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ABSTRACT

A unified, convergent fragment coupling approach to the Cjo- and Cyp-diterpenoid
alkaloid natural products is presented. The highly-caged aconitine, denudatine, and
napelline cores are disconnected through the central B-ring cyclohexane to an A/E/F-ring
fragment common to the structures all three subfamilies. 1,2-addition of an appropriate
organometallic C/D-bicycle to an A/F-ring hydrindane epoxy ketone fragment followed
by a Lewis acid-catalyzed semipinacol reaction couples the two fragments together and
sets a key all-carbon quaternary center at C11. This strategy is realized in the synthesis of
the Cjg-aconitine core by using a [3.2.1]-bicyclooctene C/D-fragment as the nucleophile
in the 1,2-addition. This C/D-fragment is prepared using a meta-photocycloaddition; this
represents an alternative approach to the commonly employed biomimetic Wagner-
Meerwein rearrangement of a [2.2.2]-bicyclooctane.

To complete the aconitine core, a radical cyclization cascade to form the E-ring
piperidine and B-ring cyclohexane in a single step is investigated. N-centered radicals
were evaluated to initiate the cascade via a 6-exo-trig cyclization. A neutral aminyl
radical gave rise to an unexpected Hoffman-Loffler-Freytag type product resulting from
1,5-hydrogen atom transfer. Employing Lewis-acidic single electron reducing metal
catalyst led to formation of the E-ring cyclized product, however the second cyclization
to close the B-ring did not occur.

As an alternative approach, the E-ring was closed via an intramolecular
aziridination. Treatment of this aziridine with acetyl bromide results in an aziridine-
opened alkyl bromide product. This alkyl bromide is used as a functional group handle to

form the final ring of the aconitine core. From there, the total synteheses of the Cjo-
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diterpenoid alkaloids (—)-talatisamine, (—)-liljestrandisine, and (-)-liljestrandinine were
completed in short order. These synthetic efforts led to revision of the proposed structure

of (-)-liljestrandisine.
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Chapter 1

C,qo-Diterpenoid Alkaloids: Structure and Synthesis

1.1 INTRODUCTION

The extracts of the Aconitum and Delphinium genera of plants have long been used in
traditional medicine as local anesthetics and as poisons for hunting and battle.' Common
names for these flowering plants alluding to their toxicity include “wolf’s bane,” “the devil’s
helmet,” and “the queen of poisons.” Diterpenoid alkaloids are a broad family of natural
products associated with the bioactivity of these flowering plants,>* and many of these
compounds exhibit analgesic,”® anti-inflamatory, antihypertensive, and antiarrhythmic’
properties. Talatisamine (1) selectively blocks inwardly rectifying K" ion channels over Na"
and Ca”" ion channels in rat neurons.® 1 has also been shown to attenuate neurocytotoxicity
induced by B-amyloid oligomers.” The structural complexity of these highly caged natural
products have drawn significant attention from the synthetic community for over

50 years.'* "’
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Figure 1.1 Varying carbon frameworks of diterpenoid alkaloid subfamilies.
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(b) C49- and C,g-diterpenoid alkaloids.
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1.2 STRUCTURAL ANALYSIS AND BIOSYNTHESIS OF C,,-DITERPENOID

ALKALOIDS

Figure 1.2 Structural analysis of C,,-diterpenoid alkaloid (-)-talatisamine (1).
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C,q diterpenoid alkaloid core (-)-talatisamine (1)

Diterpenoid alkaloids are a broad class of natural products with a variety of carbon

3,14

skeletons with over 1200 natural products isolated to date.”™ They are classified by the
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number of carbons in their backbones (C;s, Cj9, and Cy). The highly-caged polycyclic core of
these compounds, such as (—)-talatisamine (1, Figure 1.2), present a significant synthetic
challenge. The Cjo-aconitine core is comprised of an array of bridged bicycles, including a
synthetically challenging [3.2.1]-bicyclooctane. Biosynthetically, diterpenoid alkaloids are
derived from the structurally similar kaurane and atisane diterpenoid families by incorporation
of serine as a source of nitrogen."> These complex skeletons are believed to arise from a series
of cationic polyene cyclizations and skeletal rearrangements (Figure 1.3).'® It is believed that
Cio-diterpenoid alkaloids are derived from Wagner-Meerwein rearrangement of the Cyo-
denudatine core, wherein the [2.2.2]-bicyclooctane is converted to a [3.2.1]-bicyclooctane
(Figure 1.4). The cationic rearrangements of the carbon skeletons which are crucial the
biosynthesis of these natural products have also played an important role in many of the total
syntheses of C,s- and Cjo-diterpenoid alkaloids.

Figure 1.3 Biosynthesis of diterpenoid alkaloid cores.
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Figure 1.4 Wagner-Meerwein rearrangement of denudatine core to aconitine core.
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1.3 TOTAL SYNTHESES OF C,,-DITERPENOID ALKALOIDS
1.3.1 Biomimetic Wagner-Meerwein Approaches to Aconitine Core

The Wagner-Meerwein rearrangement of a [2.2.2]-bicyclooctane which comprises the
C and D rings of the C,y atisine and denudatine scaffolds to the [3.2.1]-bicyclooctane
characteristic of the C;z- and C,o-diterpenoid alkaloids has inspired biomimetic approaches in
many of the total syntheses reported to date. Targeting a [2.2.2]-bicyclooctane as an
intermediate in the synthesis of Cjs- and Cio-diterpenoid alkaloids has two main strategic
advantages. Firstly, it allows for the divergent synthesis of two families of natural products
via a late stage diversification of the carbon skeleton. Secondly, the [2.2.2]-bicyclooctane
structural motif is a classic keying element for retrosynthetic disconnection via a Diels-Alder
cycloaddition, one of the most well studied transformations in organic chemistry. Wiesner’s
synthesis of talatisamine (1) employing such an approach represents the first total synthesis of

a Cjo-diterpenoid alkaloid.
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Scheme 1.1 Wiesner’s synthesis of the atisine core.

OMe OMe MeO OMe
~—NMs 1. Na/NHg ——NAc —NAC 1. HO(CH,),OH
2. Ac,0O == 2. 0s0y4, NalO,
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OMe oM oM MeO OMe
——NAc 7 steps \/NAc \/NAc ~—NAC
-~ HCI
- e -
X = ethylene ketal {

X
TsO X OMe

atisine core

Wiesner’s route to talatisamine is summarized here (Schemes 1.1 and 1.2). Beginning
from tetracyclic arene 27, prepared in 21 steps, Birch reduction followed by N-acetylation
affords enone 28 upon treatment with acid. [2 + 2] photocycloaddition with ketene affords
cyclobutane 29. Ketalization of 29 with ethylene glycol followed by oxidative-cleavage of the
cyclobutane exo-methylene and subsequent ketone reduction gives cyclobutanol 30. Treatment
with acid effects retro-aldol/aldol cascade to give the less strained cyclohexane isomer 32,
forming the atisine core. In seven further steps, they access a [2.2.2]-bicyclooctane with a
tosylate leaving group suitable for the desired rearrangement. Treatment with
tetramethylguanidine in DMSO at high temperature forms the rearranged product as a mixture
of alkenes after deprotonation of the resulting tertiary carbocation. To complete the core, the

C7-C17 bond was formed by an aza-Prins reaction upon oxidation of the amine.
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Scheme 1.2 Wiesner’s synthesis of talatisamine (1).
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_NA
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g DMSO 5
; 180 °C o o) 0

—~—
.
£ /
M =
10 X OMe X =ethylene ketal OMe o) OMe (e} O
atisine core 40% vyield 40% yield
— — -
OMe OMe M OMe
MeO NEt MeO — Nt °0 ——NEt
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-~ S | <o —
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HO OMe HO OMe HO OMe
talatisamine (1) - 40 - 39

In a later synthesis of the C,o-diterpenoid alkaloid 13-desoxydelphonine (39), Wiesner
and coworkers sought to rearrange the denudatine core, where the C7—C17 bond is already in
place (Scheme 1.3)." Starting from ortho-quinone mono-ketal 34, Diels-Alder cycloaddition
with benzyl vinyl ether followed by global reduction with Zn and acetic acid affords the
denudatine core in 35. This can be elaborated in 12 steps to the substrate for the Wagner-
Meerwein rearrangement, which procedes smoothly to deliver the aconitine core in excellent

yield. This product can be advanced in 4 steps to 13-desoxydelphonine.
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Scheme 1.3 Wiesner’s synthesis of 13-desoxydelphonine (39).
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\ J

The Sarpong lab has utilized this strategy for the synthesis of a variety of diterpenoid
alkaloid carbon skeletons, including the aconitine-type Cjo-diterpenoid alkaloids (Scheme
1.4).2%?" In their elegant 2015 synthesis of liljestrandinine (3), they employ an intramolecular
Diels-Alder cycloaddition of an ortho-quinone monoketal with a pendant olefin to build the
[2.2.2]-bridged C/D-bicycle 42. This intramolecular approach also provides an efficient way
to form the central B-ring. In short order, they elaborate 42 to an alkyl triflate, which serves
as the substrate for the Wagner-Meerwein rearrangement. Similar approaches have been used

by the Fukuyama and Inoue labs in their syntheses of Cjo-diterpenoid alkaloids.***
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Scheme 1.4 Sarpong’s synthesis of liljestrandinine (3).
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1.3.2 Gin’s Synthesis of Neofinaconitine (60)
Scheme 1.5 Gin’s approach to aconitine core.
TBSO
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MeO 0 MeO 0
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Gin and coworkers used a different approach to the C/D-bicycle in their synthesis of

the C,g-diterpenoid alkaloid neofinaconitine (60, Schemes 1.5 and 1.6).” They assemble the

[3.2.1]-bicycle directly via a Diels-Alder reaction between a cyclopentadiene derived from 46

and cyclopropane dienophile (47). Prior to the work presented in subsequent chapters, this is
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the only example of a total synthesis of a C;s3- or Cjo-diterpenoid alkaloid which does not
involve a Wagner-Meerwein rearrangement to form the C/D-bicycle. Upon elaboration of 48
to diene 49, they perform a fragment coupling Diels-Alder with dienophile 50 to form the A-
ring of the natural product. Intramolecular Mannich reaction forms the A/E/F-tricycle of the
natural product and afforded the unexpected product 54 after intramolecular oxy-Michael.

Scheme 1.6 Completion of C,s-diterpenoid alkaloid neofinaconitine (60).
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_ NEt MeO,C—7~|~4-NEt MeO,C
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- . -
- ‘'H PhH, 80 °C
o 99% vyield
OMe MeO 59 MeO o
neoflnaconltme (60) 58
_ ) aconitine core

[21 steps]

To break the unnecessary C—O bond of the enol ether 54, allylic oxidation and mesylate
formation enabled elimination to bis-enone 59 (Scheme 1.6). The final bond of the natural
product core is forged using a Giese addition of a C7-radical to the D-ring enone to give 59.
This intermediate is elaborated to the C,s-diterpenoid alkaloid neofinaconitine (60) in 11

further steps.

1.4 CONCLUDING REMARKS

The complex carbon frameworks of the diterpenoid alkaloids have provoked a number

of creative synthetic approaches. The early structural elucidation work on diterpenoid alkaloids
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provides insight into the probable biosynthetic relationship between different subfamilies of
diterpenoid alkaloids. This has informed many of the total synthetic efforts, as multiple groups
have reported approaches which convert the carbon framework of one natural product
subfamily to another. Despite the success of synthetic chemists in accessing these natural
products over the past 50 years, they still remain attractive targets for total synthesis and inspire

development of creative synthetic strategies.
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Chapter 2

Convergent Approach to C,4-Diterpenoid Alkaloids via 1,2-

Addition/Semipinacol Sequence

2.1 INTRODUCTION

This chapter details our fragment coupling approach to the Co-diterpenoid alkaloids as
an alternative to the commonly employed biomimetic skeletal rearrangement of the denudatine
scaffold. Our retrosynthetic analysis of (—)-talatisamine (1) is presented. The asymmetric
syntheses of our two coupling partners are described, which includes a direct synthesis of the
[3.2.1]-bicyclooctene  C/D-ring bicyclic fragment via an arene-alkene meta-
photocycloaddition. Lastly, our two-step fragment coupling sequence of 1,2-addition of an
alkenyl lithium C/D-bicyclic fragment to an epoxy ketone A/F-bicyclic fragment followed by

Lewis acid-catalyzed semipinacol rearrangement is presented.
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Figure 2.1 Unitied approach to C,, and C,, diterpenoid alkaloids: disconnection through

the central B-ring.
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2.2 RETROSYNTHETIC ANALYSIS OF C,,-DITERPENOID ALKALOIDS

The structural similarities of various diterpenoid alkaloid subfamilies inspired us to
devise a unified approach to access natural products with a variety of carbon skeletons (Figure
2.1). The Cj9-aconitine, Cyp-napelline and Cy-denudatine type diterpenoid alkaloids share a
common A/E/F-tricycle connected by two bonds of the central B-ring to a C/D-bicycle
characteristic of each subfamily. As such, we envisioned a retrosynthetic disconnection
through the two bonds of the B-ring would allow us to access each subfamily through a
fragment coupling of the proper C/D-bicycle with a common A/F-bicycle. We sought to apply
this strategy first to the synthesis of C;o-diterpenoid alkaloids.

Our retrosynthetic analysis of (—)-talatisamine (1) is shown in Figure 2.2.

Disconnection of the C19-N bond via lactam formation and reduction gives secondary amine
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67, which we envisioned installing through a late stage reductive amination of a C17 ketone
(68). Disconnection of the C7—C8 bond via enolate functionalization opens the central B-ring.
Key to our fragment coupling strategy, we envisioned engaging epoxy-alcohol 70 in a
semipinacol rearrangement, using the strain release of the epoxide opening as the enthalpic
driving force to form the hindered C11 quaternary center. To form the C10—C17 bond of 70,
we envisioned a 1,2-addition of an organolithium C/D-bicyclic fragment (72) to an A/F-epoxy
ketone fragment (71). The [3.2.1]-bicycle was envisioned to arise from an arene-alkene meta-
photocycloaddition. Epoxy ketone 71 was disconnected to 2-cyclopenten-1-one (73), dimethyl
malonate (74) and 2-(2-bromoethyl)-1,3-dioxolane (75).

Figure 2.2 Retrosynthetic analysis of (-)-talatisamine (1).
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2.3 SYNTHESIS OF FRAGMENT COUPLING PARTNERS

2.3.1 Synthesis of [3.2.1]-Bicyclooctene C/D-Bicycle 90

As mentioned above, we envisioned synthesis of the [3.2.1]-bicyclooctane prior to
fragment coupling. When considering methods to form these bridged bicycles,"” we were
intrigued by a report from Sugimura and coworkers for a diastereoselective intramolecular
arene-alkene  meta-photocycloaddition  (Scheme  2.1).>*  Following the meta-
photocycloaddition, Sugimura and coworkers hydrogenate the olefin; we, however, envision
leveraging this alkene to incorporate the oxidation pattern of the natural product. Epoxidation
of this olefin, followed by Grob-fragmentation would lead to formation of C/D-bicycle 82
which is oxidized at C16.

Scheme 2.1 Sugimura’s diastereoselective intramolecular meta-photocycloadition for the
synthesis of [3.2.1]-bicyclooctanes.

Sugimura 2004
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_—

)\/k 2. Hg(OAc),, H,0O
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04.
78 70% yield Me XX 45-50% yield
Me (2 steps)
[2 steps from
phenol]
Proposed Fragment Synthesis
H -
s H H s I Me Me
AP Y
- \} Grob
epoxidation Fragmentation OH O
0 —_— >
OH

Me Me 81 h

To begin, chiral diol 84 was synthesized by Noyori hydrogenation of acetylacetone (83,
Scheme 2.2).° Mitsunobu reaction of 84 with phenol (85) followed by transetherfication of

ethyl vinyl ether (86) affords meta-photocycloaddition substrate 78. Irradiation of 78 with UV
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light results in formation of Sugimura’s product 79 in yields comparable to those reported in
the original communication. These intramolecular photochemical reactions must be run at low
concentrations (~0.01 M) to prevent intermolecular reactions, limiting the largest viable scale
of this reaction to 1.5 grams per batch. With 79 in hand, we set out to test the proposed
epoxidation and Grob-fragmentation to access 82. Epoxidation with mCPBA followed by
treatment with aqueous hydrochloric acid furnishes the desired C/D-bicycle 82. Luche
reduction of 82 yields the axial C14 alcohol 83. The C14/C16-1,3-diol is protected as the
siliconide 84. Having functionalized the D-ring, the chiral auxiliary needed to be removed.
Oxidation of alcohol 84 using Stahl’s conditions produces f-alkoxyketone 85 which is treated
directly with basic methanol to cleave the auxiliary via E1cB elimination to give alcohol 86 as
a single enantiomer. This alcohol is then oxidized to give ketone 87.

Scheme 2.2 Synthesis of [3.2.1]-bicyclic ketone 87 enabled by Sugimura’s meta-

photocycloaddition
1. 85
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To access a precursor to an organometallic C/D-bicycle fragment, C10-ketone 87 was
converted to an alkenyl halide (Scheme 2.3). The ketone was first converted to alkenyl triflate
88 using KHMDS and Comins’ reagent. A Stille coupling of 88 and hexamethylditin forms
the corresponding alkenyl stannane which is converted to alkenyl iodide 89 upon treatment
with N-iodosuccinimide. While this sequence was effective, it requires the use of
stoichiometric quantities of the expensive and highly toxic reagent hexamethylditin. Recently,
our lab reported a convenient nickel-catalyzed method to achieve the same transformation.’®
The conditions were optimized for substrate 88, screening nickel (II) catalysts, catalyst loading
and additives (Table 2.1). 5 mol % loading of Ni(OAc),*4H,0 with NMI as the additive were
the optimal conditions, delivering alkenyl bromide 90 in 87% yield. The main limitation was
scalability of the reaction—scaling the reaction past 2.3 mmol (1.0 grams) of substrate results
in incomplete conversion. This is likely due to the heterogeneity of the reaction; vigorous
stirring was key to achieving complete conversion of starting material. In all, this represents a
10-step synthesis of the C/D-bicycle coupling partner 90.

Scheme 2.3 Synthesis alkenyl halide coupling partner 89 via Stille coupling.
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MegSn,, Pd(PPh3),
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Table 2.1 Optimization of Ni-catalyzed conversion of enol triflate 88 to alkenyl bromide

90.
TfO Br
[Ni] (x mol %)
Zn (2x mol %)
= additive (2x mol %) =
—»
LiBr (1.5 equiv.)
0~g;-0 3:1 THF:DMA O~gi-0
/N /\
t-Bu t-Bu t-Bu tBu
88 90
Entry  Scale (mmol) [Ni] [Ni] loading (x) Additive Temp yield
1 0.1 NiBry 10 mol % DMAP 21°C 30%2
2 0.1 NiBry*dme 10 mol % o 21°C 60%2
3 0.1 Ni(OAc), *4H,0O 2.5 mol % “ 26 °C 3:1 pdt:SM
4 0.1 « 5 mol % o 26 °C 1.4:1 pdtZSM
5 0.1 n 7.5 mol % o 21°C 74%2
6 0.1 “ 10 mol % o 26 °C 69%
7 0.1 « 10 mol % NMI 25°C 66%
8 0.3 “ 7.5 mol % “ 21°C 78%
9 0.3 “ 5 mol % “ 21°C 81%
10 1.0 “ 5 mol % “ 21°C 87%
11 2.3 Ni(OAc), * 4H,0 5 mol % NMI 21°C 87%
ANMR yield using dimethylfumarate as internal standard
2.3.2 Enantioselective Synthesis of A/F-Bicycle Epoxy Ketone 71

Our synthesis of epoxy ketone fragment 71 began with an asymmetric Michael addition
of dimethyl malonate (74) to 2-cyclopenten-1-one (73) using Shibasaki’s heterobimetallic
catalyst 97 (Scheme 2.4).” We developed a highly scalable protocol for this reaction, providing
91 in 88% yield and 91% enantiomeric excess (ee) on 31 g scale.® The ketone of 91 was
converted to ketal 92 by treating with ethylene glycol and catalytic acid in benzene at reflux
using a Dean-Stark reaction setup. Alkylation of the malonate with three-carbon fragment 75
forms the C4 quaternary center in 93. Acid-catalyzed double dioxolane deprotection and
concomitant aldol condensation closes the A-ring to give enone 94. A two-step sequence was

employed to introduce the epoxide on the concave face: treatment of 94 with the strongly
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electrophilic bromonium ion source N-bromosacharrin (95) and water furnishes bromohydrin
96, isolated as a single diastereomer in 63% yield. The crude diastereomeric ratio (d.r.) for this
reaction was ~3:1. Elimination of HBr to yield the epoxide 71 was easily achieved by treating
96 with triethylamine at ambient temperature. 71 was recrystallized to enantiopurity, giving
access to this A/F-fragment in six steps from commercial starting materials.

Scheme 2.4 Enantioselective synthesis of epoxy ketone 71.

GaNa-(S)-BINOL (10 mol%) MeO,C ethylene glycol MeO,C

MeO,C o NaO#Bu (7 mol%) p-TsOH-H,0 0
> —_—
) + 6}5 THF/Et,0, 21 °C MeO,C o] benzene, reflux MeO,C j
MeOy H H o
" & 88% yield, 91% ee 91 85% yield 92
[31 g scale]
0’>
S~ 95 HCI Br (0]
(aq) -
Me0,C NaH, n-BuyNI
MeCN/H,0, 21 °C MeO,C acetone DMF, 0 to 21 °C
0,
63% yield 74% yleld 91% yield

o
MeO,C MeO,C 0 =
Meoch CHzc'Z 21°C Meo,Cy o

99% yield 7

recrystallized to
99% ee

5

GaNa BINOL

2.4 1,2-ADDITION/SEMIPINACOL REARRANGEMENT FRAGMENT

COUPLING SEQUENCE

Having synthesized our key fragments for the synthesis of 1, we set out to test our fragment
coupling sequence (Scheme 2.5). Alkenyl bromide 90 was converted to the alkenyl lithium 72
upon treatment with fert-butyllithium at low temperature. This alkenyl lithium was added
slowly by cannula to a solution of the epoxy ketone 71 at -94 °C. The 1,2-addition was
quenched with TMSCI to give epoxy silyl ether 98 in good yield on 3.8 gram scale. Treatment
of the 1,2-addition product 98 with a catalytic amount of the Lewis acid TMSNTT, and a

pyridine base affords semipinacol rearrangement product 99 in near quantitative yield on 4.3
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gram scale. This remarkable two-step sequence brings together all of the carbon atoms needed
to access the aconitine core and forms the key C11 quaternary center, demonstrating the power
of 1,2-addition/semipinacol rearrangement as a fragment coupling tactic.

