) of compound 32d
400 MHz '"H-NMR spectrum (CDCls) of compound E-32e
400 MHz '"H-NMR spectrum (CDCls) of compound Z-32e
400 MHz "H-NMR spectrum (CDCls) of compound E-32f
400 MHz '"H-NMR spectrum (CDCls3) of compound Z-32f
400 MHz 'H-NMR spectrum (CDCI3) of compound E-32g
400 MHz 'H-NMR spectrum (CDCI3) of compound E-32h
400 MHz "H-NMR spectrum (CDCls) of compound 32i
400 MHz 'H-NMR spectrum (CDCI3) of compound E-32j
400 MHz 'H-NMR spectrum (CDCIls) of compound Z-32k
400 MHz 'H-NMR spectrum (CDCls) of compound E-321
400 MHz "H-NMR spectrum (CDCl3) of compound 32m
400 MHz "H-NMR spectrum (CDCls) of compound 32n
400 MHz "H-NMR spectrum (CDCls3) of compound 320
400 MHz "H-NMR spectrum (CDCls) of compound 32p

400 MHz "H-NMR spectrum (CDCls) of compound 32q

132



42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

S7.

58.

400 MHz 'H-NMR spectrum (CDCls) of compound 33a
400 MHz "H-NMR spectrum (CDCls) of compound 33b
400 MHz "H-NMR spectrum (CDCls) of compound 33¢
400 MHz '"H-NMR spectrum (CDCls) of compound 33d
400 MHz "H-NMR spectrum (CDCls3) of compound 33e
400 MHz "H-NMR spectrum (CDCls) of compound 33f
400 MHz '"H-NMR spectrum (CDCls) of compound 33g
400 MHz '"H-NMR spectrum (CDCls) of compound 33h
400 MHz "H-NMR spectrum (CDCls3) of compound 33i
400 MHz '"H-NMR spectrum (CDCls) of compound 33j
400 MHz "H-NMR spectrum (CDCls) of compound 33k
400 MHz "H-NMR spectrum (CDCls) of compound 331
400 MHz "H-NMR spectrum (CDCls) of compound 33m
400 MHz '"H-NMR spectrum (CDCls) of compound 33n
400 MHz "H-NMR spectrum (CDCls3) of compound 330
400 MHz "H-NMR spectrum (CDCls) of compound 33p

400 MHz '"H-NMR spectrum (CDCls3) of compound 33

133



160°
60T"
ree
8pe-”
65"
Laz-
98Z"
S0E”
TeL-”
S08-°
£28°
8EB”
568”7
oLg-”
600"
1z0”
6€0°
7R0°
£50°
L90°
£80°
PIb-”
9¢F "
PER "
43
6vb”
6SF "
ELFT
68F°
006~
506°
6SL”
88L"
E6L”
Log-
818"
8€8”
0sg”
TLO"
0g0-”
680°
860"
LotT”
STT”
FeL-”
EET”
42
161"
09tT”
996~
Te9”
LEDT
eL-
LyL”
£9L°
69L"
Zpo-
799-°

ppm

N/M

CCOWOOWOWOSTTTTTTTTTTNNNNNNNANNNANANANNEN NN NANANNEN N A A AAAAAAAAAA A A

M
y

400 MHz 'H-NMR spectrum (CDCl3) of compound 6

y

Lo'L

“\FO'L

L1l
:

2t} @

134



TIPSO

\CO,Et

l‘ |

ppm

99'¢2

e
— 0oL
ol

=ro

£0°L

400 MHz "H-NMR spectrum (CDCls) of compound 10

135



S690° 1
FLBOT
CeFT T
06T 1T
690271
Zele’ 1
§9¢2°1
CIET T
Z6ETTT
FPPFEZ"T

L2 1
0p9Z°1
6FLZ T
00LE"T
E8LGTT
1665°T
91971
FSZLTT
9LSL"T
ISLL°T
Z88L"T
TT08°T
Z0T8° 1T
6e28°1
PLEB™T
€616 T

—— O g—

99¢€6° 1
BZG6° T e
TL96° 1
SP86°T
LZ00" 2

FEFOD"Z
1890°¢
8260°¢
0T9L" 2
08LL
9k6L"Z
09Z6°¢€
9LEGTE
68FS°E
5095°¢
LESB'E
9090 F
6TLO P
£E8LO°F
L680"F
8560 F
SLOT
SOTT ¥
LBCT ¥
22669
T866°9
GZ€9°9
6BE9"9
SES9T9
L6G979
89207 L
LLPOTL