Scheme 2.5 1,2-Addition/semipinacol rearrangement fragment coupling to prepare 99.

. o
L'; MeO,C ‘ N
Y

OTMS
MeO,C 'COZ'VC';*

MeOQCH ° 710

TMSNTf, (10 mol %) O
L —

D >
THF. —94 °C: 2,6-t-Buy-4-MePy ==
O~g-0 O~gi-O | thenTMSCI, ~78 1023 °C CH,Clp, =78 °C
/ / ~gi—
t8d “tBu td MtBu 'SP o /SI\ o 99
90 72 77% vyield tBu t-Bu 97% yield t-Bu t-Bu
[3.8 g scale] [4.8 g scale]

2.5 CONCLUDING REMARKS

A 1,2-addition/semipinacol rearrangement fragment coupling strategy to access Cj9 and
Cyo diterpenoid alkaloids has been described. Retrosynthetic analysis of the C19 diterpenoid
alkaloid (—)-talatisamine (1) identifies [3.2.1]-bicyclooctene 91 and epoxy ketone 71 as
practical coupling partners. Synthesis of a single enantiomer of 91 is achieved through
diastereoselective intramolecular meta-photocycloaddition of an arene tethered to an alkene by
a cleavable chiral auxiliary. An enantioselective Michael addition enables the enantioselective
synthesis of epoxy ketone 71. The aforementioned fragment coupling between 91 and 71 forms

the key C11 quaternary center of the natural product in 99.
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2.6 EXPERIMENTAL SECTION

Preparation of GaNa-(S)-BINOL solution (0.05 M in 9:1 THF:Et,0):'*

N
OO OH NaOBu OO 7/ a

GaCly; —mmm Ga

-~
T et O UG

(S)-BINOL ((S)-100) Ga-Na-(S)-BINOL ((S)-97)

In a flame-dried 500 mL round-bottom flask, NaO'Bu (10.92 g, 0.114 mol, 4.0 equiv)
was dissolved in THF (200 mL) under N, atmosphere. In a flame-dried 1 L round-bottom flask,
(8)-(—)-1,1°-bi(2-naphthol) ((S)-BINOL, ($)-100) (16.26 g, 56.8 mmol, 2.0 equiv) was
dissolved in THF (172 mL) under N, atmosphere. The solution of NaO'Bu was transferred via
cannula to the solution of ($)-100 over ~20 minutes at ambient temperature (19 °C). The
mixture was stirred for an additional 30 minutes.

In a flame-dried 1 L round-bottom flask, gallium (III) chloride (5.00 g, 28.4 mmol, 1.0
equiv) was dissolved in a mixture of THF (142 mL) and Et,O (56 mL) under N, atmosphere.
The solution of (S)-S1 and NaO'Bu was transferred to the solution of GaCls via cannula over
~45 minutes at ambient temperature (19 °C). The mixture was stirred for an additional 2 hours
before the heterogeneous mixture was allowed to settle, unperturbed for 18 hours.

Enantioselective synthesis of (5)-(-)-14:

0 (5)-97 (10 mol %) O
NaOBu (7 mol %)
MeOZCvCOZMe > MeO,Co
THF/Et,0 j‘
74 73 19-20°C, 40h CO,Me

88% yield, 91% ee
(S)-91

A flame-dried 1 L, 3-necked round-bottom flask with 24/40 joints and a 1” Teflon
coated egg-shaped magnetic stir bar was charged with NaO'Bu (0.97 g, 10.1 mmol, 0.07 equiv).

The flask was fitted with an oven-dried 250 mL graduated addition funnel and two rubber
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septa. The flask was evacuated and backfilled with nitrogen three times (5 minutes under
vacuum per cycle) before anhydrous THF (22.5 mL) was added by syringe. The supernatant
solution of (§)-100 (288 mL, 14.4 mmol, 0.10 equiv) was measured by transferring to the
addition funnel via cannula and then added to the suspension of NaO'Bu. Dimethyl malonate
(74) (16.5 mL, 144 mmol, 1.0 equiv) was then added by syringe, followed by 2-cyclopenten-
I-one (73) (12.0 mL, 144 mmol, 1.0 equiv). The mixture was stirred at room temperature (19-
20 °C) for 40 hours.

The reaction was transferred to a 2L Erlenmeyer flask and 900 mL of 1M HCI (aq.)
was added slowly while the mixture stirred. The mixture was transferred to a 4L separatory
funnel and extracted with EtOAc (3 x 600 mL). The combined organic phases were washed
with saturated aqueous NaHCO; (400 mL). The aqueous NaHCO; wash was back-extracted
with EtOAc (200 mL). The combined organic phases were washed with brine (400 mL), dried
over Na,SO4 (~300 g) filtered through cotton and concentrated in vacuo. The crude product
was transferred to a tared 100 mL round-bottom flask with a 0.25” stir bar and dried on high-
vacuum while heating to 75 °C with stirring for 1h. The crude product was obtained as a yellow
oil (38.5 g).

The flask of crude product was fitted with a short-path distillation head. The product
was purified by distillation under reduced pressure (180 °C oil bath, vacuum line at 210-214
mTorr. Four fractions were collected in the following quantities: 0.48 g (40-108 °C), 19.40 g
(108-112 °C), 5.46 g (112-114 °C), 3.05 g (108-120 °C). The first and fourth fractions were
combined in a 25 mL round-bottom flask with a 14/20 joint and a 0.25” egg-shaped stir bar
and redistilled in the same manor to give 2.16 g (108-112 °C), which was combined with the

second and third fractions of the initial distillation to give (5)-91 as a colorless oil (27.0 g, 126
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mmol, 88% yield, 91% ee). Enantiomeric excess was measured using chiral supercritical fluid
chromatography (SFC) using a Mettler SFC supercritical CO, analytical chromatography
system (CO; = 1450 psi, column temperature = 40 °C) with a Chiralcel AD-H column (4.6 mm
X 25 cm) eluting with 5 % isopropanol at a flow rate of 2.5 mL/min over 12 minutes. A racemic
standard of (+)-14 was prepared using previously reported methods.

"H NMR (600 MHz, CDCly): § 3.77 (s, 3H), 3.75 (s, 3H), 3.38 (d, ] = 9.4 Hz, 1H), 2.90-2.83
(m, 1H), 2.51 (dd, J = 18.4, 7.6 Hz, 1H), 2.34 (dd, J = 17.5, 8.2 Hz, 1H), 2.30 — 2.16 (m, 2H),
2.01 (dd, J=18.5,11.0 Hz, 1H), 1.69 — 1.61 (m, 1H).

3C NMR (101 MHz, CDCly): § 217.1, 168.6, 168.56, 56.2, 56.2, 52.8, 43.0, 38.3, 36.5, 27.6.
FTIR (NaCl, thin film): 2956, 1738, 1439, 1322, 1236, 1211, 1172, 1154, 1017, 787 cm™".
HRMS: (ESI-TOF) calc’d for C1oH140s [M + H]™ 215.0914, found 215.0915 (0.46 ppm
difference).

[a]3® =—84.8° (¢ = 1.22, CHCL;).

TLC (2:1 Hexanes:EtOAc), Ry 0.2 (purple in p-anisaldehyde)

SFC Data for racemic 91:

DAD1 A, Sig=210,16 Ref=370,60 (CRL\NJF 2019-05-08 00-47-24\NJF-3-201-RAC-1.D)
mAU
20 -

20 -

-40
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Signal 1: DAD1 A, Sig=210,16 Ref=370,60
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
e e | —-mmm - | —=mm - | --——-—- |
1 6.650 BB 0.2416 578.09924 35.20285 50.7730
2 8.316 BB 0.2859 560.49567 27.48701 49.2270
Totals 1138.59491 62.68986
SFC Data for enantioenriched (-)-91:
DAD1 A, Sig=210,16 Ref=370,60 (CRL\NJF 2019-05-08 00-47-24\NJF-3-201-1.D)
"
ﬁ, &
0= &
-10 @},Q
a s
-40 T T T :
0 2 4 6 8 10 min|
Signal 1: DADl A, Sig=210,16 Ref=370,60
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
el R R R | =mm - | == | -—— -
1 5.826 BB 0.3083 898.89612 41.24311 95.4646
2 7.363 MM 0.2972 42.70552 2.39477 4.5354
Totals 941.60163 43.63788
Preparation of ketal 92:
MeO,C ethylene glycol MeO,C
p-TsOH ‘ [e]
MGOZC)H@O PhMe, reflux g MeOZC)H>O<O]

In a flame dried 1 L, round-bottom flask equipped with a reflux condenser and Dean—
Stark trap, ketone 91 (38.6 g, 180 mmol, 1.0 equiv) was dissolved in toluene (600 mL). To this
solution was added ethylene glycol (20.2 mL, 360 mmol, 2.0 equiv) and p-TsOH*H,O (3.42 g,

18.0 mmol, 0.10 equiv), and the reaction was heated to reflux for 11 h. The reaction was then
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cooled to room temperature and diluted with Et;O (1200 mL). The solution was washed with
saturated aqueous NaHCOs3 (2 x 400 mL), and the combined aqueous phase was extracted with
Et,O (750 mL). The combined organic phase was washed with brine (500 mL), dried over
NaySOy, filtered, and concentrated in vacuo. Purification by silica gel chromatography (25%
EtOAc in hexanes with 2% NEt;) provided ketal 92 (39.6 g, 153 mmol, 85% yield) as a
colorless oil.

"H NMR (400 MHz, CDCly): § 3.93 —3.84 (m, 4H), 3.72 (m, 6H), 3.31 (d, J= 10.2 Hz, 1H),
2.75-2.62 (m, 1H), 2.08 (ddd, /= 13.7, 8.0, 1.2 Hz, 1H), 1.99 — 1.86 (m, 2H), 1.85 —1.75 (m,
1H), 1.56 (dd, J=13.6, 9.5 Hz, 1H), 1.48 — 1.36 (m, 1H).

3C NMR (101 MHz, CDCLy): § 169.0, 168.9, 117.0, 64.3, 64.2, 56.7, 52.4, 52.4, 40.6, 36.8,
35.5,28.2.

FTIR (NaCl, thin film): 2956, 2885, 1754, 1734, 1435, 1316, 1216, 1151, 1079, 1017, 947
cm™.

HRMS: (PMM) calc’d for C1,H;906 [M + H]™ 259.1176, found 259.1169.

[a]Z® =+2.2° (¢ = 1.4, CHCL3).

TLC (2:1 Hexanes:EtOAc), Ry 0.3 (purple in p-anisaldehyde)

Preparation of bis-ketal 93:

75 o) [\
/\/k} SN
MeO,C Br
o NaH, n-BuyNI
MGOZC)H>O< ] DMF,0°Ctort

0 MeO,C o)

91% yield MeO.C 1y oj
92 93

A flame dried 1 L round-bottom flask was charged with diester 92 (39.9 g, 155 mmol,

1.0 equiv) and DMF (386 mL). The solution was cooled to 0 °C before NaH (60% dispersion
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in mineral oil, 7.42 g, 185 mmol, 1.2 equiv) was added in portions. n-BusNI (11.39 g, 30.8
mmol, 0.20 equiv) and 2-(2-bromoethyl)-1,3-dioxolane (75, 27.2 mL, 232 mmol, 1.5 equiv)
were added sequentially, and the reaction was allowed to warm to room temperature and stirred
for 72 hours. The reaction was then quenched by addition of sat. NH4Cl (600 mL). The mixture
was extracted with EtOAc (3 x 1 L), and the combined organic extracts were washed with sat.
NH4C1 (2 x 400 mL) followed by brine (400 mL), dried over Na,SQy, filtered, and concentrated
in vacuo. Purification by silica gel chromatography (10 to 50% EtOAc in hexanes) afforded
bis-ketal 93 (50.4 g, 141 mmol, 91% yield) as a colorless oil.

"H NMR (500 MHz, CDCL3): & 4.83 (td, J = 4.5, 1.9 Hz, 1H), 3.97 — 3.81 (m, 8H), 3.71 (s,
3H), 3.71 (s, 3H), 2.70 — 2.60 (m, 1H), 2.05 — 1.95 (m, 3H), 1.91 — 1.80 (m, 2H), 1.80 — 1.66
(m, 2H), 1.64 — 1.50 (m, 3H).

BC NMR (126 MHz, CDCl): § 171.2, 171.1, 116.6, 103.9, 64.9, 64.9, 64.2, 64.1, 59.8, 52.2,
52.1,40.4, 38.0, 35.3, 29.0, 27.9, 25 4.

FTIR (NaCl, thin film): 2954, 2915, 2877, 1728, 1434, 1227, 1141, 1024 cm™.

HRMS: (FAB) calc’d for C7H,705 [M + H]™ 359.1706, found 359.1716.

[a]3® =—0.69° (¢ = 0.60, CHCl;).

TLC (1:1 Hexanes:EtOAc), Ry 0.3 (turquoise in p-anisaldehyde)
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Preparation of enone 94:

(0] (0]
HCI (aq)
> MeO,C o
acetone, 70 °C
MeO,C o MeO-C H
MeO,C Oj 74% yield
93 94

In a 1L, round-bottom flask equipped with a reflux condenser, bis-dioxolane 93 (25.2
g, 70.3 mmol, 1.0 equiv) was dissolved in acetone (280 mL). Aqueous HCI (70 mL, 2 N, 140
mmol, 2.0 equiv) was added, and the reaction was heated to 70 °C with stirring for 16 h. The
reaction was cooled to room temperature and quenched with sat. NaHCO; (300 mL) and
partially concentrated in vacuo to remove acetone. The resulting mixture was extracted with
CH,ClI; (3 x 450 mL), and the combined organic extracts were dried over Na,SOy, filtered, and
concentrated in vacuo. The crude residue was purified by silica gel chromatography (10 to
40% EtOAc in hexanes) to afford enone 94 (13.03 g, 51.6 mmol, 74% yield) as a white solid.
"H NMR (500 MHz, CDCL): § 6.69 (q, J = 3.8 Hz, 1H), 3.78 (s, 3H), 3.67 (s, 3H), 3.10 (qdd,
J=174,3.5,2.1 Hz, 1H), 2.53 — 2.37 (m, 4H), 2.32 — 2.22 (m, 2H), 2.11 —1.90 (m, 2H).
3C NMR (126 MHz, CDCly): § 204.6, 171.8, 169.5, 137.1, 131.3, 55.0, 52.7, 52.2, 42.8,
37.7,29.4,23.9,23.2.
FTIR (NaCl, thin film): 3022, 2956, 2898, 2848, 1732, 1659, 1451, 1434, 1283, 1256, 1214,
1174, 1143, 1064 cm ™.
HRMS: (FAB) calc’d for C13H;,0s [M + H]" 253.1076, found 253.1076.
[a]Z® =-34° (¢ = 1.7, CHCL).

TLC (1:1 Hexanes:EtOAc), Ry 0.6 (UV, blue in p-anisaldehyde)
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Preparation bromohydrin 96:

0
0
\
s
N—Br
\OH
L 95 w0
MeO,C > MeO,C Br
MeO.C i o MeCN/H,0, 0 to 20 °C MeO,C 1y ©
62% yield

94 9%
A 250 mL, round-bottom flask was charged with enone 94 (3.91 g, 15.5 mmol, 1.0
equiv), MeCN (64 mL), and H,O (12 mL), and the mixture was cooled to 0 °C. N-
bromosaccharin (5.28 g, 20.1 mmol, 1.3 equiv) was added slowly in portions over 30 minutes.
The reaction was warmed to 20 °C and stirred for 6.5 h, then quenched by addition of sat.
NaS;0; (150 mL). The mixture was extracted with Et;O (3 x 250 mL), and the combined
organic extracts were washed with sat. NaHCO; (2 x 150 mL), brine (150 mL), dried over
MgSO., filtered, and concentrated in vacuo to afford a crude white solid. This was dissolved
in Et;0 (600 mL) at 35 °C. The solution was concentrated until ca. 300 mL of solvent remained,
and then hexanes (300 mL) was added. The solution was concentrated until ca. 300 mL of
solvent remained, with white solids suspended within. The solvent was decanted into a
Biichner funnel, washing the flask carefully with hexanes. The residual solids in the flask were
collected, affording bromohydrin 96 (3.37 g, 9.65 mmol, 62% yield) as a white solid.
Note: An NMR sample of the crude reaction mixture shows ~3:1 mixture of diastereomers.
'"H NMR (500 MHz, Chloroform-d): & 4.37 (t, J = 2.8 Hz, 1H), 3.77 (s, 3H), 3.74 (s, 3H),
3.10 (ddd, J=12.3, 5.9, 1.6 Hz, 1H), 2.81 (d, /= 1.7 Hz, 1H), 2.79 — 2.71 (m, 1H), 2.51 (dd,
J=18.0,7.3 Hz, 1H), 2.41 — 2.32 (m, 2H), 2.30 — 2.17 (m, 2H), 2.07 — 1.98 (m, 2H).
“C NMR (101 MHz, CDCL): § 211.6, 171.3, 171.1, 76.5, 55.5, 53.0, 52.5, 47.9, 42.2, 36.2,

28.2,27.6,21.3.
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FTIR (NaCl, thin film): 3436, 2998, 2955, 2847, 1748, 1732, 1435, 1403, 1252, 1213, 1152,
1091, 1073, 1056, 980 cm’.

HRMS: (FAB) calc’d for C;3H;sBrOg [M + H]" 349.0287, found 349.0275.

[a]3® =—49° (¢ = 0.17, CHCLy).

TLC (1:1 Hexanes:EtOAc), Ry 0.6 (orange in p-anisaldehyde)

Preparation of epoxyketone 71:

_WOH
Br EtN o
MeO,C o T > MeOgC o
MeO,C iy CHyCl, MeO,C iy

99% yield
96 71

In a 250 mL, round-bottom flask, bromohydrin 96 (6.66 g, 19.1 mmol, 1.0 equiv) was
dissolved in CH,Cl; 191 mL). Et3N (3.2 mL, 22.9 mmol, 1.2 equiv) was added, and the reaction
was stirred at 20 °C for 9 h. The mixture was loaded directly onto a column of silica gel
(slurried in hexanes), and purification by chromatography (100% hexanes, then 40% EtOAc
in hexanes) afforded epoxyketone 71 (5.10 g, 19.1 mmol, 99% yield) as a white solid. The
resulting solid was recrystallized from acetone layered with hexanes to afford epoxyketone 71
in >99% ee.

"H NMR (500 MHz, CDCl;): & 3.76 (s, 1H), 3.76 — 3.73 (m, 4H), 2.93 (dd, J = 12.5, 5.8 Hz,
1H), 2.68 (qd,J=11.7, 7.4 Hz, 1H), 2.58 (ddd, J=18.7, 7.6, 1.6 Hz, 1H), 2.48 —2.28 (m, 4H),
2.12-2.01 (m, 1H), 1.72 - 1.61 (m, 1H).

3C NMR (126 MHz, CDCl3): § 212.0, 171.4, 169.8, 63.0, 56.1, 55.2, 53.1, 52.4, 43.8, 38 .4,
29.3,23.0, 21.7.

FTIR (NaCl/thin film): 3006, 2956, 2903, 2848, 1755, 1732, 1453, 1434, 1408, 1372, 1306,

1251, 1214, 1176, 1139, 1058, 890 cm™".
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HRMS: (FAB) calc’d for C;3H706 [M + H]+ 269.1025, found 269.1050.
[a]3® =—-171° (c = 0.60, CHCLy).
TLC (1:1 Hexanes:EtOAc), Ry 0.6 (yellow/orange in p-anisaldehyde)

SFC data for racemic epoxyketone 9:

DAD1 A, Sig=210,16 Ref=370,60 (AKINJF 1 2019-04-01 23-03-25\NJF-3-072-RAC D)
mAU 3
200
150
100 -
50
03
-50

- - - 1 - - 1 T T T
0 1 2 3 4 5 6

Signal 1: DaD1 2, Sig=210,16 Ref=370,60

Peak RetTime Type Width Area Height Area
< [min] [min] [mMAU*s] [mAU] %
=== | ====|======= | -========= |-========= | =—======= |
1 3.380 BB 0.0€e83 1135.58337 253.08704 50.0585
2 3.949 BB 0.0845 1132.93115 218.41344 49.9415
Totals : 2268.51453 471.50047

SFC data for enantiopure epoxyketone 9:

DADT A, Sig=210,16 Ref=370,60 (AK\NJF1 2019-04-01 23-03-25\NJF-3-072-CROP1-PRIME D)
mAU 3
E b(‘ib
200 ’
1503
1003

50
03
-50 3

—
1

o]

w-]
e
o]
o
~-

min

=

Signal 1: DAD1 2, Sig=210,16 Ref=370,60

Peak RetTime Type Width Area Height Area
F [min] [min] [mAU*s] [mAU] %
=== === el | —========- | -——====——-- | =——===——= l
1 3.423 BB 0.0728 1129.82751 249.84152 100.0000

Totals : 1129.82751 249.84152
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Preparation of Diol (2R, 4R)-(—)—84:4

Me\n/\n/Me RUCI,[(R)-BINAP] (0.1 mol %)  Me,,. Me

L

EtOH, 30 °C
83 76% yield (2R.4R)-(-)84

A flame-dried 100 mL Schlenk flask was charged with acetylacetone (83, 32.3 mL, 315
mmol, 1.0 equiv) and 200-proof EtOH (32.3 mL). The solution was sparged with N, for 1 hour.
A parr bomb, an oven-dried 150 mL glass jar with a stirbar, and the Schlenk flask of acac/EtOH
solution were brought into a N»-filled glovebox. The solution of acac in EtOH was transferred
to the glass jar and RuCl,[(R)-BINAP] (0.250 g, 0.315 mmol, 0.1 mol %) was added. The jar
of reaction mixture was lowered into the bomb, which was then sealed and brought out of the
glovebox. The bomb was purged with H, by pressurizing to 100 psi then releasing the pressure
(3 cycles). The bomb was pressurized with H, to 1100 psi, lowered into an oil bath at 30 °C
and secured with a chain clamp. After 1 day, the pressure had dropped to ~850 psi, so the
vessel was pressurized to 1100 psi. After another 1 day, the pressure had dropped to ~900 psi
and was again pressurized to 1100 psi. The reaction was stirred an additional 4 days (6 days
total). The pressure was released and the reaction mixture was transferred to a 250 mL round-
bottom flask and sparged with N, for 1 hour. The mixture was concentrated in vacuo. The
product was purified by distillation using a short-path distillation head under reduced pressure
(120 °C oil bath, 15 torr). (2R,4R)-2,4-pentanediol ((2R,4R)-(—)-84) was isolated as a colorless
oil which crystallized on standing (b.p. 90-100 °C (15 torr), 24.9 g, 239 mmol, 76% yield).
"H NMR (500 MHz, Chloroform-d) & 4.18 (q, J = 6.0 Hz, 2H), 2.26 (br, 2H), 1.62 (dd, J =

6.0, 5.1 Hz, 2H), 1.26 (d, J = 6.3 Hz, 6H).
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Preparation of aryl ether 100:

Me Me
Me,, (\rMe HO DIAD, PPhg W
+
OH OH

s O OH
THF, 0 to 21 °C ©/

84 85 65% yield 100

In a flame dried 1 L, round-bottom flask equipped with an addition funnel, (2R, 4R)-
pentanediol (84, 10.42 g, 100 mmol, 1.0 equiv), phenol (85, 10.35 g, 110 mmol, 1.1 equiv),
and PPh; (31.47 g, 120 mmol, 1.2 equiv) were dissolved in THF (450 mL) and the mixture
was cooled to 0 °C. A solution of DIAD (23.6 mL, 120 mmol, 1.2 equiv) in THF (100 mL)
was prepared in another flask, and transferred to the addition funnel. The DIAD solution was
added dropwise to the vigorously stirring reaction over 40 min at 0 °C. After complete addition
of the DIAD solution, the reaction was allowed to warm to 20 °C and stirred for 11 h before
being partially concentrated in vacuo to a volume of ~200 mL. The mixture was filtered over
celite to remove (O)PPh;, and then further concentrated in vacuo. Purification of the crude
residue by silica gel chromatography (10 to 45% EtOAc in hexanes) afforded arene 100 (11.7
g, 64.9 mmol, 65% yield). Spectroscopic data matched that reported by Sugimura ef al.’
"H NMR (500 MHz, CDCl3): 3 7.31 — 7.26 (m, 2H), 6.99 — 6.91 (m, 3H), 4.61 (dqd, J = 8.6,
6.0, 4.4 Hz, 1H), 4.06 (dqt, J = 8.9, 6.1, 2.7 Hz, 1H), 2.56 (s, 1H), 1.95 (dt, J = 14.4, 8.8 Hz,
1H), 1.70 (ddd, J=14.4, 4.5, 3.1 Hz, 1H), 1.31 (d, J = 6.0 Hz, 3H), 1.23 (d, ] = 6.2 Hz, 3H).

TLC (2:1 Hexanes:EtOAc), Ry: 0.4 (UV, purple in p-anisaldehyde)
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Preparation of arene olefin 78:

Me Me
W Hg(OAc), (20 mol%

Me Me
) Yy
(0] OH > (0] (0]
O Foae (Y
78

100
>95% yield

In a 250 mL, round-bottom flask equipped with a reflux condenser, arene 100 (3.90 g,
21.6 mmol, 1.0 equiv) was dissolved in ethyl vinyl ether (108 mL), and Hg(OAc), (689 mg,
2.16 mmol, 0.10 equiv) was added. The mixture was heated to reflux and stirred for 18 h, at
which point, the reaction was cooled to room temperature, and another portion of Hg(OAc),
(689 mg, 2.16 mmol, 0.10 equiv) was added, and the reaction was brought back to reflux. After
stirring for another 15 h at reflux, the reaction was quenched by addition of sat. NaHCO3 (100
mL). The layers were separated, and the aqueous phase was extracted with Et;O (3 x 200 mL).
The combined organic extracts were washed with brine (200 mL), dried over MgSQy, filtered,
and concentrated in vacuo. The crude residue was purified by filtering over a short plug of
silica (eluting with 10% EtOAc/1% Et;N in hexanes) to provide arene olefin 78 (4.5 g, 21.8
mmol, 100% yield) as a colorless oil. Spectroscopic data matched that reported by Sugimura
etal’
"H NMR (400 MHz, CDCl3): 3 7.31 — 7.24 (m, 2H), 6.97 — 6.86 (m, 3H), 6.34 (dd, J = 14.2,
6.6 Hz, 1H), 4.52 (h, J=6.2 Hz, 1H), 4.33 (dd, J=14.2, 1.6 Hz, 1H), 4.12 (h, J= 6.3 Hz, 1H),
4.03 (dd, J=6.7, 1.6 Hz, 1H), 2.20 (dt, J=13.9, 6.9 Hz, 1H), 1.65 (dt, J = 14.0, 6.0 Hz, 1H),
1.33 (d, J=6.1 Hz, 3H), 1.25 (d, /= 6.2 Hz, 3H).

TLC (2:1 Hexanes:EtOAc), Ry 0.7 (UV, purple in p-anisaldehyde)
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Preparation of 7-substituted meta-photoadduct 79:

l /@ hv (254 nm) @
(0] (o) - (0]

pentane o
AN 280 Me’u "
Me Me

Me

1.5 g batches
7 4 79
8 67% avg. yield

In a 1 L, round-bottom quartz flask, arene olefin 78 (1.5 g, 7.3 mmol, 1.0 equiv) was

dissolved in pentane (700 mL). This solution was sparged with Ar for 75 min, then irradiated
with stirring using a Honeywell 254 nm lamp for 27 h. The temperature was deliberately
maintained at 25 °C using ventilation fans. Upon completion, the reaction was concentrated in
vacuo to afford a crude residue. This procedure was repeated for a total of 5 batches. All 5
crude batches were combined and purified by silica gel chromatography (9% EtOAc in
hexanes) to afford 7-substituted photoadduct 79 (5.0 g, 24.2 mmol, 67% average yield over 5
batches) as a white solid. Spectroscopic data matched that reported by Sugimura ef al.’
"H NMR (400 MHz, Chloroform-d): & 5.66 — 5.58 (m, 1H), 5.43 (dd, J= 5.6, 1.8 Hz, 1H),
448 (dd,J=6.9,2.5 Hz, 1H), 4.31 (p, J= 6.5 Hz, 1H), 4.05 (p, /= 6.6 Hz, 1H), 3.25 (dd, J
=8.3,2.6 Hz, 1H), 2.50 — 2.42 (m, 3H), 2.34 (dt, /= 17.4, 7.4 Hz, 1H), 2.09 (ddd, J = 14.6,
6.9, 1.1 Hz, 1H), 1.59 (d, /= 17.4 Hz, 1H), 1.23 (s, 3H), 1.21 (s, 3H).

TLC (3:1 Hexanes:EtOAc), Ry 0.5 (UV, purple in p-anisaldehyde)
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Preparation of allylic alcohol 82:

H Me Me
m-CPBA Y'Y

Cchlz, 0to19°C

O
Me
82% vyield )

Me

Yy

79 82
A 2 L, round-bottom flask was charged with photoadduct 79 (11.84 g, 57.4 mmol, 1.0
equiv) and CH,Cl, (575 mL), and cooled to 0 °C. m-CPBA (77% by wt., 14.79 g, 66.0 mmol,
1.15 equiv) was added, and the reaction was stirred for 30 min at 0 °C, then warmed to room
temperature. After stirring for an additional 5 h at room temperature, 2 N HCI (115 mL, 230
mmol, 4.0 equiv) was added, and the biphasic mixture was stirred vigorously. After 40 min,
the reaction was quenched by careful addition of sat. NaHCOs; (330 mL), and stirred until
bubbling ceased (ca. 30 min). The layers were separated, and the aqueous phase was extracted
with 3:1 CHCl;:i-PrOH (3 x 600 mL). The combined organic extracts were dried over Na;SOy,
filtered, and concentrated in vacuo. Purification by silica gel chromatography (40 to 45%
acetone in hexanes) afforded allylic alcohol 82 (11.34 g, 47.2 mmol, 82% yield) as a colorless
oil.
"H NMR (400 MHz, CDCl3): § 5.97 (dd, J=9.0, 7.2 Hz, 1H), 5.77 (ddd, J=9.0, 3.8, 1.2 Hz,
1H), 4.58 (s, 1H), 4.02 (dd, J= 6.1, 2.2 Hz, 1H), 3.90 (dqd, /=9.2, 6.2, 3.0 Hz, 1H), 3.70 (dqd,
J=28.8,6.0,4.3 Hz, 1H), 2.79 (dd, /= 7.2, 1.5 Hz, 1H), 2.67 — 2.53 (m, 2H), 2.29 (br s, 1H),
2.18-2.05 (m, 2H), 1.61 (dt, J=14.4, 8.9 Hz, 1H), 1.48 (ddd, J=14.5,4.4, 3.1 Hz, 1H), 1.16
(d, J=3.8 Hz, 3H), 1.14 (d, J=4.1 Hz, 3H).
3C NMR (101 MHz, CDCL): § 213.9, 131.4, 129.6, 81.1, 75.2, 73.9, 67.0, 51.6, 49.5, 45.9,

32.2,23.6,20.0.



Chapter 2 — Convergent Approach to C¢-Diterpenoid Alkaloids 36

FTIR (NaCl, thin film): 3400, 2969, 2933, 1753, 1458, 1447, 1376, 1329, 1120, 1080, 1048,
926 cm’.

HRMS: (FAB) calc’d for Ci3H, 04 [M + H]' 241.1440, found 241.1421.

[a]3® =—6.2° (c = 1.0, CHCly).

TLC (1:1 Hexanes:acetone), Ry: 0.3 (KMnOy)

Preparation of triol 83:

M M
e\|/\r e NaBH, MeY\rMe

OH © CeCly7H,0 OH ©
)? MeOH, -78°C 2?
0

OH 89% yield OH OH
82 83

In a 1 L, round-bottom flask, ketone 82 (6.7 g, 28 mmol, 1.0 equiv) and CeCl3*7H,0O
(15.6 g, 41.8 mmol, 1.5 equiv) were dissolved in MeOH (280 mL). The solution was then
cooled to —78 °C, and NaBH4 (1.27 g, 33.5 mmol, 1.2 equiv) was added. After stirring for 2 h
at —78 °C, the reaction was quenched with 1 M NaOH (200 mL), and concentrated in vacuo to
remove MeOH. The aqueous phase was extracted with EtOAc (8 x 250 mL), and the combined
organic extracts were dried over Na,SOy, filtered, and concentrated in vacuo. Filtration of the
crude residue over a short plug of silica (eluting with 50% acetone in hexanes) afforded triol

83 (6.1 g, 25 mmol, 89% yield) as a white solid.

Note: The product is highly water soluble, and thus requires rigorous extraction with a polar

solvent such as EtOAc.
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"H NMR (400 MHz, CDCly): 6 5.88 (ddt,J=9.9,3.7, 1.7 Hz, 1H), 5.74 (dd, J= 9.4, 7.0 Hz,
1H), 4.46 (s, 1H), 3.97 (dqd, J = 8.9, 6.3, 2.7 Hz, 1H), 3.83 (br s, 1H), 3.77 — 3.67 (m, 3H),
3.56 (brs, 2H), 2.63 — 2.58 (m, 1H), 2.46 (appar s, 1H), 1.77 (td, J=4.7,4.1, 1.7 Hz, 2H), 1.63
—1.47 (m, 2H), 1.15 (d, J= 6.1 Hz, 3H), 1.12 (d, J = 6.0 Hz, 3H).

3C NMR (101 MHz, CDCl): & 129.7, 126.5, 78.3, 75.4, 72.0, 71.7, 68.1, 45.5, 45.4, 40.8,
33.8,23.4,20.1.

FTIR (NaCl, thin film): 3369, 3032, 2967, 2934, 1757, 1642, 1447, 1420, 1376, 1318, 1180,
1084, 1033, 970, 934 cm’™.

HRMS: (FAB) calc’d for C13H,304 [M + H]" 243.1596, found 243.1616.

[a]3® =—6.2° (c = 1.0, CHCly).

TLC (1:1 Hexanes:acetone), Ry 0.4 (UV, blue/green in p-anisaldehyde)

Preparation of siliconide 84:

MeY\rMe MGYYMG
Bu,Si(OTf), OH O
OH © 2,6-utidine -
2? CH.Cl,, -78°C
O~g;-O
83 OH  OH 93% yield ga B0 “tBu

A flame-dried 1 L, round-bottom flask was charged with triol 83 (9.0 g, 37.1 mmol, 1.0
equiv), which was then azeotroped with anhydrous PhMe to remove any trace moisture.
CHClI, (370 mL) and 2,6-lutidine (10.3 mL, 89.1 mmol, 2.40 equiv) were added, and the
mixture was cooled to —78 °C. To this solution was added #-Bu,Si(OTf), (15.0 mL, 44.6 mmol,
1.20 equiv), and the reaction was stirred for 1 h. The reaction was quenched with sat. NaHCO;
(150 mL) and H,O (150 mL), and the layers were separated. The aqueous phase was extracted

with CH,Cl, (3 x 180 mL), and the combined organic extracts were washed with 0.1 M HCI
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(300 mL), washed with sat. NaHCO; (100 mL), dried over Na,SOy, filtered, and concentrated
in vacuo. The crude residue was purified by silica gel chromatography (10 to 25% acetone in
hexanes) to afford siliconide 84 (13.27 g, 34.7 mmol, 93% yield) as a colorless oil.

"H NMR (400 MHz, CDCls): 5 5.83 (ddd, J=9.5, 4.4, 1.6 Hz, 1H), 5.74 (ddd, J = 9.6, 6.3,
1.2 Hz, 1H), 4.59 (t, J = 4.8 Hz, 1H), 4.04 — 3.91 (m, 2H), 3.80 — 3.70 (m, 2H), 3.39 (s, 1H),
2.78 (dd, J=6.3, 4.1 Hz, 1H), 2.77 - 2.67 (m, 1H), 1.82 (ddd, J=15.2, 7.5, 1.3 Hz, 1H), 1.71
(dd, J=15.0, 7.9 Hz, 1H), 1.59 (dt, J = 14.5, 9.2 Hz, 1H), 1.51 (ddd, J = 14.5, 4.0, 2.6 Hz,
1H), 1.16 (d, J=6.2 Hz, 3H), 1.12 (d, /= 6.0 Hz, 3H), 1.05 (s, 9H), 0.96 (s, 9H).

C NMR (101 MHz, CDCly): § 129.8, 129.1, 76.4, 74.7, 73.7, 71.0, 67.6, 46.4, 45.9, 38.6,
33.0,28.7, 28.2, 23.6, 21.2, 20.7, 20.0.

FTIR (NaCl, thin film): 3436, 3032, 2968, 2934, 2900, 2859, 1476, 1388, 1364, 1326, 1196,
1174, 1058, 1036, 1019, 998, 826 cm™.

HRMS: (FAB) calc’d for C2;H3004Si [M + H]" 383.2618, found 383.2630.

[a]3® = +59° (c = 0.90, CHCL,).

TLC (1:1 Hexanes:EtOAc), Ry 0.7 (green in p-anisaldehyde)

Preparation of alcohol 86:°

Me Me
MeWMe Cu(MeCN),OTf \n/\(
4

HO
ABNO 0O o
OH © MeOBpy, NMI then KoCO4 2?
~
A —
~
84 MeCN 8 MeOH

O~qa:-0
O~g;-0 Si
O‘/Si\’o t-Bu/SI\ +Bu t-Bu/ \t-Bu
t-Bu t-Bu
L not isolated - 93% yield 86

To a 500 mL, round-bottom flask was added alcohol 84 (3.92 g, 10.25 mmol, 1 equiv)
and MeCN (102 mL). To this solution was added 4,4-dimethoxy-2,2’-bipyridine (111 mg,

0.513 mmol, 5 mol %), N-methylimidazole (82.5 pL, 1.03 mmol, 10 mol %), and ABNO (72
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mg, 0.513 mmol, 5 mol %). Finally, Cu(MeCN),OTf (193 mg, 0.513 mmol, 5 mol %) was
added last, causing the solution to turn red/brown. The reaction was vigorously stirred for 60
minutes at room temperature open to air, during which time the reaction mixture turns blue,
indicating its completion. At this time, MeOH (205 mL) was added, followed by powdered
K,COs (powdered with mortar and pestle 7.84 g), causing the solution to turn brown, and the
mixture was allowed to stir for 20 hours at room temperature. The mixture was filtered through
a plug of silica gel and celite (to remove copper and solid K,COs3), flushed with excess ethyl
acetate and concentrated in vacuo. The crude residue was purified by silica gel chromatography
(20% ethyl acetate in hexanes, note: streaky on the column) to afford alcohol 86 (2.82 g, 9.53
mmol, 93% yield) as a colorless oil.

'"H NMR (400 MHz, CDCL3): 6 5.82 (ddd, J=9.4,4.3, 1.6 Hz, 1H), 5.77 (ddd, /= 9.5, 6.1,
1.2 Hz, 1H), 4.78 (dd, J=5.5, 4.1 Hz, 1H), 4.06 (dd, J= 6.6, 1.6 Hz, 1H), 4.01 (t, /= 3.9 Hz,
1H), 2.81 —2.72 (m, 1H), 2.63 (ddd, J = 6.0, 4.3, 1.2 Hz, 1H), 1.82 (dd, /= 14.8, 6.8 Hz, 1H),
1.70 (ddt, J=15.0, 7.9, 1.2 Hz, 1H), 1.07 (s, 9H), 0.98 (s, 9H).

3C NMR (101 MHz, CDCl): § 129.6, 129.0, 73.6, 71.8, 71.0, 50.4, 38.7, 34.1, 28.7, 28.2,
21.2,20.7.

FTIR (NaCl, thin film): 3401, 3033, 2968, 2935, 2896, 2860, 1476, 1442, 1388, 1364, 1321,
1280, 1224, 1175, 1032, 998, 920, 825 cm’".

HRMS: (FAB) calc’d for C16H,7,03Si [M + H — H,]" 295.1747, found 295.1730.

[a]3® = +89° (c = 1.3, CHCl;).

TLC (20%EtOAc in Hexanes), Ry: 0.4 (blue in p-anisaldehyde)
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Preparation of ketone 87:

)

HO Cu(MeCN),OTf, }
2? ABNO, MeOBpy NMI . =
Oug -0 MeCN O‘/Si\’o
t—Bu/ \t-Bu t-Bu tBu

91% yield
86 87

To a 500 mL, round-bottom flask was added alcohol 86 (2.82 g, 9.53 mmol, 1 equiv)
and MeCN (95 mL). To this solution was added 4,4-dimethoxy-2,2’-bipyridine (103 mg, 0.476
mmol, 5 mol %), N-methylimidazole (73.6 pL, 0.953 mmol, 10 mol %), and ABNO (66.7 mg,
0.476 mmol, 5 mol %). Finally, Cu(MeCN),OTf (179 mg, 0.476 mmol, 5 mol %) was added
last, causing the solution to turn red/brown. The reaction was vigorously stirred for 60 minutes
at room temperature open to air, during which time the reaction mixture turns blue, indicating
its completion. The mixture was then filtered through a plug of silica gel, flushed with excess
ethyl acetate, and concentrated in vacuo. The crude residue was purified by silica gel
chromatography (15% ethyl acetate in hexanes) to afford ketone 87 (2.55 g, 8.67 mmol, 91%
yield) as a white crystalline solid.
"H NMR (400 MHz, CDCl;): § 6.08 (ddd, J = 9.3, 4.6, 1.6 Hz, 1H), 5.76 (ddd, J=9.2, 6.9,
1.4 Hz, 1H), 4.59 (ddt, J = 5.6, 4.1, 1.1 Hz, 1H), 4.27 (ddd, J = 4.5, 3.4, 0.9 Hz, 1H), 3.15
(dddd, J=6.8,4.2,1.4,0.7 Hz, 1H), 3.02 (dddq, /= 6.8, 5.0, 3.3, 1.6 Hz, 1H), 2.37 — 2.31 (m,
1H), 2.27 (dd, J=19.4, 6.4 Hz, 1H), 1.09 (s, 9H), 0.99 (s, 9H).
3C NMR (101 MHz, CDClLy): § 206.7, 131.3, 124.8, 71.7, 69.8, 55.1, 38.5, 37.6, 28.6, 28.2,
21.1, 20.8.
FTIR (NaCl, thin film): 3036, 2968, 2935, 2859, 1743, 1629, 1476, 1404, 1387, 1365, 1298,
1221, 1187, 1145, 1115, 997, 790 cm™.

HRMS: (FAB) calc’d for C14H,705Si [M + H]" 295.1730, found 295.1731.
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[a]Z® =+51° (c = 1.1, CHCL).

TLC (20%EtOAc in Hexanes), Ry: 0.4 (KMnO4) Note: Does not stain in p-anisaldehyde.

Preparation of enol triflate 88:

0) TfO

'E? KHMDS, THF, 78 °C 'E?
then Comins’ reagent
O*/Si\’o ON/Si\,O
t+Bu t+B 2 x
u u 96% yield tBu t+Bu
87 88

A flame-dried 250 mL, round-bottom flask was charged with ketone 87 (2.00 g, 6.80 mmol,
1.0 equiv), which was azeotroped with anhydrous PhMe to remove trace moisture. THF (58
mL) was added, and the mixture was cooled to —78 °C in a dry ice/acetone bath. KHMDS (16.3
mL, 0.5 M in toluene, 8.15 mmol, 1.2 equiv) was added, causing the solution to turn yellow,
and the reaction was stirred for 45 minutes while kept at —78 °C. In a separate flask, a solution
of Comins’ reagent (2.93 g, 7.47 mmol, 1.1 equiv) in THF (10 mL) was prepared and
cannulated into the first reaction flask. The resulting mixture was stirred for an additional hour
at —78 °C, and then quenched with sat. NaHCO3 (40 mL), and allowed to warm to room
temperature. The biphasic mixture was then transferred to a separatory funnel with Et,O (75
mL), and the layers were separated. The aqueous layer was extracted with more Et,O (3 x 75
mL). The combined organic layers were then washed with aq. 0.5 M NaOH solution (4 x 75
mL), followed by brine (1 x 100 mL). The combined organic extracts were dried over Na;SOy,
filtered, and concentrated in vacuo. Purification of the crude residue by silica gel
chromatography (0 to 10% EtOAc in hexanes) afforded vinyl triflate 88 (2.77 g, 6.50 mmol,

96% yield) as a yellow oil which solidified on standing.
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"H NMR (400 MHz, CDCls): § 6.21 (ddd, J= 9.6, 6.0, 1.1 Hz, 1H), 5.84 (dddd, J = 9.6, 4.5,
2.0, 0.8 Hz, 1H), 5.49 (dd, J = 4.1, 0.8 Hz, 1H), 4.69 (tt, J = 4.8, 1.0 Hz, 1H), 4.28 (ddd, J =
4.0,2.9, 0.8 Hz, 1H), 3.13 (ddddd, J = 4.8, 3.9, 2.8, 1.9, 0.9 Hz, 1H), 2.91 (ddq, ] = 5.6, 4.7,
0.9 Hz, 1H), 1.08 (s, 9H), 1.01 (s, 9H).

C NMR (101 MHz, CDCly): & 163.3, 131.7, 130.8, 118.5 (q, Jcr =321.3 Hz, SO,CF3),
113.2,75.7,65.0,45.2,44.2,28.8,28.2,21.1, 20.7.