TIPSO

\CO,Et

ppm

[~ /1081
e
~0r
—=0e
10t

A

§0°C

—=F

400 MHz '"H-NMR spectrum (CDCls3) of compound 11
136



TIPSO

\CO,Et

cis-12

|l

ppm

L~ _/ST8L
\F2'e

gL

CN —%o1

-.502

oL'e

—om

c0'L

— 502

00"k
—~EO'L

L <00

400 MHz 'H-NMR spectrum (CDCI3) of compound cis-12

137



WO WWWWWST T T mMMOMMm@O NN N NN NN A A A A A A A A A A A A A A

e S N N

ppm

CT <El've

trans-12

N YT |} ‘
1

400 MHz '"H-NMR spectrum (CDCls) of compound trans-12

2k

138



oLe”
886"
900~
Te0”
60T"
EET”
oses
FST°
oLe”
BBZ"
Log”
LSE”
296°
9Le”
T66"
966"
FTO”
PrO-”
0so-
£90°
690°
BLO"
Len”
The”
FSE”
SLE”
AR5
oet”
AN
LEv”
B89
869"
BOL"
9TL”
BZL®
PeL”
808"
£EC8°
EF8°
BSE”
Fog”
ogg”
BFe-
996"
SLe”
£66°
LED”
5507
Fo0°
A1
FES”
0F9°
EELT
opL”
SGL°
9L
EL6"
S66°

OO OWOWOUWLLTTOMOOIOIENNNNNNNNNNAINNNANNNNINNI NN NN A A A A A A A A A A A A A A OO

=——\/

o

1

ppm

€0’

-W

ooz
202

|

400 MHz 'H-NMR spectrum (CDCl3) of compound 5

|

—ZoL

L E0'L

139



8F6 "
996"
P8e”
686"
980°
FOT”
668"
TLe”
£Le”
86"
gge”
re”
6FE"
TLE®
9Le”
GZh "
EER”
6EF”
8kb "
99F "
LB ®
£8F°
£09°
519
Tro”
EN
GZg’
FEB”
788’
956"
ree”
6F6 "
866"
9Le”
Zeo”
0s0-”
650"
LLO"
9LE”
T8E”
Sop-”
S8
806"
Pl6”
£56 "
866"
Fee”
£z "
BEF”
L9F "
0ze:"
LZ9”"
LS9
EEN
6L9"
589°
TLE®
£6r”

FEODOYOUOOVOUOUOUDYOOOOEOOWOOO OO NN NN NN A A A AA A OO O

T e N ee———————

B O R | R |

ppm

—66'0
It
NGO b

=0k

400 MHz '"H-NMR spectrum (CDCls3) of compound 13
140



196°
6LG"
To0T”
6TT"
0se”
8S¢”
Lez”
98z”
50€°
Sge’
996"
SL6°
£66°
0zZo-"
0eo”
550°
F6E”
66E°
90F "
6zh”
FER”
0%s"
BFG”
G§66°
296”
PLG”
285"’
686"
L6G"
ote-
GE9T
LF9”
806"
5T6°
pze”
T€6”
eto”
£96°
186°
06e”
Loo”
PLO”
4
T0T”
60T"
61T
ozL”
9zZL”
69L"
SLLT
o6L”
96L"
BST”
08T’
P69 "
LeL”
LEET
TLE”

|

ol

ol

|

ppm

—

(444

400 MHz 'H-NMR spectrum (CDCl3) of compound 4

141



BFT”

[l pull == RSP S e M A M s A s M B A e A S Tt B e Tt B T A B T o B B B I I I B o B B o B B o o A B I A R I I e B o B B B B =]

L

Y Y. S WS Y Y

ppm

400 MHz "H-NMR spectrum (CDCls) of compound 14
142



LvO"
S90°
£80°
Loe”
016"
926"
k6"’
Fre-”
620"
£F0°
oLz
98¢"
roe”
cLeE”
9LE”
Fee”’
LOF”
oTR”
0Zs”
ceES”
42N
§96"
LLS”
soL”
TZL”
SoL”
TeL”
8tT”
FeT”
B6T"
ZLE”
T6tE”
LOF”
A
ceor
SzZo”
6E0"
£F0°
LSO~
190"
oLo”
6SF"
TLE®
LLF®
£86°
Tog”
S09-
44N
ZES”
9€9°
£E€9”
6E9"
LLY"
£89°
869"
FOL”
EFT"
FotT”