FTIR (NaCl, thin film): 3042, 2976, 2938, 2906, 2852, 1640, 1478, 1429, 1380, 1365, 1258,
1249, 1214, 1141, 1123, 1074, 1001, 926, 901 cm™".

HRMS: (FAB) calc’d for C17H,6F3SSiOs [M + H]™ 427.1222, found 427.1205.

[a]Z® = +20° (c = 1.2, CHCL).

TLC (4:1 Hexanes:EtOAc), Ry 0.8 (KMnOy)

Preparation of alkenyl bromide 90:

Br

Ni(OAc), * 4 Hy,O (5 mol %)
Zn (10 mol %)

NMI (10 mol /! =
LiBr (1.5 equiv.)
0~s.~0 3:1 THF:DMA O~g-0
/\
tBu M-Bu 87% yield tBu tBu

88 90

An oven-dried 20 mL scintillation vial with a cross-shaped star bar was charged
with Ni(OAc),°4H,0 (29.2 mg, 117 umol, 0.05 equiv), Zn (15.3 mg, 234 umol, 0.10 equiv),
and LiBr (305 mg, 3.52 mmol, 1.50 equiv). The vial was brought into a nitrogen-filled
glovebox, and 1-methylimidazole (18.7 uL, 234 umol), DMA (1.34 mL) and THF (5.0
mL) were added. After stirring for 15 minutes, the enol triflate 88 (1.00 g, 2.34 mmol, 1.0

equiv) was added as a solid, and the vial of 88 was rinsed with a 3:1 mixture of THF:DMA (4

mL). The vial was brought out of the glovebox. The reaction was stirred (1500 rpm) at 21 °C
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for 16 hours. Water (20 mL) was added, and the mixture was filtered through cotton. The
mixture was extracted with Et,O (4 x 30 mL) and the combined organic extracts were dried
(MgS0y), filtered and concentrated in vacuo to give the crude product as a yellow solid. The
product was purified by column chromatography (SiO,, 1-2-3-4% Et,0 in hexanes) to afford
alkenyl bromide 90 (0.730 g, 2.04 mmol, 87% yield) as a waxy white solid.

Note: The reaction is quite sensitive to stirring, presumably due to the heterogeneous reductant.
The above procedure represents the largest scale we achieved without a significant reduction
in yield (due primarily to incomplete conversion). To improve material throughput, 10
reactions on the scale presented above (10.156 g 10 total, 23.8 mmol) were run in parallel and
combined for workup and purification. In this instance, we obtained an 81% yield (6.93 g, 19.3
mmol).

'"H NMR (400 MHz, Chloroform-d) & 6.24 (ddd, J = 9.6, 6.0, 1.1 Hz, 1H), 5.86 (d, J = 3.9
Hz, 1H), 5.80 (dddd, J=9.5, 4.4, 2.0, 0.8 Hz, 1H), 4.64 (tt, J=4.7, 1.0 Hz, 1H), 4.23 (ddd, J
=4.2,3.0,0.9 Hz, 1H), 3.06 — 3.03 (m, 1H), 2.83 (ddd, /= 6.1, 4.5, 0.8 Hz, 1H), 1.07 (s, 9H),
1.01 (s, 9H).

3C NMR (101 MHz, CDCls) § 135.9, 132.9, 130.4, 128.2, 76.6, 65.1, 51.6, 47.3, 28.8, 28.2,
21.2,20.7.

FTIR (NaCl, thin film): 3424, 2970, 2935, 2860, 2709, 1733, 1632, 1476, 1386, 1364, 1315,
1301, 1288, 1250, 1204, 1118, 1085, 1057, 1028, 994, 973, 938, 914, 849, 826, 809, 797, 780,
761, 726, 761, 701, 692, 682, 645, 613 cm™.

HRMS: (ESI-TOF) calc’d for C4H,6BrO,Si [M + H]" 357.0880, found 357.0873.

[a]32 = +14.7° (c = 0.52, CHCl).

TLC (5% Et,0 in Hexanes), Ry 0.4 (KMnOy)
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Preparation of silyl ether 98:

Br

i t-BuLi
=SS THF, -78 °C
i, 71, THF, —94 to —78°C

OwciO iii. TMSCI
SU —781t0 21 °C
t-Bu t-Bu
89 77% yield

In a 250 mL, round-bottom flask, alkenyl bromide 90 (2.18 g, 6.10 mmol, 1.0 equiv)
was dissolved in THF (61 mL) and cooled to —78 °C. To this solution was added #-BuLi (7.2
mL, 1.7 M in pentane, 12.2 mmol, 2.0 equiv) drop wise via syringe. During the last few drops
of the addition of #-BuLi, the yellow color of -BuLi in THF persisted, indicating that all
equivalents of the alkenyl bromide had been consumed. The resulting mixture was stirred for
an additional 15 minutes at —78 °C. Meanwhile, in a separate 500 mL, round-bottom flask,
epoxyketone 71 (2.13 g, 7.93 mmol, 1.3 equiv) was dissolved in THF (79 mL). 9 requires
vigorous stirring or sonication at room temperature in order to dissolve in THF. After the
epoxyketone had dissolved, it was cooled —94 °C (acetone/liquid N, bath) and stirred for 10
minutes at this temperature to ensure thorough cooling (some precipitate of 71 forms during
this time, but this is not a problem). After the alkenyl lithium had been stirred for 15 minutes
at —78 °C, the solution of alkenyl lithium was then cannulated over 10 minutes into the 94 °C
solution of 71. The reaction was stirred for an additional 30 minutes, allowing the reaction to
warm to —78 °C (the acetone/liquid N, bath was replaced with a dry ice/acetone bath). TMSCI
(1.55 mL, 12.2 mmol, 2.0 equiv) was added, and the mixture was warmed to 21 °C and stirred

for 1 hour. The reaction was then quenched with saturated aqueous NaHCO; (150 mL), and
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was allowed to warm to room temperature. The biphasic mixture was transferred to a
separatory funnel, and the aqueous layer was extracted with EtOAc (3 x 200 mL), and the
combined organic extracts were dried over Na,SOs, filtered, and concentrated in vacuo. The
crude residue was purified by silica gel chromatography (5-10-20-30% EtOAc in hexanes) to
afford silyl ether 98 (2.89 g, 4.67 mmol, 77% yield) as a white crystalline solid.

"H NMR (400 MHz, CDCl): § 6.03 (ddd, J= 9.6, 6.1, 1.1 Hz, 1H), 5.68 (ddd, J = 9.5, 4.3,
1.5,1H), 5.57 (d, J=3.7 Hz, 1H), 4.48 (t, /= 4.7 Hz, 1H), 4.26 (ddd, J=4.1, 3.0, 0.7 Hz, 1H),
3.74 (s, 3H), 3.67 (s, 3H), 3.30 (d, J = 3.5 Hz, 1H), 3.08 — 3.03 (m, 1H), 2.90 (dd, J=5.5, 4.8
Hz, 1H), 2.74 (t, /= 9.3 Hz, 1H), 2.61 (dddd, /= 12.8, 11.0, 8.9, 3.9 Hz, 1H), 2.43 —2.25 (m,
2H), 2.12 (ddd, J=12.7, 8.7, 3.9 Hz, 1H), 2.04 (ddd, J = 12.7, 11.0, 7.5 Hz, 1H), 1.96 (ddd, J
=15.1, 8.2, 3.7 Hz, 1H), 1.83 (ddt, J = 12.7, 9.4, 8.2, 1H), 1.45 (ddd, J = 13.3, 10.1, 8.4 Hz,
1H), 1.09 (s, 9H), 1.02 (s, 9H), 0.05 (s, 9H).

*C NMR (101 MHz, CDCLy): § 172.0, 170.4, 163.2, 135.1, 129.0, 122.5, 77.7, 77.6, 70.1,
66.1, 55.0, 54.0, 52.8, 52.1, 45.8, 44.9, 41 .4, 34.5, 29.7, 28.9, 28.3, 22.2, 21.6, 21.2, 20.7, 2.2.
FTIR (NaCl, thin film): 3028, 2952, 2904, 2860, 1732, 1477, 1462, 1434, 1364, 1250, 1175,
1110, 1058, 992, 881, 842 cm™.

HRMS: (PPM) calc’d for C3,Hs,05Si, [M + H]" 619.3117, found 619.3106.

[a]3® = +36° (c = 0.35, CHCL,).

TLC (10%EtOAc/ 90% Hexanes), Ry 0.4 (green/black in p-anisaldehyde)

Notes:

1) It is extremely important for this reaction to be rigorously dry. Trace water diminishes
y 1imp g y dry
yield. To achieve this, both substrates were separately azeotroped with PhMe (from the

solvent system, 3x) prior to use and dried under high vacuum. Additionally, the THF
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from the solvent system was titrated. As long as the THF titrated at 7 ppm (or lower),
good yields were achieved.

(2) Typically a smaller scale (300 mg) test reaction was done with the same reagent
batches, solvent, and substrate prior to scaling up, to ensure that the scale-up run would
proceed successfully.

The structure was confirmed via X-ray crystallography of the corresponding epoxy alcohol

(S11).

Characterization of epoxy-alcohol S11:

"H NMR (400 MHz, CDCl;): § 6.10 (ddd, J = 9.6, 6.1, 1.1 Hz, 1H), 5.70 (ddd, J = 9.4, 4.3,
1.6 Hz, 1H), 5.65 (d, J= 3.8 Hz, 1H), 4.48 (t, J = 4.7 Hz, 1H), 4.25 (dd, J= 4.2, 2.8 Hz, 1H),
3.75 (s, 3H), 3.70 (s, 3H), 3.32 (d, /= 3.6 Hz, 1H), 3.05—3.01 (m, 1H), 2.83 (ddd, J=5.4,4.9
Hz, 1H), 2.71 (dd, J=10.7, 7.5 Hz, 1H), 2.53 — 2.42 (m, 2H), 2.42 — 2.29 (m, 2H), 2.10 — 1.98
(m, 2H), 1.97 — 1.86 (m, 2H), 1.61 — 1.47 (m, 1H), 1.08 (s, 9H), 1.02 (s, 9H).

C NMR (101 MHz, CDCL): § 171.7, 170.2, 161.6, 134.5, 129.2, 123.4, 77.7, 75.3, 71.2,
66.1, 56.5, 55.0, 52.9, 52.2, 45.6, 45.2, 44.4, 37.3,29.3, 28.9, 28.3, 23.3, 21.6, 21.2, 20.7.
FTIR (NaCl, thin film): 3496, 3032, 2950, 2860, 1732, 1476, 1458, 1434, 1383, 1364, 1306,
1244, 1176, 1108, 991 cm’.

HRMS: (PPM) calc’d for C,0H4305Si [M + H]" 547.2722, found 547.2713.

[a]3® =—5.1° (c = 0.30, CHCL;).
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TLC (33%EtOAc/ 67% Hexanes), Ry 0.5 (blue in p-anisaldehyde)

Preparation of ketone 99:

oTMS
TMSNTY, Me0,C717| CO2Me
(10 mol %) =
2,6-t-Buy-4-MePy U
> =
CH,Cl,, 78 °C
O~gi-0 O*/sro
tBy “tBu 97% yield tBy “tBu

A 1L, round-bottom flask was charged with epoxide 98 (4.27 g, 6.90 mmol, 1.0 equiv),
2,6-(t-Bu),-4-MePy (1.56 g, 7.59 mmol, 1.1 equiv) and CH,Cl, (430 mL), and the solution was
cooled to —78 °C in a dry ice/acetone bath. In an N»-filled glovebox, a solution TMSNTT, (244
mg, 0.69 mmol, 0.10 equiv) in CH,Cl, (2 mL) was taken up into a 3 mL syringe, which was
plugged with a rubber stopper and removed from the glovebox. The TMSNTTf, solution was
immediately added dropwise over 2 minutes to the reaction mixture, causing the solution to
turn yellow. After stirring for an additional 50 minutes at —78 °C, the reaction was quenched
with sat. NaHCO; (250 mL), and the solution was allowed to warm to room temperature. The
biphasic mixture was transferred to a separatory funnel and the layers were separated. The
aqueous phase was extracted with CH,Cl, (3 x 250 mL), and the combined organic extracts
were dried over Na,SQOy, filtered, and concentrated in vacuo. The resulting crude residue was
purified by silica gel chromatography (3% to 4% acetone in hexanes to elute the 2,6-t-Bu,-4-
MePy followed by 8% to 10% acetone in hexanes to elute the product) to afford ketone 99
(4.23 g, 6.70 mmol, 97% yield) as a white solid.

Notes:
(1) 2,6-(¢-Bu),-4-MePy was purchased from Combi Blocks and repurified before use. The

crude brown oil was dissolved in pentanes, and filtered over a plug of silica gel that
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had been pre-equilibrated with pentanes, eluted with more pentanes and concentrated
in vacuo, and dried under high-vacuum. Upon standing, the material turned into a white
crystalline solid. This repurification step is crucial for high yields.
(2) If the starting material is not rigorously dry, the reaction may not reach full conversion.

It is possible that trace amounts of water can quench TMSNTT, and result in early
termination. In this case, the crude product can simply be resubjected to the reaction
conditions. In order to ensure the starting material is sufficiently free of water, it should
be azeotroped with toluene or benzene (1-3x) prior to the reaction.

"H NMR (500 MHz, CDCl;): § 5.88 (ddd, /= 9.5, 6.1, 1.1 Hz, 1H), 5.65 (ddd, J=9.5, 4.3,

1.9 Hz, 1H), 5.40 (d, J = 3.8 Hz, 1H), 4.66 (t, J = 4.7 Hz, 1H), 4.31 (br s, 1H), 4.23 (dd, J =

4.0, 3.1 Hz, 1H), 3.74 (s, 3H), 3.67 (s, 3H), 3.40 (dd, J=11.7, 7.3 Hz, 1H), 3.03 — 2.94 (m,

2H), 2.48 (td, J=14.1, 3.4 Hz, 1H), 2.38 — 2.26 (m, 1H), 2.17 — 2.05 (m, 3H), 1.80 — 1.71 (m,

1H), 1.65 —1.60 (m, 1H), 1.52 (tdd, /= 14.3, 2.9, 1.9 Hz, 1H), 1.08 (s, 9H), 1.00 (s, 9H), 0.05

(s, 9H).

3C NMR (126 MHz, CDCly): § 215.9, 170.7, 170.6, 158.9, 134.8, 128.2, 124.4, 76.7, 69.9,

66.2, 58.0, 56.2, 52.8, 52.6, 46.2, 46.1, 41.8, 38.8, 28.9, 28.3, 27.4, 23.7,21.2, 20.7, 19.3, 0.0.

FTIR (NaCl, thin film): 3032, 2952, 2896, 2859, 1741, 1477, 1462, 1443, 1384, 1363, 1252,

1170, 1097, 991, 840 cm™.

HRMS: (PMM) calc’d for C3,Hs;05Si; [M + H]" 619.3117, found 619.3105.

[a]Z® = +92° (c = 0.73, CHCL).

TLC (10%EtOAc/ 90% Hexanes), Ry 0.4 (blue in p-anisaldehyde)
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Chapter 3

Towards C,4-Diterpenoid Alkaloids: Approaches to the C4 Chiral

Quaternary Center

3.1 INTRODUCTION

Having accessed the product of the semipinacol rearrangement product 99, which contains all
of the carbon atoms of the aconitine core, our efforts turned to introducing the proper
functionality for synthesis of the natural product. Functionalization of the C18 and C19
positions has presented a significant challenge in our efforts towards 1. Our enantioselective
synthesis of epoxy ketone fragment 71 relies on an enantioselective conjugate addition of
dimethyl malonate (74) to 2-cyclopenten-1-one (73), followed by enolate alkylation to form
the C4 quaternary center. This approach brings C18 and C19 in as diastereotopic esters which
require diastereoselective functionalization to set the C4 chiral quaternary center. Our first-
generation retrosynthesis included an intramolecular lactamization between a C17 amine and
the C19 methyl ester (Figure 3.1). Efforts to introduce nitrogen through reductive amination at

C17 were unsuccessful, which led us to modify our strategy such that the C19-N bond would
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be formed before the C17-N bond."* This required selective incorporation of an amine by
reaction with the C19 ester over its diastereotopic C18 ester. This chapter discusses efforts to
differentiate the reactivity of these two sites in order to set the C4 chiral quaternary center, as
well as an alternative approach to set that chiral center at an early stage in the synthesis, prior
to the fragment coupling.

Figure 3.1 Functionalization of C18 and C19 for the synthesis of talatisamine (1),

liliestrandinine (2), and liljestrandisine (3)."”

C17 Reductive amination unsuccessful

OTMS OTMS
18 4 [ 18 4] (. 18 4
MeO,C %’2'\('39 MeO,C %D_%GHB MeO,C
17 17
------------- -
o
BOMO 491 © | BOMO 4pp 0 i BOMO 4o3
2nd Generation approach: Form CI9—N bond first
OTMS M OMe
4 s eO_ 4
-CO-Me Functionalization of C18 19 _NHEt
MeO%(s) 92 (0] and C19 Esters 18
—»
_—
By B
o\/Si\,o O\Si’o
tBu tBu t8d “tBu
99 104

3.2 SEQUENTIAL REDUCTION OF C18 AND C19 ESTERS

Our first-generation approach to form the the C19-N bond was to reduce the C18 ester
selectively (Scheme 3.1). In order to differentiate the reactivity of the two esters, the C1 TMS-
ether of 99 was deprotected with trichloroacetic acid and subsequent treatment with potassium
carbonate and methanol in dichloromethane effected lactonization with C19 to give 106. The
C17 ketone ins converted to the corresponding enol triflate 107, which is then reduced under
palladium-catalyzed conditions to cyclopentene 108. The C18 ester of 108 can be selectively

reduced to the alcohol using lithium tri-fert-butoxyaluminum hydride, a reducing agent with
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unique reactivity with 1,3-diesters,’ leaving the C19 lactone intact. Methylation of the C18
alcohol followed by reduction of the C19 lactone 110 with lithium borohydride furnishes the
C1/C19 diol 111. Selective TES protection of the primary C19 alcohol and methylation of the
remaining C1 alcohol affords 113. To introduce the amine at C19, the triethylsilyl ether of 113
is deprotected, and the resulting alcohol, 114, is cleanly oxidized to the C19 aldehyde 115
using Stahl’s conditions.* This aldehyde serves as a handle for reductive amination with N-
allylamine followed by cleavage of the N-allyl group gives C19 primary amine 116.

Scheme 3.1 Sequential reduction of C18 and C19 esters to incorporate nitrogen at C19.

OTMS
MeO,C 7 ~GO-Me MeO,C .,a—o MeO,C ./o MeO,C ./o
o o} i. TCA 16 =0 KkHMDS; & OTf pd(0AC), (7.5 mol %) @ H
CH,Cl,, —20 °C Comins’ rgt. PPhz (15 mol %)
—_— > >
= ii. K,COg } = THF, -78 °C } = HCO,H, NEt, } -
MeOH, CHxCl, DMF, 60 °C
O‘Si’o O‘Si‘o O‘Si‘o O‘Si’o
8y MtBu 95% yield t87 “tBu 95% yield 87 “tBu 93% yield 80 “tBu
99 106 107 108
MeO J_ﬁ?laTES MeO ch,)gH MeO, HO
18 .—0 18 .—O
TESCI @ Me;OBF, @ Li(t-BuO);AIH
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/\ . /\ ) VAN ) /\ _
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112 11 110 109
|
Me;OBF, oM
OMe OMe OMe MeO, e
Proton Sponge MeO, 19 OTES MeQ, 19.0H MeO, ) S 4 [ 19-NH,
4AMS . Cu(MeCN),OTf (5 mol %) 1. aIIyItelxjmlnﬁ, 'S'E'OI-Pr)‘t;
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—_— > =
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90% yield OweiO OweiO MeCN, air OwciO acid O~g;j-0
Si Si Si CH,Cly, 21 °C A\
tBu tBu  90% yield tBu t+Bu 94% vyield t-Bu t+-Bu 90% yield t'B;‘ 16 tBu
113 114 115 (2 steps)

This route from semipinacol product 99 to primary amine 116 amounts to twelve steps,

with nine of these twelve representing modification of functionality at C18 and C19. Four of
the twelve steps represent redox manipulations at C18 or C19. We sought a more direct route

to access amine 116 through a lactone-selective aminolysis.
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3.3 SELECTIVE AMINOLYSIS OF C19 LACTONE

We wondered if we could leverage the ring strain of the [2.2.2]-bridged bicyclic lactone
108 for selective C19 ester aminolysis. Gratifyingly, we found that treatment of 108 with
solvent quantities of amine and an ammonium carboxylate catalyst at elevated temperatures
gave moderate yields of the desired N-allyl and N-ethyl amide products (117 and 118) (Scheme
3.2).>° These reactions were stopped before complete conversion, as undesired aminolysis of
the C18 methyl ester of the product occurred at longer reaction times. The C18 ester of 117
and 118 was reduced with lithium triethylborohydride to afford C1/C18 diols 119/120 in good
yield. Accessing these diols enables methylation of the C1 and C18 alcohols in a single step
with trimethyloxonium tetrafluoroborate. A small amount of mono-methylated products were
isolated as well. Extending the reaction time led to lower yields and formation of the C19
methyl ester, presumably through amide O-methylation and imidate hydrolysis on workup.
Reduction of the C19 amide was achieved using Brookhart’s iridium-catalyzed hydrosilylation
conditions.” These conditions proved uniquely effective for substrate 121 in reducing the amide
without concomitant reduction of the N-allyl group to an N-propyl group. N-ethyl amine 123
was isolated in 87% yield, while the corresponding N-allyl amine was deprotected using the
same palladium-catalyzed conditions as before to give primary amine 116.

This lactone aminolysis route limits the redox manipulations necessary to access 116
and123. No protecting group manipulations are necessary on this route, and the diol
intermediate 119/120 allows for methylation of the C1 and C19 alcohols in a single step. This

route saves four steps over the first-generation route.
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Scheme 3.2 Lactone-selective aminolysis route to 116 and 123.
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3.4 TOWARDS A C18/C19 FUNCTIONALIZED EPOXY KETONE

FRAGMENT

Figure 3.2 Opportunity to increase convergency of synthesis by properly functionalizing

C18 and C19 prior to fragment coupling.
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For the key fragment coupling in our approach to the Cj9-diterpenoid alkaloids, the
epoxy ketone fragment 71 and alkenyl bromide fragment 90 are prepared in six and ten steps
LLS, respectively. This disparity in step count required for the preparation of each of the
fragments highlights an opportunity to make the synthesis more convergent by preparation of
a more appropriately functionalized epoxy ketone fragment, such as 125 (Figure 3.2). In our
elaboration of the fragment coupling product 99 to primary amine 116, six of the eight steps
required are spent modifying C18 and C19. Since these carbons are a part of the epoxy ketone
fragment 71, if these sites were properly functionalized prior to the fragment coupling to the
synthesis would be more convergent, and therefore more efficient. We set out to evaluate
approaches to differentiate the reactivity at C18 and C19 and introduce proper functionality at
these positions for the epoxy ketone fragment.

Figure 3.3 Development of more complex A/F-ring fragment.

‘0 Ester Differentiation ~ ReN .
MeOCY Ful® e g 2 L0
MeO,C o MeO o)
H 17 18 H

71 125

3.4.1 Selective Functionalization of a C18/C19 Diol

Key to our enantioselective synthesis of epoxy ketone 71 is an asymmetric Michael
addition of dimethyl malonate (74) to 2-cyclopenten-1-one (73) using a chiral bimetallic
catalyst reported by Shibasaki and coworkers.*” This brings C18 and C19 in at the ester
oxidation state while the natural products are at the alcohol oxidation state at those positions.
As a result, this strategy inherently requires reduction at those positions. For synthesis of of
our desired epoxy ketone fragment, we sought to reduce at both positions and selectively

functionalize one diastereotopic alcohol over the other.
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Scheme 3.3 Synthesis of C18/C19 diol 127 and unexpected oxy-Michael product 128.

o_ O o_ _O . .
single diastereomer!

HO
LAH o HCI o
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9 °Y 126 ( Vel 68% yield 19% yield
"
. . MeO,
MeO o) conditions \%O MezOBF,
-
H
Proton Sponge
130 4A MS, CH,Cl,
129
72% yield

To start, previously-synthesized diester 93 was reduced to 1,3-diol 126 with lithium
aluminum hydride. Acid-catalyzed dioxolane deprotection and aldol condensation gave enone
product, 127, along with the unexpected oxy-Michael product 128 as a single diastereomer.
We were excited by this result, as it amounts to a selective protection of the C18 alcohol.
Methylation of the C19 alcohol of 128 affords 129. Unfortunately, attempts to effect retro-oxy-
Michael to regenerate the enone were plagued by low yields (Table 3.1). We believe this is

due to the instability of the resulting enone 130 in the presence of base.
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Table 3.1 Retro-oxy-Michael conditions for synthesis of 130.

MeO,

Conditions

o0, —————> HO™ " o
Meo H
129 130
Entry Scale  Solvent Base Temp. Yield comments
1 2mg THF LIHMDS 50 °C 0% no rxn
2 2mg THF NaHMDS 50 °C 0% —
3 2mg THF KHMDS 0°C 0% no rxn
4 2mg THF TMPMgCI-LiCl -78t0 0°C 0% no rxn
5 2 mg MeOH 0.2M LiOH 50 °C 0% —
6 2mg MeOH 0.2M KOH 50 °C 0% —
7 2mg MeOH 0.1 M NaOH 20 °C 10% —
8 9mg MeOH 0.2 M NaOH 50 °C 24% —

57

We turned back to a diastereoselective protection of C18/C19 diol 127. Using an

optimized ratio of triethylamine to imidazole with TBSCI, C18 TBS-ether 131 was isolated in

48% yield (Table 3.2). To install the epoxide, Luche reduction of 131 followed by alcohol

directed epoxidation affords 134 (Scheme 3.4). At this point, we realized further elaboration

with this route would result in a longer step count and less efficient synthesis of 116 than the

routes described in sections 3.2 and 3.3 where C18 and C19 are functionalized after the

fragment coupling. As such, we turned to an alternative approach to set the C4 quaternary

center.
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Table 3.2 Diastereoselective TBS protection of 127.

HO TBSO
3.5 equiv. TBSCI \'“.
T TBSO ) o) HO ) o)
THF, rt
131 major 132 minor
entry scale conditions yield 131
1 50 mg 3.5 equiv. imid. 35%P
2 50 mg 5.3 equiv. imid. 28%?0
3 50 mg 1.0 equiv imid, 3.5 equiv NEtg 48%?°
4 50 mg 0.5 equiv imid, 4.0 equiv NEt3 66%, 2.6:1d.r.2
5 50 mg 4.5 equiv. NEt3 82%, 1.6:1 d.r.2
6 150 mg 1.0 equiv imid, 2.5 equiv. NEt, 429%P
2NMR vyield

b|solated major diast. yield

Scheme 3.4 Elaboration of 131 to epoxide 134.

NaBH, )(acac), RoN .
CeCIs TBHP \.. X0
TBSO — > 150 > 1BSO H IIIII % Meo 0
MeOH -78°C PhH, rt H

42% yield 99% yield
[3:1 crude d.r.]
3.4.2 Setting C4 Quaternary Center by Michael Addition of a Prochiral

Nucleophile

Previously discussed approaches relied on differentiation of diastereotopic C18 and
C19 carbon centers about the C4 quaternary center. As an alternative, we considered the
possibility of setting the C4 stereocenter directly through asymmetric catalysis. We were
inspired by a report from Maruoka and coworkers detailing an enantioselective conjugate
addition of prochiral o-cyanoacetate tertiary enolates to ynoate electrophiles to form
quaternary centers (Figure 3.4).'° They also reported a single example of a doubly

stereoselective conjugate addition of these nucleophiles to 2-cyclohexen-1-one (140) to form
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a p/y-stereodiad in 141 with excellent yield, enantioselectivity and diastereoselectivity. Enticed
by this result, we looked to apply it to our system.
Figure 3.4 Maruoka’s enantioselective conjugate addition catalyzed by chiral

ammonium salt.

NC._ _CO,tBu 1mol % (S)-PTC (138)  NC CO,t-Bu
Y = ooy —— > 2
R Cs,CO3, PhMe R™* CO,t-Bu
135 136 -40°C 137
(8)-PTC CE
11 examples 3
90-99% yield Ar
92-99% ee OO o
I\
ON 0 A = O ¢
(0] -
X e
NC___CO,Bu 0 Ar Br O
NG 138 FsC CFs
1 mol % (S)-PTC (138) 'BUO,C 11
- . “
Ph Cs,CO3, PhMe o99% yiel.d
139 140 0°C 91% ee, 5.7:1d.r.

Ph

We started with Maruoka’s optimal conditions using o-cyanoacetate 142 as the
Michael donor and 2-cyclopenten-1-one (73) as the acceptor (Table 3.3, entry 1). To our
delight, the major diastereomer was isolated in 50% ee and 1.5:1 d.r. Increasing the catalyst
loading to 2 mol% gave significant improvements in enantioselectivity and
diastereoselectivity, though any further increase in catalyst loading did not have any effect.
Decreasing the loading of base improved the yield of the reaction with slight increase in ee.
Decreasing the temperature had little effect on the reaction. Optimal conditions in entry 6 gave
the product in quantitative yield, 3.3:1 d.r. and 74% ee. Control reactions show that base is
necessary for the reaction (entry 9). Leaving out chiral catalyst, the reaction still proceeds in
80% yield (entry 10), suggesting that uncatalyzed reaction could be a problem.

The relative stereochemistry of the product was determined by X-ray crystallography
of the minor diastereomer. The major diasterecomer has the ester at C19 and nitrile at C18. We
could not envision a straightforward route from 143 which would incorporate the amine at

C19, so we decided to move away from this strategy.
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Table 3.3 Doubly stereoselective Michael addition of a-cyanoacetate 142 to 2-

cyclopenten-1-one (73)

NC CO,t-Bu O‘ O\ O‘ O\
E>= S)-PTC (138, x mol%
142
Cs,CO3 ( xequw =
0" Yo PhMe tB“OZC o
tBuOQC H

major minor
Entry scale (mmol) mol% (S)-PTC equiv. Cs,CO3; T (°C) Yield (%) d.r. ee of 143
1 0.20 1 0.5 0 982  1.5:1 50% O Ar
2 0.05 2 0.5 0 634 3.0:1 72% /_\O
3 0.05 5 0.5 0 804 2.9:1 70% o
4 0.05 2 0.5 -20 93b 3.0:1 71% Br
5 0.05 1 0.25 0 65P 291 77% CFs
6 0.20 2 0.25 0 994 3.3:1 74%
7 0.05 2 0.10 0 99 3.0:1 75% O O CF4
8 0.20 1 0.05 0 56 3.6:1 67% Ar
9 0.05 1 0 0 0 — - O
10 0.05 0 0.25 0 80 4.0:1 n/a L CFs

aNMR vyield; isolated yield incomplete conversion

3.5 CONCLUDING REMARKS

Our synthesis of epoxy ketone fragment 71 requires the use of dimethyl malonate to

introduce C18 and C19. Differentiating the reactivity at these two centers to introduce the

proper functionality proved to be a significant challenge. Two routes to introduce the amine at

C19 are described, one by sequential reduction of the two esters and one using a selective

aminolysis of a strained C19 lactone. Strategies to incorporate the proper functionality at C18

and C19 prior to the fragment coupling are also described.
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3.6 EXPERIMENTAL SECTION

Preparation of lactone 106:

OoTMS
MeO,C 'Coz""oe MeO,C7 40 o

i. TCA, DCM -20 °C

— ii. K,COg3, MeOH, CH,Cl, j =
o\/Si,o o 0~/sr0
t-Bu \t-Bu 95% yield t-Bu \t-Bu

99 106

A 250 mL, round-bottom flask was charged with silyl ether 99 (1.5 g, 2.43 mmol, 1.0
equiv), and CH,Cl, (50 mL), and cooled to —20 °C in a cryocool. Trichloroacetic acid (15.86
g, 97.04 mmol, 40 equiv) was added, and the reaction vessel was sealed and allowed to
continue stirring at —20 °C for 36 hours. The reaction was then carefully quenched with sat.
NaHCO; (100 mL) at —20 °C, and let warm to room temperature. The biphasic mixture was
then transferred to a 500 mL Erlenmeyer flask, and vigorously stirred for an additional 10
minutes. The aqueous phase was ensured to be basic with pH paper. The mixture was then
transferred to a separatory funnel and the layers were separated. Aqueous phase was extracted
with CH,Cl; (3 x 50 mL), and added to a round-bottom flask, and MeOH (20 mL) was added
followed by K,COs (1.5 g). The mixture was allowed to stir at room temperature for 2 hours.
The reaction was monitored by TLC and indicated full conversion. If the reaction is going
slowly, more K,CO; and MeOH can be added without deleterious effects. At this time, H,O
(20 mL) was added, and the layers were separated. The aqueous phase was extracted with
CH,Cl; (3 x 30 mL), and the organic extracts were dried over Na,SO., filtered, and
concentrated in vacuo. The resulting crude residue was purified by silica gel chromatography
(11% acetone in hexanes to 12.5% acetone in hexanes) to afford lactone 106 (1.185 g, 2.303

mmol, 95% yield) as a white foam.
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'"H NMR (400 MHz, Chloroform-d): § 6.10 (ddd, J=9.5, 6.2, 1.1 Hz, 1H), 5.79 (d, J = 3.8
Hz, 1H), 5.75 (ddd, J = 9.5, 4.3, 1.9 Hz, 1H), 4.93 (dd, J = 3.4, 1.8 Hz, 1H), 435 (t, J = 4.7
Hz, 1H), 4.21 (ddd, J=4.1, 3.1, 0.8 Hz, 1H), 3.83 (s, 3H), 3.13 — 3.07 (m, 2H), 3.03 (ttd, J =
4.2,2.5,1.1 Hz, 1H), 2.52 (dddd, J = 14.4, 10.6, 9.2, 4.1 Hz, 1H), 2.41 — 2.29 (m, 2H), 2.18
(ddd,J=17.7,8.8,4.1 Hz, 1H), 2.04 (ddt, /= 13.2, 10.3, 1.9 Hz, 1H), 1.95 (ddd, J=14.3, 6.7,
3.4 Hz, 1H), 1.91 — 1.82 (m, 1H), 1.75 (dddd, J = 14.3, 10.4, 8.9, 6.7 Hz, 1H), 1.05 (s, 9H),
0.99 (s, 9H).

C NMR (101 MHz, CDCly): 5 212.0, 169.8, 169.6, 156.4, 134.1, 130.1, 127.0, 78.6, 77.5,
65.7,58.0, 53.5,52.9,45.9, 44.8, 43.0, 35.3, 28.8, 28.2, 26.1, 23.5,22.3,21.2, 20.7.

FTIR (NaCl, thin film): 3030, 2974, 2937, 2895, 2860, 1766, 1743, 1476, 1464, 1364, 1271,
1106, 1063, 995, 826 cm’.

HRMS: (ESI-TOF) calc’d for CogH4,07SiN [M + NH,]" 532.2725, found 532.2720.

[a]3® = +9.9° (¢ = 0.66, CHCl;).

TLC (30%EtOAc/70%Hexanes), Rs: 0.4 (UV, teal in p-anisaldehyde)

Preparation of enol triflate 107 from 106:

MeO,C ‘/OO MeO,C ‘/OOTf
ﬂ i. KHMDS, THF, -78 °C &
} = ii. Comins’ reagent - } —
O~qa:-0O O~q:-O
Si . Si
95% yield
t-Bu/ \t-Bu oy t-Bu/ \t-Bu
106 107

A 250 mL, round-bottom flask was charged with ketone 106 (2.99 g, 5.81 mmol, 1.0
equiv), and azeotroped PhMe from the solvent system (3 x 20 mL), and put under high vacuum

overnight. The following day, the flask was equipped with a stir-bar and rubber septum, purged
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with N,, THF (58 mL) was added, and the solution was cooled to —78 °C in a dry ice/acetone
bath. KHMDS solution (0.5 M in PhMe, 13.9 mL, 6.97 mmol, 1.2 equiv) was added dropwise
via syringe causing the reaction mixture to turn yellow. Meanwhile, in a separate flame-dried
50 mL conical flask, Comins’ reagent (2.74 g, 6.97 mmol, 1.2 equiv) was dissolved in THF
(15 mL) under N,. After the substrate and KHMDS solution had been stirring for 30 minutes
at —78 °C, the Comins’ reagent solution was added dropwise via cannula, and the solution was
allowed to stir for an additional 20 minutes at —78 °C. The reaction was quenched with sat.
NaHCO; (50 mL), the bath was removed and allowed to warm to room temperature. Diluted
with Et,O (75 mL), transferred to a separatory funnel, and the layers were separated. The
aqueous phase was extracted with Et;O (3 x 75 mL). The organic extracts were dried over
MgSO,, filtered, and concentrated in vacuo. The resulting crude residue was purified by silica
gel chromatography (11% acetone in hexanes to 12.5% acetone in hexanes) to afford enol

triflate 107 (3.55 g, 5.52 mmol, 95% yield) as a white foam.

"H NMR (400 MHz, Chloroform-d): 6 6.06 (ddd, /=9.5, 6.1, 1.2 Hz, 1H), 5.73 (ddd, J =
9.5,4.4,1.6 Hz, 1H), 5.70 (t, /= 2.6 Hz, 1H), 5.59 (dd, J=3.8, 0.7 Hz, 1H), 4.78 (dd, J =
3.7, 1.7 Hz, 1H), 4.49 (t,J=4.7 Hz, 1H), 4.23 (ddd, /= 4.2, 3.0, 0.8 Hz, 1H), 3.82 (s, 3H),
3.10 (m, 1H), 2.95 (ddd, J=17.8, 9.3, 2.3 Hz, 1H), 2.89 —2.83 (m, 2H), 2.50 (dt, /= 17.8,
2.7 Hz, 1H), 2.34 (ddd, J=13.4, 11.4, 3.5 Hz, 1H), 2.20 — 2.04 (m, 2H), 1.79 (ddd, J = 13 .4,
10.9, 6.6 Hz, 1H), 1.08 (s, 9H), 1.00 (s, 9H).

3C NMR (101 MHz, CDCly): § 169.5, 169.0, 156.9, 145.2, 133.4, 129.9, 126.1, 118.3 (q,
J=321 Hz, SO,CF»), 114.3,77.2,75.3, 65.2, 56.8, 53.0, 52.7, 46.2, 46.2, 43.9, 32.5, 28.8,

28.2,26.6,21.9,21.2,20.7.
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FTIR (NaCl, thin film): 3036, 2938, 2896, 2860, 1769, 1739, 1668, 1476, 1426, 1251, 1217,
1142, 1112, 998, 827 cm™,

HRMS: (ESI-TOF) calc’d for C2oH4;00SF3SiN [M + NH,]" 664.2218, found 664.2216.
[a]3® = +123° (¢ = 0.67, CHCls).

TLC (20%EtOAc/80% Hexanes), Ry: 0.4 (UV, blue in p-anisaldehyde)

Preparation of cyclopentene 108:

MeOC 0] MeOC O
2 oTf Pd(OAc),, PPhs 2 H

NEts, HCO,H
= - =
DMF, 60 °C
O‘/Si’o O\/Sifo
t-Bu \t-Bu 93% yield t-Bu \t-Bu
107 108

A 200 mL, round-bottom flask was charged with enol triflate 107 (2.28 g, 3.53 mmol,
1.0 equiv), PPh; (139 mg, 0.53 mmol, 15 mol %), and Pd(OAc), (60 mg, 0.265 mmol, 7.5 mol
%). The flask was equipped with a rubber septum, purged with N», and dissolved in DMF (35
mL). Then, the reaction mixture was sparged with an Ar balloon for 5 minutes. NEt; (3.94 mL,
28.27 mmol, 8 equiv) was added followed by HCO,H (0.66 mL, 17.67 mmol, 5 equiv) — a
cloudy gas was observed upon addition. The reaction was lowered into a 60 °C oil bath, and
allowed to continue to stir at that temperature for 20 minutes. The reaction turns black during
this time, indicating its completion. The reaction was cooled to room temperature, diluted with
sat. NH4Cl (30 mL), transferred to a separatory funnel and diluted with Et;O (30 mL). The
layers were separated and the aqueous extracted with Et,O (3 x 30 mL). The organic extracts
were dried over Na,SOy, filtered, and concentrated in vacuo. The resulting crude residue was

purified by silica gel chromatography (10% acetone in hexanes to 12.5% acetone in hexanes,
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the product is very crystalline, it was loaded in PhMe where some of the product elutes but is
collected) to afford olefin 108 (1.64 g, 3.28 mmol, 93% yield) as a crystalline solid.

Melting Point: 225-230 °C

'"H NMR (400 MHz, Chloroform-d): § 6.06 (ddd, J=9.5, 6.1, 1.2 Hz, 1H), 5.76 — 5.68 (m,
2H), 5.51 (d, J=3.8 Hz, 1H), 5.48 — 5.44 (m, 1H), 4.61 (dd, J=3.9, 1.6 Hz, 1H), 4.46 (td, J =
4.2,0.9 Hz, 1H), 4.22 (ddd, J=4.2, 3.1, 0.7 Hz, 1H), 3.80 (s, 3H), 3.04 (ttd, /= 4.2, 2.4, 1.0
Hz, 1H), 2.95 — 2.85 (m, 2H), 2.79 (dd, J = 4.9, 5.7, 1H), 2.54 — 2.42 (m, 1H), 2.27 (ddd, J =
13.1,11.7,3.2 Hz, 1H), 2.17 (dddd, /= 14.2, 11.1, 3.3, 1.6 Hz, 1H), 1.99 (dddd, /= 13.9, 11.6,
6.2, 3.8 Hz, 1H), 1.85 (ddd, /= 13.1, 11.0, 6.2 Hz, 1H), 1.07 (s, 9H), 1.00 (s, 9H).

C NMR (101 MHz, CDCls): § 170.4, 170.3, 161.3, 134.7, 132.0, 131.3, 129.1, 121.8, 78.7,
77.3, 65.9, 59.8, 53.4, 52.7, 46.4, 45.7, 44.4, 38.2, 28.8, 28.2, 26.8, 22.4, 21.2, 20.7. A °C
signal is observed to be overlapping with residual CDCl; at 77.3, resolved peaks are seen in
the HSQC spectrum, provided below.

FTIR (NaCl, thin film): 3053, 2937, 2898, 2256, 1760, 1748, 1732, 1476, 1463, 1444, 1364,
1283, 1109, 1063, 993,911 cm’.

HRMS: (ESI-TOF) calc’d for CogH3906Si [M + H]" 499.2510, found 499.2512.

[a]3® = +166° (c = 0.40, CHCl;).

TLC (20%EtOAc/80% Hexanes), Rs: 0.4 (UV, teal in p-anisaldehyde)
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Preparation of alcohol 109:

HO,
Me0,C-7 /=0 (=0

Li(OBu)sAIH |
} Ny THF Ny
O=a -0 O=a -0
Si . Si
7% yiel
t-Bu/ \t-Bu 97% yield t-Bu/ \t-Bu
108 109

A 250-mL, round-bottomed flask was charged with methyl ester 108 (1.56 g, 3.13
mmol, 1.0 equiv), equipped with a rubber septum, purged with N», and dissolved in THF (31
mL). Then, the reaction was cooled to 0 °C in an ice bath Li(Oz-Bu);AlH (2.39 g, 9.39 mmol,
3 equiv) was added, and the ice bath was removed. The reaction was monitored by TLC, and
after 100 minutes, trace starting material remained, so an additional portion of Li(O#-Bu);AIH
(0.95 g, 3.66 mmol, 1.17 equiv) was added, and allowed to stir for an additional 70 minutes.
The reaction was carefully quenched with water (10 mL) followed by sat. Rochelle’s salt (30
mL). The biphasic mixture was allowed to stir for 30 minutes, then transferred to a separatory
funnel with Et,0 (30 mL), and the layers were separated. The aqueous layer was extracted
Et,0 (3 x 30 mL). The combined organics were washed with brine (1 x 30 mL), dried over
NaySOy, filtered, and concentrated in vacuo. The resulting crude residue was purified by silica
gel chromatography (20% acetone in hexanes to 25 % acetone in hexanes) to afford alcohol
109 (1.42 g, 3.02 mmol, 97% yield) as a white solid.
"H NMR (400 MHz, Chloroform-d): 6 6.06 (ddd, /=9.5, 6.1, 1.2 Hz, 1H), 5.74 — 5.68 (m,
2H), 5.51 — 5.48 (m, 2H), 4.62 (dd, J = 3.8, 1.6 Hz, 1H), 4.45 (tt, J=4.4, 1.0 Hz, 1H), 4.23
(ddd,J=4.2,2.9,0.6 Hz, 1H), 4.03 (dd, J=11.8, 3.7 Hz, 1H), 3.43 (dd, J=11.8, 9.1 Hz,

1H), 3.04 (ddtt, J=4.9,2.8,2.0, 1.0 Hz, 1H), 2.77 (dd, J=5.5, 4.7 Hz, 1H), 2.58 (ddt, J =
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17.9,9.3,2.3 Hz, 1H), 2.48 — 2.34 (m, 3H), 2.20 — 2.03 (m, 2H), 1.90 (dddd, J=13.7, 11.4,
6.2,3.7 Hz, 1H), 1.57 (ddd, J = 13.2, 11.1, 6.3 Hz, 1H), 1.07 (s, 9H), 1.00 (s, 9H).