S e\ e———

[l et < BN < i = e L B s s s s A s A s A T A S s A o B e T B B an B B o Mot N o B o I ot o ot B ot Bt B ot I R o o o o B B B B B N s e e |

ppm

7

-
e
©

|

8

w

o
Qfwn
-l

]
<
-

:

=
!
(]

f

- o
Q o
- ol

|

=]
<
-

|

|

o
o
o

|

o
<
-

=]
<
-

|

400 MHz '"H-NMR spectrum (CDCls3) of compound 3

143



ppm

(5 ]0"s)
o=

L=
o

400 MHz "H-NMR spectrum (Acetone-de) of compound 15
144

]
|

&k a

= 'I'

H

iy
1

!
1

- SE



SOTT"
LPET”
LB8ST”
£L9Z”
S9Le”
8FBT”
068%¢"
FrOE”
£80€°
FZZeE”
0EZrE"
S9LS”
8688°
BLBS”
9809°
86T9°
FoED "
¢SLL”
9LBL"
£608°
6FT8"
BLZB”
Tzes:
96G8°
£€88°
po68”
€506 °
6606 °
TLTI6E™
9EER”
ooLe”
oeLe”
£88¢°
§628°
¢9ES”
1440
0gss”
9866~
T0LS”
£GLS”
098s-
09EL”
SLPL®
S6GL”
ToLL”
oteL”
ETER”
SBEF”
cLeL”
FE08”
ZBEB”
SFPB”
£6G8°
9698"
LFGE”
sege”
BETT®
8LGT"

orHr~rYwwwwwrnuoaNsdaans sy A Addd A A A A A A A A A A A A A A A A A A A A A A A A A A A

WW

| ]

ppm

4

400 MHz "H-NMR spectrum (CDCls) of compound 16
145




ppm

TIPSO

17

O,N

10

PR W |

£0'8L
6E'E
e0'L
[
vo'e

60°L
90'L
s0'¢

s0'e

oo'e

o'l

(44

Lok

400 MHz "H-NMR spectrum (CDCls3) of compound 17

146



182"
6927
L8z”
89F "
LLE”
S8F "
106"
£29°
9£9°
259 °
=EN
peZL”
CEL”
abL”
9GL”
£9L°
paL”
Z218-
92"
6pe”
6527
Lz’
6ER”
PP
FSF-
Z29F°
ELR
9LF”
L8k
198"
9L9"
L£89°
gQL”
ZIL”
Laz-
9¢e”
Fre"
£9¢2°
LLg”
962"
FIE"
TEE”
LSS
896"
FLS”
L£8G°
F6eS "
509°
811"
PZT”
0ZL-"
SZL”
TEL”
geEL”
Z5L”
6SL°
BLTT
0oz-

11

———SN

OO0 OOWnss OO MMOMOm NN e A A A A A A A A A A A A A A A A A A

ppm

f2fsfs

—
—
o

)

o3
o™
-

n
=
-

I

o
o
o

-
-
o

400 MHz 'H-NMR spectrum (CDCI3) of compound 18

2k

147



160°
SZT1”
EFT
9FT”
08T~
FOT”
89T~
281"
981"
£22°
oFz”
8FC”
8GT”
LLZ”
S6T°
STE”
€98°
TLg”
668"
LO6"
FL6”
986°
L66T
0zZ0-
BER”
88F "
SLF”
S8k "

66F°
906”7
125~
T€8°
Ska”
z98°
ZL8-
188°
0eg”
S568°
806°
6767
£60°
90T"
TT1T°
PeT”
8CT”
9FT”
08T~
Te9°
9¢€9°
LSL”
£9L”
BLLT
paL”
106°
ST6”
226"
R

oUW oWDTTTTTTrTNNNNNNNNINNI NI IS A A A AAAAAAAAAAAAAAA A A A A

il i

TIPSO

CO,Et

20

.

ppm

[4:44

400 MHz 'H-NMR spectrum (CDCI3) of compound 20

2k

148



GLT”
g0¢-”
cre’
6g¢C"
9rz”
85¢-°
gez”
v8e-”