BC NMR (101 MHz, CDCLy): § 176.6, 161.4, 134.7, 131.9, 131.2, 129.0, 121.6, 78.6, 65.9,
64.2,60.4, 53.7,46.4,46.2,45.7, 44.5, 35.0, 28.8, 28.2, 24.6, 22.3, 21.2, 20.7.

FTIR (NaCl, thin film): 3458, 2935, 2859, 2245, 1738, 1748, 1732, 1476, 1382, 1364, 1364,
1107, 1038, 995,911 cm’.

HRMS: (ESI-TOF) calc’d for C,;H3905Si [M + H]" 471.2561, found 471.2555.

[a]3® = +168° (c = 0.51, CHCls).

TLC (50%EtOAc/50%Hexanes), Ry 0.5 (UV, blue in p-anisaldehyde)

Preparation of methyl ether 110:

HO, ’ MeO ’
o) 0
= MeOBF, =
~ ~

ﬂ Proton Sponge ﬂ
} CH,Clp }
4AMs
o\/Si\,o 0°C to rt O‘/Si\’o
tBu t+Bu tBu t+Bu
109 95% vyield 110

A 250-mL, round-bottomed flask was charged with alcohol 109 (1.41 g, 3.00 mmol,
1.0 equiv), equipped with a rubber septum, purged with N, and cooled to 0 °C in an ice bath.
Meanwhile, Me;OBF, (1.33 g, 9.00 mmol, 3 equiv), Proton Sponge (1.93 g, 9.00 mmol, 3
equiv), and activated 4 A MS (2.8 g) were added to a 40 mL vial in the glovebox, brought out
of the glovebox, and added to the flask containing the substrate. The mixture was then
suspended in CH,Cl, (30 mL), and allowed to stir for 24 hours, allowing the reaction to warm
up to room temperature over this period. The reaction mixture was filtered through a plug of

silica gel and celite that had been pre-packed with a 1:1 Hex/EtOAc mixture and rinsed further
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with 1:1 Hex/EtOAc and concentrated in vacuo. The resulting crude residue was purified by
silica gel chromatography (15% ethyl acetate in hexanes to 18% ethyl acetate in hexanes) to
afford methyl ether 110 (1.39 g, 2.85 mmol, 95% yield) as a white crystalline solid.

"H NMR (400 MHz, Chloroform-d): 6 5.99 (ddd, /=9.5, 6.1, 1.1 Hz, 1H), 5.67 — 5.59 (m,
2H), 5.43 (d, J=3.7 Hz, 1H), 5.40 (dt, J = 5.7, 2.1 Hz, 1H), 4.54 — 4.52 (m, 1H), 4.39 (t, J =
4.7 Hz, 1H), 4.16 (ddd, J=4.2,2.9, 0.6 Hz, 1H), 3.58 (d, /= 10.0 Hz, 1H), 3.38 (d, /= 10.0
Hz, 1H), 3.30 (s, 3H), 2.96 (dtq, /= 5.0, 2.9, 0.8 Hz, 1H), 2.71 (dd, J = 5.6, 4.8 Hz, 1H), 2.62
—2.49 (m, 2H), 2.28 (dq, J=17.3, 2.2 Hz, 1H), 2.10 — 2.00 (m, 1H), 1.94 — 1.77 (m, 2H), 1.61
—1.54 (m, 1H), 1.01 (s, 9H), 0.94 (s, 9H).

3C NMR (101 MHz, CDCLy): § 175.1, 161.6, 134.9, 132.2, 131.3, 128.8, 121.4, 77.9, 77.3,
72.8, 66.0, 59.8, 59.5, 46.4, 45.8, 44.8, 43.2, 35.0, 28.8, 28.2, 25.5, 21.9, 21.2, 20.7. A °C
signal is observed to be overlapping with residual CDCl; at 77.3, resolved peaks are seen in
the HSQC spectrum, provided below.

FTIR (NaCl, thin film): 2894, 2933, 2858, 1748, 1475, 1393, 1364, 1109, 994, 825 cm’".
HRMS: (ESI-TOF) calc’d for CogH4,05Si [M + H]" 485.2718, found 485.2716.

[a]Z® = +156° (¢ = 0.75, CHCls).

TLC (20%EtOAc/80% Hexanes), Ry: 0.5 (UV, blue in p-anisaldehyde)
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Preparation of diol 111:

MeO, MeO OH
[ =0 ~—OH
=~

(3] LiBH, |

s -
THF

0~/3i\—0 O~g;-O

B “tBu 96% yield B “tBu

110 11

A 250-mL, round-bottomed flask was charged with lactone 110 (1.39 g, 2.88 mmol,
1.0 equiv), was equipped with a rubber septum, purged with N», and dissolved in THF (29
mL). LiBHy solution (2 M in THF, 7.2 mL, 14.4 mmol, 5 equiv) was added via syringe, and
the reaction was allowed to continue stirring for 20 hours. The reaction was monitored by TLC,
which indicated that it had not gone to completion. An additional portion of LiBH4 solution (2
M in THF, 7.2 mL, 14.4 mmol, 5 equiv) was added via syringe. After an additional 3 hours
another portion of LiBHy solution (2 M in THF, 7.2 mL, 14.4 mmol, 5 equiv) was added via
syringe (15 equiv total). The reaction was allowed to continue to stir for another 24 hours at
room temperature. The reaction was carefully quenched (bubbles evolve) with sat. NaHCO;
(30 mL), and diluted with Et,O (30 mL), and transferred to a separatory funnel. The layers
were separated, and the aqueous layer was extracted with 20%IPA/80%CHCI; (3 x 30 mL).
The combined organics were dried over Na,SOy, filtered, and concentrated in vacuo. The
resulting crude residue was purified by silica gel chromatography (15% acetone in hexanes to
20% acetone in hexanes) to afford diol 111 (1.34 g, 2.76 mmol, 96% yield) as a white solid.
'"H NMR (400 MHz, Chloroform-d): § 6.19 (ddd, J = 5.8, 2.9, 1.7 Hz, 1H), 6.08 (ddd, J =
9.5,6.1, 1.1 Hz, 1H), 5.67 (ddd, J=9.3,4.4, 1.9 Hz, 1H), 5.49 (d, J= 3.7 Hz, 1H), 5.44 (ddd,
J=158,2.7, 1.1 Hz, 1H), 4.44 (td, J = 4.3, 0.9 Hz, 1H), 4.22 (ddd, J = 4.2, 3.0, 0.7 Hz, 1H),

4.03 (d, J = 4.1 Hz, 1H), 3.58 — 3.52 (m, 2H), 3.49 — 3.42 (m, 1H), 3.31 (s, 3H), 3.24 (d, J =
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8.8 Hz, 1H), 3.08 —3.01 (m, 2H), 2.91 (t, J= 5.3 Hz, 1H), 2.71 — 2.64 (m, 1H), 2.51 (dddd, J
= 16.0, 8.4, 2.9, 1.1 Hz, 1H), 2.44 — 2.35 (m, 1H), 1.79 — 1.55 (m, 4H), 1.13 — 1.10 (m, 1H),
1.08 (s, 9H), 1.01 (s, 9H).

3C NMR (101 MHz, CDCLy): 5 165.4, 135.9, 135.6, 133.6, 128.3, 120.9, 79.7, 77.1, 72.6,
68.2, 66.3,59.1, 56.1, 46.5, 46.2, 41.5, 39.6, 35.0, 28.9, 28.3, 24.6, 21.2, 20.7, 20.7.

FTIR (NaCl, thin film): 2950, 2910, 2876, 1748, 1476, 1362, 1105, 996, 826 cm’".

HRMS: (ESI-TOF) calc’d for Co5Hys05Si [M + H]' 489.3031, found 489.3020.

[a]® = +152° (c = 0.42, CHCL,).

TLC (50%EtOAc/50% Hexanes), Ry 0.5 (UV, brown/pink in p-anisaldehyde)

Preparation of silyl ether 112:

MeO, OH MeO OH
—OH —OSiEtg
TESCI
imidazole
~ : ~
CH,Cl,
0°C
O\Si’o O\/Si,O
t—Bu/ \I-Bu 98% vyield +BU \t-Bu

111 112

A 200-mL, round-bottomed flask was charged with diol 111 (1.35 g, 2.76 mmol, 1.0
equiv), imidazole (0.42 g, 6.20 mmol, 2.25 equiv), dissolved in CH,Cl, (55 mL), and cooled
to 0 °C in an ice bath. TESCI (0.69 mL, 4.14 mmol, 1.5 equiv) added via syringe, and was
allowed to continue to stir for 25 minutes at 0 °C. The reaction was monitored by TLC, which
showed completion of the reaction. The reaction was quenched with sat. NaHCO; (30 mL),
and transferred to a separatory funnel. The layers were separated, and the aqueous was
extracted with CH,Cl, (3 x 30 mL). The combined organic extracts were dried over Na,SOs,

filtered, and concentrated in vacuo. The resulting crude residue was purified by silica gel
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chromatography (10% ethyl acetate in hexanes to 15% ethyl acetate in hexanes) to afford silyl
ether 112 (1.63 g, 2.70 mmol, 98% yield) as a white solid.

"H NMR (400 MHz, Chloroform-d): & 6.18 (dt, J= 5.9, 2.3 Hz, 1H), 6.07 (ddd, J=9.5, 6.2,
1.1 Hz, 1H), 5.66 (ddd, /=9.4, 4.3, 1.9 Hz, 1H), 5.44 (d, /J=3.8 Hz, 1H), 5.40 (dt, /=5.9, 1.8
Hz, 1H), 4.49 (t,J=4.7 Hz, 1H), 4.25 - 4.18 (m, 1H), 4.03 (t,/=3.4 Hz, 1H), 3.49 (d,J=9.3
Hz, 1H), 3.29-3.26 (m, 2H), 3.25 (s, 3H), 3.19 (d, J = 8.7 Hz, 1H), 3.08 — 3.04 (m, 1H), 2.87
(t,J=5.3Hz, 1H), 2.42 -2.33 (m, 2H), 2.22 (t, /= 9.5 Hz, 1H), 1.80 (s, 1H), 1.71 (dt, J= 7.6,
3.9 Hz, 2H), 1.46 (dt, J=13.6, 8.2 Hz, 1H), 1.31 (dt, J=13.7, 4.0 Hz, 1H), 1.09 (s, 9H), 1.01
(s, 9H), 0.95 (t, /= 7.9 Hz, 9H), 0.62 — 0.54 (m, 6H).

C NMR (101 MHz, CDCL): § 165.5, 136.1, 135.7, 133.9, 128.2, 120.9, 77.1, 72.3, 68.1,
66.3, 66.1, 58.8, 55.9, 46.3, 46.2, 43.1, 40.5, 34.4, 28.9, 28.3, 24.1, 21.3, 20.7, 18.6, 6.9, 4.3.
FTIR (NaCl, thin film): 2950, 2910, 2876, 1748, 1476, 1362, 1105, 996, 826 cm'".

HRMS: (ESI-TOF) calc’d for C34Hs005Si, [M + H]" 603.3896, found 603.3881.

[a]3® = +103° (c = 0.38, CHCl;).

TLC (15%EtOAc/85%Hexanes), Ry 0.4 (UV, orange/pink in p-anisaldehyde)

Preparation of methyl ether 113:

MeO, OH MeO OMe
~—OSiEtg ~—OSiEty
Me3;OBF,
Proton Sponge
~ : ~
CH,Cl,
4ANMS
O‘Si’o 0°Ctort o\Si,o
'\ /'\
+Bu t+Bu 90% yield tBu t+Bu
112 113

A 250-mL, round-bottomed flask was charged with alcohol 112 (1.63 g, 2.71 mmol,

1.0 equiv), equipped with a rubber septum, purged with N, and cooled to 0 °C in an ice bath.
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Meanwhile, Me;OBF4 (2.00 g, 13.55 mmol, 5 equiv), Proton Sponge (2.91 g, 13.55 mmol, 5
equiv), and activated 4 A MS (3.3 g) were added to a 40 mL vial in the glovebox, brought out
of the glovebox, and added to the flask containing the substrate. The mixture was then
suspended in CH,Cl, (27.1 mL), and allowed to stir for 24 hours, allowing the reaction to warm
up to room temperature over this period. The reaction mixture was filtered through a plug of
silica gel and celite that had been pre-packed with a 15% ethyl acetate/ 85% hexanes mixture
and rinsed further with 15% ethyl acetate/ 85% hexanes and concentrated in vacuo. The
resulting crude residue was purified by silica gel chromatography (2% to 3% to 4% to 5% to
6% ethyl acetate in hexanes to) to afford methyl ether 113 (1.5 g, 2.43 mmol, 90% yield) as a
white solid.

"H NMR (400 MHz, Chloroform-d): & 6.08 (ddd, J=9.5, 6.2, 1.1 Hz, 1H), 5.88 (dt, J=5.8,
2.2 Hz, 1H), 5.65 (ddd, J=9.3, 4.4, 1.9 Hz, 1H), 5.42 — 5.35 (m, 2H), 4.47 (td, /= 4.2, 0.9 Hz,
1H), 4.22 (ddd, J=4.4, 3.0, 0.7 Hz, 1H), 3.55 (dd, J= 6.9, 2.7 Hz, 1H), 3.45 (d, /= 9.2 Hz,
1H), 3.30 (d, J=9.3 Hz, 1H), 3.24 (s, 3H), 3.24 (s, 3H), 3.21 (d, /= 8.7 Hz, 1H), 3.16 (d, J =
8.7 Hz, 1H), 3.04 (ddddt, J=5.8,3.8,2.9,2.0, 1.0 Hz, 1H), 2.87 (dd, J= 6.4, 4.1 Hz, 1H), 2.35
—2.27 (m, 2H), 2.23 (dd, J = 10.2, 7.8 Hz, 1H), 1.67 (dddd, J = 13.9, 8.4, 5.6, 2.7 Hz, 1H),
1.57 (dtd, J = 13.6, 6.8, 5.1 Hz, 1H), 1.40 — 1.24 (m, 2H), 1.09 (s, 9H), 1.01 (s, 9H), 0.95 (t, J
=7.9 Hz, 9H), 0.63 — 0.52 (m, 6H).

3C NMR (101 MHz, CDCL): § 166.6, 136.0, 134.0, 131.6, 128.0, 119.8, 79.7, 77.1, 73.4,
66.5, 66.0, 58.7, 57.2, 56.5, 46.2 (2 overlapping Bc signals), 46.2, 43.7, 40.6, 34.8, 28.9, 28.3,
21.4,21.3,20.9,20.7, 6.8, 4.3.

Two C signals are observed to be overlapping at 46.2, resolved peaks are seen in the HSQC

spectrum, provided below.
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FTIR (NaCl, thin film): 3049, 2936, 2911, 2976, 2808 1476, 1103, 994 cm’".
HRMS: (ESI-TOF) calc’d for C3sHg OsSi, [M + H]" 617.4052, found 617.4045.
[a]Z® = +87° (c = 0.57, CHCL).

TLC (5%EtOAc/95%Hexanes), Ry 0.4 (UV, green in p-anisaldehyde)

Preparation of alcohol 114:

MeO OMe MeO OMe

—OTES ——OH
TFA
—_——
~ ~
CH,Cl,, 0°C
O‘/Si’o O‘/Si\’o
t-Bu \t-Bu 90% yield t-Bu t-Bu

113 114

A 500-mL, round-bottomed flask was charged with silyl ether 113 (1.60 g, 2.59 mmol,
1.0 equiv), and CH,Cl, (52 mL) and cooled to 0 °C in an ice bath. TFA (0.40 mL, 5.18 mmol,
2 equiv) was added via syringe. The reaction was monitored by TLC, and after 45 minutes at
0 °C, additional TFA (0.10 mL, 1.30 mmol, 0.5 equiv) was added. After a further 30 minutes,
additional TFA (0.10 mL, 1.30 mmol, 0.5 equiv) was added (3 equiv total). After 15 more
minutes, the reaction was done by TLC. The reaction was quenched with sat. NaHCOs (50
mL), and the pH of the aqueous layer was checked to make sure it was basic. The biphasic
mixture was transferred to a separatory funnel, the layers were separated, and the aqueous layer
was extracted with CH,Cl, (3 x 30 mL). The combined organic extracts were dried over
NaySOy, filtered, and concentrated in vacuo. The resulting crude residue was purified by silica
gel chromatography (25% ethyl acetate in hexanes to 30% ethyl acetate in hexanes) to afford
alcohol 114 (1.17 g, 2.33 mmol, 90% yield) as a white solid.
'"H NMR (400 MHz, Chloroform-d): 5 6.08 (ddd, J = 9.5, 6.2, 1.1 Hz, 1H), 5.90 (ddd, J =

5.8,2.7, 1.9 Hz, 1H), 5.66 (ddd, J= 9.3, 4.4, 1.9 Hz, 1H), 5.45 — 5.42 (m, 2H), 4.44 (td, J =
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4.2,0.9 Hz, 1H), 4.26 —4.19 (m, 1H), 3.57 —3.52 (m, 2H), 3.46 (dd, /= 8.9, 1.3 Hz, 2H), 3.27
(s, 3H), 3.26 (s, 3H), 3.21 (d, J= 8.7 Hz, 1H), 3.05 — 2.99 (m, 2H), 2.91 (dd, J = 5.9, 4.6 Hz,
1H), 2.64 (t, J=9.2 Hz, 1H), 2.46 (dddd, J = 15.7, 8.7, 2.8, 1.4 Hz, 1H), 2.30 (ddt, J = 15.7,
9.9,2.1 Hz, 1H), 1.67 — 1.61 (m, 1H), 1.61 — 1.42 (m, 2H), 1.17 — 1.10 (m, 1H), 1.08 (s, 9H),
1.01 (s, 9H).

C NMR (101 MHz, CDCL): § 166.5, 135.8, 133.7, 131.5, 128.1, 119.6, 80.5, 79.7, 77.0,
72.4,66.5,58.9,57.2,56.8,46.4,46.2,42.3,39.7, 35.5, 28.9, 28.3, 23.2, 21.6, 21.2, 20.7.
FTIR (NaCl, thin film): 3472, 3048, 2934, 2894, 2859, 1475, 1380, 1101, 991 cm™.
HRMS: (ESI-TOF) calc’d for C2oH4705Si [M + H]" 503.3187, found 503.3184.

[a]3® = +136° (c = 0.58, CHCl;).

TLC (30%EtOAc/70%Hexanes), Ry 0.4 (UV, pink/orange in p-anisaldehyde)

Preparation of aldehyde 115:

MeO, OMe MeO, Oge

——OH —
Cu(MeCN),OTf (5 mol %)
I MeOppy (5 mol %),

= NMI (5 mol %), =
ABNO (5 mol %
MeCN, air
o\/Si\,o o\/Si\,o
tBu t-Bu 94% yield tBu t-Bu

114 115

A 100-mL, round-bottomed flask was charged with alcohol 114 (218 mg, 0.434 mmol,
1.0 equiv) and MeCN (8.6 mL). 4,4’-dimethoxy-2,2’-bipyridine (V*°bpy, 4.7 mg, 21.7 pmol,
5 mol %), N-methylimidazole (6.9 pL, 86.8 pmol, 20 mol %), and ABNO (3.0 mg, 21.7 umol,
5 mol %). Lastly, Cu(MeCN),OTf (8.2 mg, 21.7 umol, 5 mol %) was added, and the clear
red/brown reaction mixture was stirred until slightly yellow green, and the TLC indicated the
reaction had gone to completion (ca. 90 min), at which point the solution was filtered through

a short plug of silica, flushed with ethyl acetate, and concentrated in vacuo. Purification of the
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crude residue by silica gel chromatography (10 to 12% EtOAc in hexanes) afforded aldehyde
115 (204 mg, 0.408 mmol, 94% yield) as a white foam.

Note: The product aldehyde 115 is prone to decomposition, prolonged storage should be
avoided if possible. If necessary, it can be stored as a solid in the freezer and should be fine for
at least a few weeks. Residual solvent accelerates the decomposition process. It is also possible
to run the subsequent step without purification, and using the crude from the silica plug
directly. Once the decomposition pathway was discovered, the aldehyde was reproducibly
carried through as the crude in the subsequent reductive amination step, to keep the aldehyde
for a minimum amount of time.

"H NMR (400 MHz, Chloroform-d): § 9.53 (s, 1H), 6.09 (ddd, J=9.5, 6.1, 1.1 Hz, 1H), 5.85
(dt, J=5.8, 2.3 Hz, 1H), 5.68 (dddd, J=9.5, 4.3, 1.9, 0.6 Hz, 1H), 5.62 (dt, J= 5.8, 1.9 Hz,
1H), 5.40 (dd, J= 3.9, 0.7 Hz, 1H), 4.45 (tt, /= 4.3, 0.9 Hz, 1H), 4.21 (ddd, J=4.3, 3.0, 0.7
Hz, 1H), 3.49 (dd, J=8.9, 3.3 Hz, 1H), 3.39 (d, /= 9.2 Hz, 1H), 3.31 (d, /= 9.2 Hz, 1H), 3.27
(s, 3H), 3.26 (s, 3H), 3.02 (ddddd, /=4.9, 3.8, 2.9, 2.0, 0.8 Hz, 1H), 2.89 —2.86 (m, 1H), 2.44
(t,J=17.0 Hz, 1H), 2.29 (ddt, J = 16.0, 7.5, 2.2 Hz, 1H), 2.22 (ddt, J = 16.0, 6.6, 2.2 Hz, 1H),
2.12(ddd, J=14.2,6.7,4.5 Hz, 1H), 1.83 (dddd, J=13.4, 6.7, 4.6, 3.3 Hz, 1H), 1.55 (dtd, J =
13.6,9.3,4.6 Hz, 1H), 1.40 (ddd, J = 14.3, 9.7, 4.6 Hz, 1H), 1.08 (s, 9H), 1.02 (s, 9H).

3C NMR (101 MHz, CDCL): § 204.0, 164.5, 135.2, 134.0, 132.0, 128.5, 121.8, 79.5, 77.3,
76.1, 66.3, 59.3, 58.1, 56.9, 50.8, 46.2, 46.0, 44.1, 34.5, 28.9, 28.3, 21.5, 21.2, 21.1, 20.7.

A C signal is observed to be overlapping with residual CDCl; at 77.3, resolved peaks are
seen in the HSQC spectrum, provided below.

FTIR (NaCl, thin film): 2933, 2894, 2859, 2859, 1724, 1476, 1103, 993 cm™".

HRMS: (ESI-TOF) calc’d for Ca9Hs505Si [M + H]" 501.3031, found 501.3038.
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[a]Z® = +87° (c = 0.60, CHCI).