TLL”
8LL”
808"
928"
34
958"
£E1F "
0EF”
0Fw "
99% "
LLw”
TSL”
veL”
618"
oes”
298"
8L8"
288"
¢s0”
T90°
0L0~"
GLO"
6L0"
L60"
STT”
LTT®
SETT
PRT”
EST”
Z91°”
o8L”
TEGT
£C9°
EEL”
GSL”

LZ9-"
6F9 "

-~ - E=R =i e I e e e M B S B e s e e S A A A S A A S e B B e B B e B I B s B B |

VoI T TS W =

ppm

Vi

400 MHz 'H-NMR spectrum (CDCI3) of compound 21
149




POE0" T
2S00 T
99L0° T
£Epe0° T
606T"
610C"
Feoe”
Tete”
96¢e”
T6€Z"
ELSE”
9sLe”
T6St”
FZet”
R4
STER”
LBBS”
1619
TOES”
£9¥%9°
T199°
SZpe’
6T1S8B”
0198"
LSOT"
2ZTIT”
£6€T”
BSPT”
690t"
6ETE”
£61E"
BOVE"
BSPE”
LEOL”
eSTL”
TEEL”
98¥L”
L968"
cELe”
6066°
Too00”"
BLTO”
FEB0”
£E60°
2101
QTTT"
BEZT”
L9FT”
SBCT”
BFET”
BOPS”
0LPS”
L899
ISL9”
£069°
9969°
BELP L
9S6% "L

WoLwwwwuwwssssssaaommaoogoasoeNyd A A A A A A A AAAAAAAAAAAA

ppm

TIPSO

“COEt

—_g6'ee
6t

—re'l

rl'e
—
9E'L

c0’'L

G

’

i

400 MHz 'H-NMR spectrum (CDCls) of compound 22

150



866870
LST6"0
6980°T
SPOT"T
SCLT™T
(43N
L6021
E6TZ°1T
Lz 1
14X
90%FZ° 1
6Ske T
8L92°1
E9LZT
eegv 1l
EEGET T
PEIS T
EL6OTT
6e0L" T
180L° T
BETL'T
STEL™T
9¢PL T
1eel”1
966L" 1T
560871
09181
pGZe" 1
STes" 1
266871
290671
AN
Tr1ee" 1
LOPE"T
6Ske" T
162572
SLES™T
ZE9S° ¢
0269°¢
SLe9" ¢
ELOLTT
vews T
8110 €
IF85°E
TI8T P
886l ¥
9912 ¥
PREC P
L0029
690979
96979
000L"9
BFPTL 9
ETZL9
Z5P L
L9992 L
0FLZ L

I

TIPSO

\CO,Et

A

L B B B L B B B L L

ppm

—rre
20
= Zgrel

— 20k

_—T

=00t
-~ 00’k

=00t

400 MHz '"H-NMR spectrum (CDCls3) of compound 23

2t} @

151



ppm

L 1
T

1

ﬁﬁ

=2

|

\CO,Et
S-W

o]
24

TIPSO

—'860
-~ 0’}

=00’k

400 MHz "H-NMR spectrum (CDCls) of compound 24
152



TIPSO

\CO,Et

OTMS

25

ppm

=506

= 6L'E
9E'61

-0

= 60'L
= FroL

—_—mar
—zo

400 MHz '"H-NMR spectrum (CDCls) of compound 25
153



VOOWWWWUWOUODWOWOUOWWLWsx gy A A A A A A A A AA A A A A A A A

e

Il

|

J

I

ppm

—

F o~

—8¢'ce

—.889

0L

—_—=

80°

L0°1

—=

L0°}

81¢

-zl

90'tL

—_=r

—_—m

ro'L

——

rie

e

£0°L
e
= &0’}

£0'L
—anT
= 80%¢

—
=00t

400 MHz "H-NMR spectrum (CDCls) of compound 26
154



§95L° T
CELL™T
Z0T19" €
2929 €
[AALRES
BRET ¥
6ERT P
LZST ¥
919T " ¥
S6LT P
FPET ¥
2ese
£E192° %
16LE ¥
LPTL ¥
0SZL ¥
8L6Z"S
BLT9 9
0Fg9 "9
ZEBI 9
L6699
SPTIL™9
60ZL79
BOFPT L
2891 L
869Z°L

!