TLC (20%EtOAc/80% Hexanes), Ry: 0.5 (UV, blue in p-anisaldehyde)

Preparation of N-allylamine 145:

MeO OMe Ti(Oi—Pr)4 MeO OMe
=0 P —Nex
H
| EtOH
~ > ~
then NaBH,

O‘/Si\’o O\/Si\’o

t+Bu tBu (quantitative) t+Bu t+Bu
114 145

A 100-mL, round-bottomed flask was charged with aldehyde 114 (311 mg, 0.621
mmol, 1 equiv), and azeotroped 3x with toluene (from the solvent system) to remove water,
and put under high vacuum for 2 hours. The flask was equipped with a rubber septum, purged
with N», and dissolved in EtOH (stored over 3 A MS, 21 mL). Allylamine (freshly distilled
over CaCl,, 0.19 mL, 248 mmol, 4 equiv) was added followed by Ti(Oi-Pr)4 (0.39 mL, 1.24
mmol, 2 equv) and let stir for 90 minutes at room temperature. At this time, NaBH, (117 mg,
3.10 mmol, 5 equiv) was added in one portion, and let stir for 15 minutes further. The reaction
was carefully quenched with aqueous 28—-30% NH3 solution (10 mL), and let stir for 10 minutes
at room temperature. The reaction was then filtered through a basic alumina plug that had been
pre-washed with EtOH, then flushed with ethyl acetate, and concentrated in vacuo. Then, the
crude mixture was filtered through a silica plug, flushed with 100% CH,Cl, to remove nonpolar
impurities, and then with 5% 7 NH3/95% CH,Cl,; to elute the product N-allyl amine 145.

A sample of this material was purified by silica gel chromatography (to 2% to 3% to 4% 7 N

NH3/MeOH solution/ CH,Cl,) to afford analytically pure material for characterization:
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"H NMR (400 MHz, Chloroform-d): § 6.06 (ddd, J=9.5, 6.2, 1.1 Hz, 1H), 5.93 — 5.81 (m,
2H), 5.64 (ddd, J=9.5, 4.4, 1.9 Hz, 1H), 5.43 — 5.38 (m, 2H), 5.16 (dq, J=17.2, 1.7 Hz, 1H),
5.08 (dq, J=10.3, 1.3 Hz, 1H), 4.47 - 4.42 (m, 1H), 4.22 (ddd, J=4.2, 3.0, 0.7 Hz, 1H), 3.55
(dd,J=7.5,2.8 Hz, 1H), 3.29 - 3.15 (m, 10H), 3.02 (tdd, /= 5.8, 2.8, 1.4 Hz, 1H), 2.90 —2.86
(m, 1H), 2.49 (s, 2H), 2.41 (dd, J = 10.3, 8.0 Hz, 1H), 2.33 — 2.26 (m, 2H), 1.71 — 1.61 (m,
1H), 1.61 — 1.49 (m, 2H), 1.41 — 1.31 (m, 1H), 1.07 (s, 9H), 1.00 (s, 9H).

C NMR (101 MHz, CDCly): § 166.5, 136.8, 135.8, 134.0, 131.3, 128.0, 119.6, 116.1, 79.6,
77.0 (overlapping with CDCly), 76.5, 66.5, 58.8, 57.2, 56.8, 56.3, 53.0, 46.3, 46.2, 44.5, 39.3,
35.4,28.9,28.3,24.3,21.7,21.2,20.7.

FTIR (NaCl, thin film): 3049, 2934, 2898, 2859, 2859, 1475, 1102, 1106, 992, 825, 732
cm™,
HRMS: (ESI-TOF) calc’d for C3,Hs5:NO,4Si [M + H]' 542.3660, found 542.3653.
[a]3® = +104° (¢ = 2.20, CHCls).

TLC (5% 7N NH; in MeOH/95%  CH,Cl,), Rs: 0.5 (UV, blue in p-anisaldehyde)

Preparation of primary amine 116 via deprotection of N-allyl 145:

0
NMe
MeO, OMe /& MeO OMe
“’}l\/\ (@) N (6] VNHZ
e
H Pd(PPh)s (10 mol %) I
~ : ~
84 “tBu (2 steps) 84 “tBu
145 116

A 100-mL, round-bottomed flask was charged with the crude allylamine 145 and 3,5-
dimethylbarbituric acid (0.582 g, 3.72 mmol, 6 equiv), and dissolved in CH,Cl, (12.4 mL)

under N,. Meanwhile, a solution of Pd(PPhs)s (72 mg, 0.0621 mmol, 10 mol % in 3 mL
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CH,Cl,) was made inside the glovebox, brought out, and added via syringe to the solution of
substrate. The reaction was allowed to stir for 1 hour at room temperature, and was then
quenched with sat. NaHCO; (20 mL). The mixture was then transferred to a separatory funnel,
and extracted with 20%IPA/80% CHCI; (3 x 30 mL). The combined organic extracts were
dried over Na,SQ,, filtered, and concentrated in vacuo. The resulting crude residue was
purified by silica gel chromatography (1% to 2% to 3% to 4% 7 N NH3/MeOH solution/
CH,Cl,) to afford primary amine 116 (280 mg, 0.559 mmol, 90% yield) as a clear oil.

"H NMR (400 MHz, Chloroform-d): & 6.06 (ddd, J=9.5, 6.1, 1.1 Hz, 1H), 5.87 (dt, J= 5.9,
2.3 Hz, 1H), 5.65 (ddd, J=9.4,4.4, 1.9 Hz, 1H), 5.44 — 5.39 (m, 2H), 4.46 (t,J=4.7 Hz, 1H),
4.23 (ddd, J=4.3, 3.0, 0.7 Hz, 1H), 3.56 (dd, J = 7.7, 2.8 Hz, 1H), 3.26 — 3.24 (m, 6H), 3.22
—3.19 (m, 1H), 3.18 (d, /= 9.2 Hz, 1H), 3.05 — 3.00 (m, 1H), 2.88 (dd, J = 5.9, 4.6 Hz, 1H),
2.63 (d, J=13.1 Hz, 1H), 2.58 (d, J = 13.1 Hz, 1H), 2.39 (dd, J = 10.0, 8.4 Hz, 1H), 2.31 —
2.26 (m, 2H), 1.68 (dddd, J=13.3, 8.0, 5.4, 2.7 Hz, 1H), 1.61 — 1.37 (m, 4H), 1.34 — 1.21 (m,
1H), 1.08 (s, 9H), 1.00 (s, 9H).

C NMR (101 MHz, CDCL): § 166.4, 135.8, 134.1, 131.1, 128.1, 119.7, 79.7, 77.0, 76.1,
06.5, 58.8,57.2,56.9,49.5, 46.3, 46.2, 44.0, 39.7, 35.2, 28.9, 28.3, 23.9, 21.8, 21.2, 20.7.

A C signal is observed to be overlapping with residual CDCl; at 77.00, the peak can be seen
in the HSQC spectrum, provided below.

FTIR (NaCl, thin film): 3386, 3050, 2933, 2859, 2362, 1476, 1463, 1106, 992 cm'".
HRMS: (ESI-TOF) calc’d for C2oH4sNO,4Si [M + H]' 502.3347, found 502.3344.

[a]3® = +105° (¢ = 0.67, CHCl;).

TLC (10%MeOH/90%CH,Cl,), Rs: 0.15 (UV, blue in p-anisaldehyde)
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Preparation of N-ethyl amide 118:

OH
MeO,C , -0 Na-2-ethylhexanoate MeO,C '.”’NHEt
NEtH,-HCI _ 0o |
j = THF/NEtH, =
60 °C to 70 °C
[sealed pressure vessel]
O~g;-0O O‘Si’o
/\ VAN
tBu tBu 51% yield tBu tBu
108 118

To a 75 mL pressure vessel containing lactone 108 (437 mg, 0.877 mmol, 1 equiv),
sodium 2-ethylhexanoate (657 mg, 3.95 mmol, 4.5 equiv), ethylamine hydrochloride (161 mg,
1.97 mmol, 2.25 equiv) were added, followed by THF (9 mL) and neat NEtH, (4 mL). The
vessel was sealed (with a Teflon cap that had a perfluoro O-ring), and heated to 60 °C in an oil
bath. The reaction was allowed to stir at 60 °C for 2 days, and the reaction progress was
monitored. At this time, the reaction had not gone to completion, so the flask was re-sealed
and the bath temperature was raised to 70 °C and stirred for another 2 days at this temperature.
The reaction was then cooled to room temperature, and transferred to a separatory funnel with
EtOAc (30 mL) and aqueous 0.5 M NaOH (20 mL). The layers were separated, and the aqueous
phase was extracted with EtOAc (3 x 20 mL) and CH,Cl, (2 x 20 mL). The combined organic
extracts were dried over Na,SQy, filtered, and concentrated in vacuo. The crude residue was
purified by silica gel chromatography (20% to 30% to 40% ethyl acetate in hexanes) to afford
secondary amide 118 as a white foam (243 mg, 0.447 mmol, 51% yield).

Note: Neat NH,Et was obtained from distillation of 70%NH,Et/ 30% H,O solution, using a
cold finger (with dry ice/acetone) to condense the very volatile NH,Et, and stored over KOH

pellets in the freezer.

"H NMR (400 MHz, Chloroform-d): 6 6.22 (t, /= 5.6 Hz, 1H), 6.16 — 6.05 (m, 2H), 5.65

(ddd, J=9.4, 4.4, 1.9 Hz, 1H), 5.50 (dt, J= 5.9, 1.9 Hz, 1H), 5.33 (s, 1H), 4.54 (t, J = 4.8 Hz,
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1H), 4.17 (ddd, J=4.0, 2.9, 0.7 Hz, 1H), 3.91 (t, J = 4.4 Hz, 1H), 3.68 (s, 3H), 3.28 (dqd, J =
14.5,7.2,5.7 Hz, 1H), 3.22 — 3.10 (m, 2H), 3.01 —2.96 (m, 1H), 2.90 (t, J = 5.3 Hz, 1H), 2.37
—2.26 (m, 3H), 2.09 — 2.02 (m, 1H), 1.80 — 1.69 (m, 3H), 1.11 — 1.06 (m, 12H), 1.00 (s, 9H).
C NMR (101 MHz, CDCly): § 174.9, 168.6, 163.6, 135.6, 135.1, 132.8, 128.5, 122.0, 76.6,
66.9, 66.2, 56.9, 55.5,52.9, 46.4, 46.3, 46.2, 35.2, 34.7,28.9, 28.3, 25.6, 21.2, 20.7, 18.0, 14.6.
FTIR (NaCl, thin film): 3409, 3033, 3969, 6935, 2896, 2859, 2242, 1713, 1668, 1520, 1229,
1101, 826, 732 cm™,

HRMS: (ESI-TOF) calc’d for C30H460sNSi [M + H]" 544.3089, found 544.3102.

[a]3® = +137° (¢ = 1.00, CHCls).

TLC (50%EtOAc/ 50% Hexanes), Ry 0.25 (UV, yellow in p-anisaldehyde)

Preparation of amide 117:

OH
(ally)NH-HCl ! NH(allyl
MeO.C 0o sodium 2-ethyl- Me0,C 77y~ NH(@lY)

hexanoate

—>
} = THF/allylamine (1:1.5) j =
80°C,3d
54% yield
o‘/Si\’o (64% BRSM) O‘ISi\'O
t-Bu t-Bu tBu tBu
108 117

To a 150 mL pressure vessel containing lactone 108 (1.36 g, 2.73 mmol, 1.0 equiv),
sodium 2-ethylhexanoate (2.04 g, 12.3 mmol, 4.5 equiv), allylamine hydrochloride (0.574 g,
6.14 mmol, 2.25 equiv) were added, followed by THF (10.7 mL) and neat N-allylamine (16
mL). The vessel was sealed (with a Teflon cap that had a perfluoro O-ring), and heated to 80
°C in an oil bath. The reaction was allowed to stir at 80 °C for 3 days. The reaction was then
cooled to room temperature, and transferred to a separatory funnel with EtOAc (100 mL) and
aqueous 0.5 M NaOH (30 mL). The layers were separated, and the aqueous phase was extracted

with EtOAc (4 x 50 mL). The combined organic extracts were dried (Na,SO,), filtered, and



Chapter 3 — Towards C,¢-Diterpenoid Alkaloids: 81
Approaches to the C4 Chiral Quaternary Center

concentrated in vacuo. The crude residue was purified by silica gel chromatography (20-30-
40% EtOAc in hexanes) to afford N-allyl amide 117 (0.803 g, 1.47 mmol, 54% yield, 64%
BRSM) and starting material 108 (0.203 g, 0.41 mmol, 15%).

Note: N-allylamine was purified by distillation over CaCl, prior to use.

"H NMR (500 MHz, Chloroform-d): § 6.33 (t,J= 5.7 Hz, 1H), 6.13 (dt,J= 5.9, 2.3 Hz, 1H),
6.10 (ddd, J=9.5,6.2, 1.1 Hz, 1H), 5.82 - 5.73 (m, 1H), 5.68 — 5.63 (m, 1H), 5.51 (dt, J=5.9,
1.9 Hz, 1H), 5.34 (d, J=3.9 Hz, 1H), 5.14 (t, J= 1.5 Hz, 1H), 5.11 (dq, J = 6.7, 1.4 Hz, 1H),
4.56 —4.51 (m, 1H), 4.18 (ddd, J=4.1, 3.0, 0.7 Hz, 1H), 3.92 (dd, J = 5.3, 3.4 Hz, 1H), 3.88
—3.77 (m, 2H), 3.70 (s, 3H), 3.17 (td, J = 9.1, 1.5 Hz, 1H), 3.00 (dddp, J = 5.0, 3.1, 2.1, 1.0
Hz, 1H), 2.92 — 2.89 (m, 1H), 2.39 — 2.30 (m, 3H), 2.09 (dddd, J = 14.4, 5.6, 4.0, 1.5 Hz, 1H),
1.86 —1.70 (m, 3H), 1.08 (s, 9H), 1.01 (s, 9H).

3C NMR (126 MHz, CDCly): 5 174.9, 168.6, 163.5, 135.6, 135.2, 133.7, 132.8, 128.5,
122.0, 116.7, 76.6, 66.9, 66.2, 57.0, 55.6, 52.9, 46.4, 46.3, 46.2,42.1, 35.3, 28.9, 28.3,
25.5,21.2,20.7, 18.1.

FTIR (NaCl, thin film): 3413, 2934, 3858, 1714, 1674, 1519, 1476, 1252, 1230, 1101,

992, 827,731 cm’.

HRMS: (ESI-TOF) calc’d for C3;H4NOgSi [M + H]" 556.3089, found 556.3085

[a]3® = +129° (¢ = 1.34, CHCL).

TLC (70% EtOA¢/30% Hexanes), Ry 0.5 (brown in p-anisaldehyde)
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Preparation of diol 120:

OH Ho OH
MeO,C—7~ | NHE! + NHE

LiBHE, @
—»
} =

j = THF, -20 to 10 °C

86% yield

ON/Si\,O O‘/Si\‘o
tBu t-Bu t-Bu tBu
118 120

A flame-dried 100 mL round-bottom flask was charge with ester 118 (360 mg, 0.67
mmol, 1.0 equiv). The starting material was dried by azeotroping with toluene (3 x 25 mL).
The flask was put under N, before THF (13 mL) was added and the solution cooled to -20 °C.
In a separate flame-dried 50 mL pear-shaped flask, a solution of LIBHEt; (1M in THF, 3.3 mL,
3.3 mmol, 5.0 equiv) was diluted with THF (5 mL). The solution of LiBHEt; was cooled to -
20 °C and transferred to the flask of 118 by cannula over 10 minutes. After stirring at -20 °C
for an additional 5 minutes, the reaction was warmed to 0 °C and stirred for 45 min. The
reaction quenched with 0.5 M NaOH (aq., 15 mL) at 0 °C. The mixture was warmed to room
temperature and stirred for 10 minutes. The mixture was transferred to a separatory funnel and
extracted with EtOAc (6 x 50 mL). The combined organic extracts were dried (NaySOy),
filtered, and concentrated in vacuo to give the crude product as a colorless oil. The product
was purified by column chromatography (SiO,, 75-100% EtOAc in hexanes) to give diol 120
(293 mg, 0.58 mmol, 86% yield) as a white foam.
"H NMR (400 MHz, Chloroform-d) ¢ 6.18 (dt, J = 5.8, 2.3 Hz, 1H), 6.11 — 5.98 (m, 2H),
5.65 (ddd, J=9.4, 4.4, 2.0 Hz, 1H), 5.54 (d, J = 3.7 Hz, 1H), 5.44 (dt, J = 5.8, 1.8 Hz, 1H),
4.58 — 4.49 (m, 1H), 4.21 (ddt, J = 3.8, 3.0, 1.4 Hz, 1H), 4.04 — 3.98 (m, 1H), 3.75 (dd, J =
10.9, 7.8 Hz, 1H), 3.52 (dd, J = 10.9, 3.8 Hz, 1H), 3.41 — 3.16 (m, 3H), 3.07 — 2.99 (m, 1H),
2.95 (t,J=5.3 Hz, 1H), 2.86 (t, J = 9.6 Hz, 1H), 2.33 — 2.12 (m, 3H), 1.98 — 1.90 (m, 1H),

1.90 — 1.78 (m, 2H), 1.46 — 1.34 (m, 1H), 1.13 (t, J = 7.3 Hz, 3H), 1.07 (s, 9H), 1.00 (s, 9H).
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13C NMR (101 MHz, CDCls) § 176.44, 164.58, 136.42, 135.74, 133.95, 128.66, 121.89,
77.04, 67.34, 66.40, 65.63, 56.13, 47.38, 46.64, 46.40, 41.63, 36.17, 34.45, 29.06, 28.45,
24.23,21.35,20.85, 18.20, 14.89.

FTIR (NaCl, thin film): 3386, 2934, 2861, 2356, 1635, 1529, 1476, 1332, 1226, 1102, 1060,
1012, 993, 824, 810, 757, 732, 643 cm’™.

HRMS: (ESI-TOF) calc’d for C2sH4NOsSi [M + H]* 516.3140, found 516.3148

[a]22 = +111° (c = 1.0, CHCL).

TLC (100%EtOAc): Rs: 0.4 (brown/purple in p-anisaldehyde).

Preparation of diol 119:

OH HO OH
MeO,C T NH(allyl) T NH(allyl)
LiBHEt, @
—_—
j = THF, -20 to 10 °C } =
91% yield

ON/Si\,O O‘/Si\‘o

t-Bu t-Bu tBu tBu

17 119

A flame-dried 250 mL round-bottom flask was charge with ester 117 (1.830 g, 3.29
mmol, 1.0 equiv). The starting material was dried by azeotroping with toluene (3 x 25 mL).
The flask was put under N, before THF (45 mL) was added and the solution cooled to -20 °C.
In a separate flame-dried 100 mL pear-shaped flask, a solution of LiBHEt; (IM in THF, 16.5
mL, 16.5 mmol, 5.0 equiv) was diluted with THF (20 mL). The solution of LiIBHEt; was cooled
to -20 °C and transferred to the flask of 30 by cannula over 30 minutes. After stirring at -20 °C
for an additional 15 minutes, the reaction was warmed to 10 °C and stirred for 1h. The reaction
was cooled to 0 °C before quenching with 0.5 M NaOH (aq., 20 mL). The mixture was warmed
to room temperature and stirred for 1 hour. The mixture was extracted with EtOAc (2 x 100

mL; 6 x 40 mL). The combined organic extracts were dried (Na,SO.), filtered, and
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concentrated in vacuo to give the crude product as a colorless oil. The product was purified by
column chromatography (SiO,, 25-50-75-100% EtOAc in hexanes) to give diol 119 (1.574 g,
2.99 mmol, 91% yield) as a white foam.

"HNMR (400 MHz, Chloroform-d): 6 6.19 (dt,J/=5.9,2.3 Hz, 1H), 6.13 (t,J= 5.7 Hz, 1H),
6.06 (ddd, J=9.5, 6.1, 1.1 Hz, 1H), 5.82 (ddt, J=17.2, 10.2, 5.7 Hz, 1H), 5.66 (ddd, J = 9.3,
44,109 Hz, 1H), 5.54 (d, J=3.7 Hz, 1H), 5.44 (dt, J= 5.8, 1.9 Hz, 1H), 5.22 -5.13 (m, 2H),
4.53 (td, J=4.3, 0.9 Hz, 1H), 4.21 (ddd, J = 4.2, 3.0, 0.7 Hz, 1H), 4.02 (t, J = 3.1 Hz, 1H),
3.94 (dtt, J=15.6,5.7, 1.6 Hz, 1H), 3.84 (dtt, /= 15.7, 5.7, 1.5 Hz, 1H), 3.76 (d, /= 10.8 Hz,
1H), 3.55 (d, J=10.9 Hz, 1H), 3.14 — 3.01 (m, 2H), 2.95 (dd, /= 5.9, 4.6 Hz, 1H), 2.86 (t,J =
9.7 Hz, 1H), 2.32 - 2.18 (m, 3H), 1.88 — 1.81 (m, 2H), 1.48 — 1.38 (m, 2H), 1.08 (s, 9H), 1.00
(s, 9H).

C NMR (101 MHz, CDCI3): § 176.2, 164.4, 136.3, 135.6, 133.9, 133.8, 128.5, 121.8, 116.8,
76.9,67.2,66.2,65.5,56.0,47.6,46.5,46.2,41.8,41.6,36.1,28.9, 28.3, 24.1,21.2, 20.7, 18.0.
FTIR (NaCl, thin film): 3352, 2931, 2858, 1634, 1539, 1475, 1103, 994, 827, 733 cm™".
HRMS: (ESI-TOF) calc’d for C30H4NOsSi [M + H]" 528.3140, found 528.3130

[a]3® = +104° (c = 1.08, CHCl;).

TLC (100%EtOAc): Rs: 0.5 (pink/brown in p-anisaldehyde).
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Preparation of Amide 122:

OH OM
HO, NHEt NHEt MeO NHEt NHEt
Me;OBF, ‘n’ Tl’
0| Proton Sponge
4AMS CHCl, j = j =
25% yield 121

(49% after

tBu tBu ”eCVC'e tBu tBu tBu tBu tBu tBu
120 122 146 147
25% yield [ |
I
38% yield (~1:1)

An oven-dried 20 mL scintillation vial with a cross stir bar was charged with diol 120
(122 mg, 0.24 mmol, 1.0 equiv). CH,Cl, (4.8 mL) was added, followed by Proton Sponge”
(406 mg, 1.9 mmol, 8.0 equiv), trimethyloxonium tetrafluoroborate (210 mg, 14.2 mmol, 6.0
equiv), and 4A molecular sieve powder (120 mg). The vial was stirred (1000 rpm) at 20 °C for
14 hours. HOAc (0.1 mL) was added, and the mixture was passed over a plug of silica gel,
eluting with 50-100% EtOAc in hexanes. The filtrate was concentrated to give the crude
product as a yellow oil. The product was purified by column chromatography (SiO,, 20-30-
40-50-60-70-80% EtOAc in hexane) to give di-methylated product 122 (32.2 mg, 0.059 mmol,
25% yield) and a ~1:1 mixture of isomeric mono-methylated products 146 and 147 (47.6 mg,
0.090 mmol, 38% yield).