il

ppm

[ =

—_—

co'k

— L0
— 80t

00'k

400 MHz 'H-NMR spectrum (CDCI3) of compound 28

155



P699° 1T
SLLO'T
L2897 1
PZe9° 1
SLE9TT
FLOLTT
CTIL T
EBELTT
6FFLT
6FGLT
009L°T
F69LTT
6FLLT
ZEBL'T
S0ST 2
LEST Z
966172
08912
FeL1 2
I6LT 2
518172
LL81 ¢
906172
ESTZ 2
0tee e
1922°¢
c0gg g
0egz ¢
elre ¢
§96Z2°¢
66G5L7E
9ZFL"S
PLPL™S
02SL°S
995L°S
PTI9L"S
£8L9°9
L0899
186979
F00L™9
EFOL™9
ELOL™9
62ZL"9
652Z2L79
STFL™9
PEbL™9
55969
26969
PP86°9
08869
FEPTO"L
P8I0 L
62ZE0°L
OFED"L
89E0 L
08EQTL
52507 L
59507 4L

O NN i e VR S

NH;

32a

ppm

wn
e
o

|

ﬁﬁ)
=1
™| N

Fo
-
o

f

80'2

7

H

J

=)
iy

400 MHz 'H-NMR spectrum (CDCl3) of compound 32a

[=}
E
-

1

156



TN NN NN N NN N NN A A

B e

~r~rcrerereeec W00 W00 O NN

B N

NH,

32b

It

ppm

400 MHz 'H-NMR spectrum (CDCIl3) of compound 32b

157



£€GG"
789G6°
9ELS”
0g8s”
6885°
LS6G"
9€09"
€079
T6T9°
6CE9”
£9F9°
7099°
656L"
6018"
6FZ8"
LEEB”
[43%
186¢”
0L9Z”
8¢8¢”
Z5ER”
98%F "
LT9F"
cTLY"

L6688
09716
£Z€6”
T0€9"
6679 "
8GLY"
£reo”
6ETL”
0956°
8FL6"
0Lge”
L0066
8900°
2600
0520
LBZO"

kTl

..'rr
1

[«

-

g

]
=

ppm

o A

0
o
=

!

-
(=]
o

I3 |

™~

:

W

400 MHz "H-NMR spectrum (CDCls3) of compound 32¢
158

i

El

G'T
a
=]

«©
=]
—

24

T
o™

|




ZLSP 2
0SLP 2
168F°¢
F00S* 2
ELTE 2
EFEE"Z
8hC6 2

ppm

-

|

7}
e
o

|

99867 —

=

o

o

—
~recceeee DWW WD WD WD WD WD WD WD DD WD WD D

) o
;

NH,
32d
400 MHz 'H-NMR spectrum (CDCI3) of compound 32d
159

B

(=] 11}
] b
- o

©
(=]
-

%

w
o

Fc
«©
(3]




G58L8"
£L68°
T916°
TeLe”
LT166"
£E0TO0"
0G6L"
PETI8”
9LE8"
LFF8"
s0ee”
6ZET”
68FC"
FTISZ"
5L9¢"
669¢"
198¢"
588¢°

£E6Z9"

ppm

@
o

g

= ="

g

NN NN NANNNAAAAADO OCOO

o

NH,
400 MHz "H-NMR spectrum (CDCls) of compound E-32e

E-32e
160

k.

3[s

SV

SO0 0 000 W W W W W nmmn




FPT16°0
ZEE6 70
0gs6 "
6LZ0"
L9%0"
5690°
9F9T"
TeEST
LToe”
roze-"
0eee”
BokE"
589¢€°
ELBE"
090F "

o

TS\ N

IO NN NN NN N A A

ppm

)

:

H

[=:]

f

(3]

T

-W

990L7E —

£Z8E"
PO0F -
58Tk
LLLY
£089°
TL69"
9669°
BRTIL®
9LTL"
EEEL”
T9EL”
E6ER”
4340
0856°
BT96°
Skeo-”
F820°
Ler0”
9LFO"
9Z90"
9990

-0 W W WD W WD W WD WD W

Hﬁ%ﬁﬁﬁ%&a&é&Q/ éé%éﬁ%éﬁﬁﬁ#jééﬁb)

o™

|

NH»

Z-32e
161

g

400 MHz 'H-NMR spectrum (CDCls) of compound Z-32e

L




86LB"
9868°
ELTET
SLLLT
GG6L°
TF18°
9¢E8”
L6v8”
444
LLbe”

ZEQD”

92%G"
[
L09S”
£F9G”
68LS”
52857
PE6D”
5669°
EETL”
FSTL"
O0etLL”
ozeL-
SLEL”
POwL”
096L”
68GL"
0gtie-”
BG16 "
LOEG”
SkEG”
6EFD”
6LF0"
9€90°
r9o0-”
41
1980

ppm

[ag]

NH,
E-32f

400 MHz '"H-NMR spectrum (CDCls3) of compound E-32f
162

et W00 W0 WD W00 W W WY WD WD WD D WD) WD) 0w Ui

TTemsSsSsSSN\\—— —




9Leo”
FoF0"
Z590°
eetge”’
0SST”
0LsT®
LELT”
SGLT”
SE6T”
Lote”
AN
£ece’
£IEC”

BeEL”
N4
1967
BESE”
EEQF”
SOLw”
oFLE"
OLLY”
BOBF”
88T’
BI6T "
FGe ¥ "
Fe6e b
BLLYT
S089°
SLe9”
gooL”
oFoL”
oLoL”
LZZL”
9GZL”
CIkL”
chbL”
8696 °
9€Le”
9886 °
FZe6”"
£8T0°
£gzo’
BLEDT
BIVO”
7950°
p090°

NH,

Z-32f

e

ppm

400 MHz "H-NMR spectrum (CDCls3) of compound Z-32f

kTl

..'rr
1

B

g

2 A 2
| |

163



9%o0°"
Z2180°

86L6°
TE€86°
6089 "
9L69°"
LEOL®
EPTL”
rozL-
OTEL”
OLEL”
BLEL”
LEGL®
E0LL”
8GGL"

£TeE”
£pSE”
90TL”
Z2TIL”
SoeL”
0ZeL”
88EL”
PLSL®
6GLL"
67007
9500
Steo”
R
6050°
FESD”
9FS0”
F6o0"
62L0"
6880°
ST60°

ppm

) O

.

NH,
E-32g
400 MHz 'H-NMR spectrum (CDCls) of compound E-32g
164

!

:

J

wn
(=1
o™

3

0
<
-

L

|l e S S T S S S S e N e R U B e R Ko e e i Ko IR T BN T ]




BOEZ"
FrEZ”

[ANS-h

-0 WD WD WD D WD D WD WD WD WD

>

S [

NH,
=

E-32h

N

ppm

400 MHz "H-NMR spectrum (CDCls) of compound E-32h

165



[ el o el e S e e e e e el el ol ol ol ol ol ol ol ol =R (- - - R - V- R R - RV T

32i

ppm

1

400 MHz '"H-NMR spectrum (CDCls) of compound 32i

166



0TLE”
T0TR"

L6ED”
0GET”
8F8T”
600¢"

8668°
6516
1Z€6°
0969°
6GL9°
189"
or8e-
TooL”
LZoL”
LBTL®
ETCL”
0GT0"
8BTO"
8EED”
LLED”
PeS0°
£290°
9LLD"
2180°
9960°
FOOT”

o 1” ol

ppm
¥ ,ﬂ

NV
NH,
OMe
OMe
E-32j
167

LA

400 MHz '"H-NMR spectrum (CDCls) of compound E-32j

| e S S S S Sl Sl el e N ® R e B K U e i K u e R Ne R U TS T ANTS )

WW




PGEZ”

[4° 54
8920°
9820°

orse-
698"
LL9B"
eLLe”
1988”°
8688°
8006°
9% 06"
£806°
06TL"
602L”
9TZL”
68EL”
LORL"
STPL”
9TLL”
ShLL”
£06L"
TEGL”
8808"
9118"
LOZ6"
ShZ6”
S6E6"
£Ehe”
PeLo”
F9L0"
6060°
2Ze0”
8W60°
2960°
LOTT"
LPTT"

P

I e R R R R R - =Rt R R T R U R R Rt R = T T T T T T T L I Y

OH

NH,

Z-32k

ppm

400 MHz '"H-NMR spectrum (CDCls3) of compound Z-32k

1638



000" 0-—

OTte-

6FED”
Z9€0°

ZLEL®
9FbL"
LSPL”
08GL”
065L"
5509°
pe0S”
L9TO"
BBIO”
LT29"
0rz9"
ZZE9”
16€9°
ELLDT
C6L9”"
PE69”
1669°
8TTL"
OFTL”
89zZL"
68ZL"
LTRL”
BERL”
ETLE "
EFLE T
£986°
£686°
65%0°
06v0"
PT90"
TFo0°
S9LO”
96L0°
655¢”

T—

—\— ———

Lol S L S Sl et == L e el B e = R e R e e T T BT IR BTSN I s s (S

ppm

M

OPiv

NH,
E-32|
169

e

400 MHz "H-NMR spectrum (CDCls) of compound E-321

TN |

g




0p69”
ETTL”
LEDG”
§126°

ZEEG”

067T6"
89€6”
9FG6 "
£TLET
LBOO"
PLzo9-”
ooeL-
PBEL”
TLGL”
E6GLT
6090°
9r90°
1180
8660°
LSSZ°
6cgLZ”
96TE”"
BEEE”
8¢GE”

S ==

[t i Sl el S e e S =R =it = N = Rt = Iy By BTy R U]

ppm

-\

[=]
o
-

38 e

|

400 MHz "H-NMR spectrum (CDCls) of compound 32m

[T}
E
o

170



~r~rce-CcrrrWwWo OOV YOYW YWY OWOWWWWWWWwWwm W m s oseosr

NH,

HO

32n

o

ppm

.l

=roe

e
= p02k

=202

= 0’8

—eov

e
—_oo'k

o
Q
«

o
<
o

400 MHz "H-NMR spectrum (CDCls) of compound 32n

(=1
=
=

[}
—
uw

2k

171



Zpes”

LTTL”
BIEL”
PovL”
PeFL"
T§9L”
9e8L”
0Lk "
8€96°
8€80°
L60T"
E6ET”
PLGT”
BLLT®
961"
8egze”
5gee”
ooez-
880F "
POER "

£

—==a\/=

ppm

400 MHz 'H-NMR spectrum (CDCls) of compound 320

172



0666”°

Ll el e T S S S Sl Sl il Sl e e e e L= B e e e P e

ppm

400 MHz "H-NMR spectrum (CDCls) of compound 32p

173



GT6S"

L08S”

AT
EEET
E9LLT
608L"
LEBL”
LeeL”
Fzog-”
£818°
0t1es-”
Z1Le”
6FLE"
1066"°
LEBB ™
T9z1"
TTET"
ETRT"
POST"
£96T°
59971
L69T”
S9LT"
GI8T"
L68T"
6F6T"
T66T"
Zs1e”
91Ze"
T6Lk"
996F "
SE0B”
1626°

ppm

e e o e R R R =R -RN-RV-RV- - R-IV-JV-}

w5
~
-

|
7
400 MHz '"H-NMR spectrum (CDCls3) of compound 32q

) f

2k

174



8198
0L98"
0T88"
B8168"
6E6E”
Te0e”
55067
TLTG"
8krce -’
9p69”
S60L°
nseL:
68EL”

L e el ol el o el ol ol el el

NN A A A

33a

ppm

-
-
=t

-f

400 MHz 'H-NMR spectrum (CDCl3) of compound 33a

175



Sée6F "
S60G6°
5916°
525"
0FES”
96€£G”°
1ers”
TISS”
695"
6808°
Lets”
818"’
99¢8”
90£8°
90%8"
6ERB”
2958°
0098"
PZL8”
£9.L8°

6GF0°
F0S0*"
LEYD"
£890°
ELLD”
1980°
5160°
L660"
EFOT”
[4
8re”
¢96¢”
FLoe:
coLe”
BBLZ
1682"
BZ6Z"
0662°
060% "
T81TF"
062Z% "
T0PF"
S66L°

NN ANANNNN NN NNNNNNANNNNNN

[~ [~ [~ [~~~ 0~~~/ e [

H4aéahgE$E%a;éggq/:égéﬁ%ﬁgéﬁhiséskJ kdﬁézésﬁgaééagkpjégg%éﬁgggéﬁéubﬁ

33b

ppm

Gy
et e I
~l=lei

o
Q
-

400 MHz 'H-NMR spectrum (CDCIl3) of compound 33b

176



LEL”
65L°
cLL”
SEL”
BeL”
[4°1 -
So8°
9L8"
488"
aoe”
TeL”
808"
age”
LEB”

LF0”
950"
aso”
650"
9L0”
£80°
9607
8ce’
9egZ"
BEZ"
652"
a9z”
15"
g5k "
£LEF”
SLS "

) TS
ppm

[ B I B B e I e i e B B B B |

33c
177
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