The mixture of 146 and 147 (47.6 mg) was resubjected to the same set of conditions to
yield an additional 31.0 mg (0.057 mmol, 65% yield) of 122. This represents a combined 49%

yield of 122 after 1 recycle of 146 and 147.

Characterization data for 122:
'H NMR (400 MHz, Chloroform-d) 6 6.66 (t, J = 5.5 Hz, 1H), 6.06 (ddd, /=94, 6.1, 0.6

Hz, 1H), 5.84 (dt, J = 4.7, 2.3 Hz, 1H), 5.66 (ddd, J = 9.2, 4.4, 1.8 Hz, 1H), 5.42 (d, J = 3.8
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Hz, 1H), 5.40 — 5.32 (m, 1H), 4.49 (t, J=4.7 Hz, 1H), 4.29 — 4.19 (m, 1H), 3.59 (dd, J = 8.2,
2.8 Hz, 1H), 3.40 (d, J = 9.4 Hz, 1H), 3.27 (s, 3H), 3.26 — 3.21 (m, 5H), 3.18 (d, /= 9.3 Hz,
1H), 3.06 — 3.00 (m, 1H), 2.87 (t, J= 5.3 Hz, 1H), 2.65 (t,J = 9.4 Hz, 1H), 2.57 (dt, J = 13.7,
6.5 Hz, 1H), 2.33 — 2.24 (m, 1H), 2.24 — 2.14 (m, 1H), 1.81 — 1.66 (m, 2H), 1.66 — 1.55 (m,
1H), 1.09 (d, /= 7.7 Hz, 12H), 1.01 (s, 9H).

BC NMR (101 MHz, CDCls) § 174.99, 166.16, 135.80, 133.51, 131.78, 128.36, 119.52,
79.04,76.98,76.14, 66.61, 58.53,57.32,57.03,46.93, 46.52, 46.35, 43.58, 36.59, 34.40, 29.03,
28.44,21.66, 21.39, 21.14, 20.81, 15.01.

FTIR (NaCl, thin film): 3355, 2932, 2902, 2859, 1648, 1556, 1534, 1476, 1380, 1265, 1228,
1102, 991, 935, 912, 843, 829, 755, 642 cm’.

HRMS: (ESI-TOF) calc’d for C3;HsoNOsSi [M + H]" 544.3453, found 544.3451

[a]3? = +94° (c = 1.07, CHCI).

TLC (2:1 EtOAc:Hexanes), Ry 0.6 (blue in p-anisaldehyde)

Characterization data for C;-O methyl ether 147:

'"H NMR (400 MHz, Chloroform-d) 5 6.16 (t, J = 5.6 Hz, 1H), 6.07 (ddd, J = 9.5, 6.2, 1.1
Hz, 1H), 5.87 (dt, J = 6.0, 2.3 Hz, 1H), 5.65 (ddd, J = 9.5, 4.5, 1.9 Hz, 1H), 5.46 (d, J = 3.7
Hz, 1H), 5.39 (ddd, J = 5.8, 2.3, 1.4 Hz, 1H), 4.51 (t, J = 4.7 Hz, 1H), 4.26 — 4.18 (m, 1H),
3.71 (d, J=10.9 Hz, 1H), 3.59 — 3.42 (m, 2H), 3.40 — 3.26 (m, 1H), 3.25 (s, 4H), 3.10 — 2.98
(m, 2H), 2.97 — 2.89 (m, 1H), 2.71 (t, J = 9.3 Hz, 1H), 2.30 — 2.05 (m, 3H), 1.75 (q, J = 4.7

Hz, 2H), 1.41 — 1.32 (m, 1H), 1.13 (t, J = 7.3 Hz, 3H), 1.07 (s, 9H), 1.00 (s, 9H).



Chapter 3 — Towards C,¢-Diterpenoid Alkaloids: 87
Approaches to the C4 Chiral Quaternary Center

3C NMR (101 MHz, CDCly) § 176.34, 165.99, 135.90, 133.95, 131.96, 128.40, 120.89,
78.80, 66.47, 66.23, 57.96, 56.46, 47.74, 46.56, 46.35, 42.82, 36.22, 34.46, 29.06, 28.45, 21.91,
21.35,20.84, 19.66, 14.89.

FTIR (NaCl, thin film): 3354, 2933, 1633, 1462, 1358, 1101, 991, 825, 755, 637 cm’".
HRMS: (ESI-TOF) calc’d for C3pH4sNOsSi [M + H]™ 530.3296, found 530.3311.

[a]22 = +103° (¢ = 0.755, CHCL).

TLC (2:1 EtOAc:Hexanes), Ry 0.3 (blue in p-anisaldehyde)

Characterization data for C;3-O methyl ether 146:

"H NMR (600 MHz, Chloroform-d) 5 6.48 (t,J= 5.5 Hz, 1H), 6.11 (dt, J= 5.3, 2.2 Hz, 1H),
6.05 (dd, J=9.4, 6.1 Hz, 1H), 5.66 (ddd, J= 9.5, 4.4, 1.9 Hz, 1H), 5.49 (d, J = 3.8 Hz, 1H),
5.40 (dd, J= 6.0, 2.5 Hz, 1H), 4.46 (t, J = 4.6 Hz, 1H), 4.21 (t, J= 3.6 Hz, 1H), 4.03 (dd, J =
5.2,2.4 Hz, 1H), 3.48 (d, J=9.2 Hz, 1H), 3.32 - 3.21 (m, 6H), 3.06 — 3.01 (m, 1H), 2.89 (t, J
=5.3 Hz, 1H), 2.62 (t,J=9.6 Hz, 1H), 2.40 (ddd, /= 13.6, 11.4, 4.7 Hz, 1H), 2.36 — 2.29 (m,
1H), 2.24 (ddd, J=16.6, 8.9, 3.0 Hz, 1H), 1.80 — 1.69 (m, 2H), 1.33 (dt, /= 13.8, 4.5 Hz, 1H),
1.10 (t,J= 7.3 Hz, 3H), 1.08 (s, 9H), 1.00 (s, 9H).

C NMR (101 MHz, CDCls) § 175.01, 165.12, 135.84, 135.66, 133.52, 128.56, 121.07,
77.03,75.39,67.69, 66.41, 58.88, 56.48,47.00, 46.58, 46.38,42.75,36.18, 34.34,29.01, 28.43,
24.78, 21.38, 20.81, 18.64, 15.00.

FTIR (NaCl, thin film): 3363, 2934, 2861, 1653, 1530, 1475, 1378, 1265, 1103, 1058, 993,
827, 812, 779, 760, 640 cm’.

HRMS: (ESI-TOF) calc’d for C30H4sNOsSi [M + H]™ 530.3296, found 530.3306

[a]3% = +134° (c =1.15, CHCL).
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TLC (2:1 EtOAc:Hexanes), Ry 0.2 (purple in p-anisaldehyde)

Preparation of Amide 148:

HO oNH Iyl MeO oNH liyl) OSH llyl) oNH Iyl
‘n’ @D 47 Me,0BF, ‘n’ (@llyl) ‘n’ (@llyh ‘n’ (allyh
Proton Sponge
j = 4AMS CH,Cl, } S } = } =
69% yield 148
‘Sl ‘Sl

(1 recycle)

’Bu 'Bu B ’Bu
121 148 149 150
64% yield | |

I
14% yield (~1:1)

5 oven-dried 20 mL scintillation vials with cross stir bars were charged with 0.250 g
(1.25 g total, 2.37 mmol, 1.0 equiv) of diol 121, each. CH,Cl, (9.5 mL) was added to each vial,
followed by Proton Sponge® (0.610 g each, 0.35 g total, 142 mmol, 6.0 equiv),
trimethyloxonium tetrafluoroborate (0.420 g each, 2.10 g total, 14.2 mmol, 6.0 equiv), and 4R
molecular sieve powder (250 mg to each vial). The vials were stirred (1000 rpm) at 20 °C for
18 hours. The contents of the vials were combined, HOAc (0.5 mL) was added, and the mixture
was passed over a plug of silica gel, eluting with 50-100% EtOAc in hexanes. The eluent was
concentrated to give the crude product as a yellow oil. The product was purified by column
chromatography (SiO,, 20-30-40-50-60-70-80% EtOAc in hexane) to give di-methylated
product 148 (0.839 g, 1.52 mmol, 64% yield) and a ~1:1 mixture of isomeric mono-methylated
products 149 and 150 (0.175 g, 0.33 mmol, 14% yield).

The mixture of 149 and 150 (0.175 g) was resubjected to the same set of conditions to
yield an additional 77.0 mg (0.15 mmol, 43%) of 148, along with 70.0 mg (40%) of a mixture

of 149 and 150. This represents a 69% yield of 148 after 1 recycle of 149 and 150.
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Characterization data for 148:

'"H NMR (400 MHz, Chloroform-d): § 6.80 (t, /= 5.7 Hz, 1H), 6.06 (ddd, J=9.5, 6.2, 1.1
Hz, 1H), 5.88 — 5.77 (m, 2H), 5.67 (ddd, J=9.4, 4.4, 1.9 Hz, 1H), 5.44 (d, J = 3.8 Hz, 1H),
5.39(ddd, J=5.9, 2.6, 1.4 Hz, 1H), 5.19 — 5.08 (m, 2H), 4.49 (t, /=4.7, 1H), 4.24 (ddd, J =
4.1,3.0,0.7 Hz, 1H), 3.94 — 3.78 (m, 2H), 3.60 (dd, /= 8.2, 2.8 Hz, 1H), 3.42 (d, /= 9.4 Hz,
1H), 3.28 (s, 3H), 3.26 (s, 3H), 3.21 (d, /= 9.4 Hz, 1H), 3.06 — 3.01 (m, 1H), 2.87 (dd, J= 5.9,
4.6 Hz, 1H), 2.69 (t,J=9.4 Hz, 1H), 2.59 (ddd, J=13.9, 7.5, 5.9 Hz, 1H), 2.30 (ddt, /= 16.1,
9.8,2.2 Hz, 1H), 2.20 (dddd, /= 16.1, 9.0, 2.7, 1.4 Hz, 1H), 1.79 — 1.69 (m, 1H), 1.66 — 1.62
(m, 1H), 1.22 - 1.13 (m, 1H), 1.08 (s, 9H), 1.01 (s, 9H).

C NMR (101 MHz, CDCls): § 174.9, 166.0, 135.6, 134.6, 133.4, 131.6, 128.2, 119.4, 115.8,
78.9,76.8,76.0, 66.5, 58.4,57.2,56.9,47.0,46.4,46.2,43.3,41.8, 36.5, 28.9, 28.3, 21.5, 21.3,
21.1, 20.7.

FTIR (NaCl, thin film): 3362, 2932, 2859, 1652, 1531, 1476, 1380, 1258, 1102, 991, 911,
825,732 cm™.

HRMS: (ESI-TOF) calc’d for C3,HsoNOsSi [M + H]" 556.3453, found 556.3454

[a]3® = +103° (¢ = 0.50, CHCls).

TLC (30% EtOAc¢/70% Hexanes), Ry 0.4 (blue in p-anisaldehyde)

Characterization data for C;-O methyl ether 150:
'"H NMR (400 MHz, Chloroform-d) 5 6.30 (t, J = 5.8 Hz, 1H), 6.07 (ddd, J=9.5, 6.1, 1.1
Hz, 1H), 5.92 — 5.73 (m, 2H), 5.65 (ddd, J = 9.5, 4.5, 2.1 Hz, 1H), 5.46 (d, J = 3.7 Hz, 1H),

5.39 (ddd, J=5.9,2.4, 1.4 Hz, 1H), 5.19 (dq, J= 17.2, 1.6 Hz, 1H), 5.14 (dq, J= 10.2, 1.3 Hz,
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1H), 4.50 (t, J = 4.7 Hz, 1H), 4.27 — 4.19 (m, 1H), 3.95 — 3.78 (m, 2H), 3.73 (d, J= 11.0 Hz,
1H), 3.65 — 3.47 (m, 2H), 3.24 (s, 3H), 3.07 — 2.98 (m, 1H), 2.92 (t, /= 5.3 Hz, 1H), 2.70 (t, J
= 9.3 Hz, 1H), 2.33 - 2.13 (m, 3H), 1.79 — 1.69 (m, 2H), 1.40 (dt, J = 13.0, 4.8 Hz, 1H), 1.08
(s, 9H), 1.00 (s, 9H).

13C NMR (101 MHz, CDCLy) § 176.1, 165.8, 135.7, 134.1, 133.8, 131.8, 128.3, 120.8, 116.6,
78.6,66.3, 66.1, 57.8, 56.3,47.9, 46.4, 46.2, 42.8, 41.8, 36.2, 28.9,28.3,21.7, 21.2, 20.7, 19.5.
FTIR (NaCl, thin film): 3359, 2934, 2860, 1641, 1526, 1475, 1461, 1382, 1228, 1168, 1102,
1060, 1012, 994, 931, 852, 826, 810, 756, 724, 682, 665, 642 cm’".

HRMS: (ESI-TOF) calc’d for C3HysNOsSi [M + H]* 542.3302, found 542.3326

[a]22 = +96.9° (¢ = 1.19, CHCL,).

Characterization data for C;3-O methyl ether 149:

'"H NMR (400 MHz, Chloroform-d) § 6.62 (t, J = 5.6 Hz, 1H), 6.11 (ddd, J = 5.9, 2.8, 1.7
Hz, 1H), 6.06 (ddd, J=9.5, 6.2, 1.1 Hz, 1H), 5.82 (ddt, J=17.2, 10.2, 5.6 Hz, 1H), 5.66 (ddd,
J=9.7,45,19 Hz, 1H), 5.50 (d, J= 3.8 Hz, 1H), 5.41 (ddd, /= 5.9, 2.7, 1.2 Hz, 1H), 5.16
(dq,J=17.2,1.7 Hz, 1H), 5.11 (dq, J=10.3, 1.4 Hz, 1H), 4.46 (td, /= 4.2, 0.9 Hz, 1H), 4.28
—4.15 (m, 1H), 4.04 (dd, J = 5.0, 2.5 Hz, 1H), 3.98 — 3.76 (m, 2H), 3.50 (d, J = 9.2 Hz, 1H),
3.29 (s, 4H), 3.15 — 2.98 (m, 1H), 2.98 — 2.81 (m, 1H), 2.65 (t, /= 9.6 Hz, 1H), 2.53 — 2.14
(m, 3H), 1.95 - 1.62 (m, 2H), 1.47 - 1.27 (m, 1H), 1.16 — 1.04 (m, 9H), 1.00 (s, 9H).

C NMR (101 MHz, CDCl3) & 175.0, 165.0, 135.7, 135.5, 134.5, 133.4, 128.5, 121.0, 116.0,
76.9,75.3,67.6,66.3,58.8,56.4,47.1,46.5,46.3,42.5,41.8,36.2, 28.9, 28.9, 28.3, 24.6, 21.3,

20.7, 18.6.
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FTIR (NaCl, thin film): 3362, 2934, 2897, 2859, 1651, 1520, 1476, 1461, 1382, 1258, 1227,
1168, 1102, 1058, 1012, 993, 934, 888, 853, 826, 811, 755, 736, 682, 642 cm™".
HRMS: (ESI-TOF) calc’d for C3;H4sNOsSi [M + H]' 542.3302, found 542.3305

[a]22 = +123° (c = 1.19, CHCL).

Preparation of amine 123:’

OMe OMe
MeO, MeQ
~—NHEt

e NHEL 4 lincoE),Cll, (0.5 mol %)

@ Et,SiH, (4 equiv.)
j =

PhH, 21 °C; =
then LiBHEt3, 6 °C

87% yield
o‘/Si\’O y o\/Si\,o
t-Bu  t-Bu tBu tBu
122 123

Following a modified procedure from Brookhart and coworkers, a 2-dram vial was
charged with amide 122 (40.2 mg, 74 umol, 1.0 equiv.) and brought into an N,-filled glovebox.
Benzene (1.0 mL) was added. Also in the glovebox, a stock solution of catalyst was
prepared:[Ir(COE),Cl], (1.0 mg, 1.1 wmol, 0.015 equiv.) was suspended in benzene (0.9 mL)
and Et,SiH, (6.0 mg) was added. After stirring for 5 minutes, the portion of the catalyst solution
(0.3 mL, 0.5 mol % [Ir(COE),)Cl],) was added to the reaction vial. An additional 24 mg of
and Et,SiH, (300 umol, 4.0 equiv.) in benzene (0.1 mL) was added, and the reaction was stirred
brought out of the glovebox and stirred for 12 hours at 21 °C. The reaction was cooled to 6 °C
before a solution of LiBHEt; (1 M in THF, 0.08 mL, 80 umol, 1.10 equiv.) was added
dropwise. The solution was stirred at 6 °C for 15 minutes before the reaction was quenched at
6 °C with 0.5 M NaOH (aq., 1 mL). The mixture was warmed to room temperature and stirred
for 30 minutes. The mixture was extracted with EtOAc (6 x 5 mL) and the combined organic

phases were dried (Na,SO,), filtered and concentrated in vacuo to give the crude product as a
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yellow foam. The product was purified by silica gel chromatography (SiO,, 1-2-3% (7N NH;
in MeOH) in CH,Cl,) to give amine 123 (34.2 mg, 64 umol, 87% yield) as a white foam.

"H NMR (400 MHz, Chloroform-d) 5 6.06 (ddd, J=9.5, 6.2, 1.1 Hz, 1H), 5.88 (dt, J = 5.9,
2.2 Hz, 1H), 5.65 (ddd, J=9.3,4.4, 1.9 Hz, 1H), 5.41 (dd, J=5.5,2.7 Hz, 2H), 4.46 (t,J=4.7
Hz, 1H), 4.32 - 4.06 (m, 1H), 3.56 (dd, J = 7.7, 2.8 Hz, 1H), 3.25 (s, 3H), 3.24 (s, 3H), 3.19
(d, J= 1.5 Hz, 2H), 3.05 — 2.99 (m, 1H), 2.93 — 2.85 (m, 1H), 2.65 — 2.53 (m, 2H), 2.46 (s,
2H), 2.40 (dd, J=10.5,7.7 Hz, 1H), 2.36 — 2.26 (m, 2H), 1.74 — 1.61 (m, 1H), 1.61 — 1.44 (m,
2H), 1.44 - 1.31 (m, 1H), 1.07 (d, J = 7.7 Hz, 12H), 1.01 (s, 9H).

3C NMR (101 MHz, CDCls) 5 166.80, 136.06, 134.18, 131.52, 128.20, 119.72, 79.92, 76.52,
66.69, 58.93,57.31,56.98, 56.89, 46.43, 46.35,45.06, 44.81,39.48, 35.51, 29.06, 28.46, 24.58,
21.94,21.40, 20.83, 15.57.

FTIR (NaCl, thin film): 2936, 2860, 2338, 1606, 1476, 1359, 1107, 993, 860, 825, 816, 782,
744, 730, 668, 644 cm’.

HRMS: (ESI-TOF) calc’d for C3;H5:NO,4Si [M + H] 530.3660, found 530.3652

[a]22 = +112° (c = 0.95, CHCL,).

Preparation of primary amine 116:""'

oM OM
MeO, N,eH MeO, N:
1. [ICOE),Cll, (0.5 mol %) TN 2 Pd(PPhg), (10 mol %) i
Et;SiH, (4 equiv) 1,3-dimethylbarbituric acid
PhH, 21 °C; = CH,Cly, 23 °C =
then LIBHEt,, 6 °C
_ —— 95% yield ——
O*/s.\ o 0 S o 3 o) 0 S0 o}
tBu tBu t-Bu t-Bu tBu t-Bu
121 145 116

Following a modified procedure from Brookhart and coworkers, a 50 mL round-bottom

flask was charged with N-allylamide 121 (0.839 g, 1.51 mmol, under N, and before benzene
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(22 mL) was added. In a nitrogen-filled glovebox, [Ir(COE),Cl], (6.8 mg, 7.6 wmol, 0.005
equiv) was suspended in benzene (5 ml) and Et,SiH; (0.533 g, 6.04 mmol, 4.0 equiv) was
added dropwise. After stirring for 5 minutes, the catalyst solution was drawn up into a syringe,
taken out of the glovebox and added to the reaction dropwise at 21 °C. The reaction was stirred
for 16 hours at 21 °C. The reaction was cooled to 6 °C before a solution of LiBHEt; (IM in
THF, 1.66 mL, 1.66 mmol, 1.10 equiv) was added dropwise over 10 minutes. The solution was
stirred at 6 °C for 30 minutes before the reaction was quenched at 6 °C with 0.5 M NaOH (aq.,
15 mL). The mixture was warmed to room temperature and stirred for 30 minutes. The mixture
was extracted with EtOAc (6 x 30 mL) and the combined organic phases were dried (Na;SOj),
filtered and concentrated in vacuo to give the crude N-allylamine 145 as a yellow foam. 145
was carried on to the following step without purification.

A 50 mL round-bottom flask charged with crude S17 and 1,3-dimethylbarbituric acid
(1.41 g, 9.06 mmol, 6.0 equiv), put under N,, and CH,Cl, (30 mL) was added. In a nitrogen-
filled glovebox, Pd(PPh3)4 (0.174 g, 0.15 mmol, 0.10 equiv) was taken up in CH,Cl, (3 mL),
and this solution was added to the reaction mixture. The reaction was stirred at 23 °C for 1h
before quenching with saturated aq. NaHCO; (25 mL). The mixture was extracted with 3:1
CHCI3:'PrOH (5 x 30 mL). The combined organic phases were dried (Na,SOy), filtered and
concentrated in vacuo to give the crude product as a red foam. The product was purified by
column chromatography (SiO,, 1-2-3-4-5-6-7% 7N NHj3; in MeOH/CH,Cl,) to give primary
amine 116 (0.720 g, 1.43 mmol, 95% yield, 2 steps) as a white foam.
"H NMR (400 MHz, Chloroform-d): § 6.06 (ddd, J=9.5, 6.1, 1.1 Hz, 1H), 5.87 (dt, J=5.9,
2.3 Hz, 1H), 5.65 (ddd, J=9.4, 4.4, 1.9 Hz, 1H), 5.44 — 5.39 (m, 2H), 4.46 (t,J=4.7 Hz, 1H),

4.23 (ddd, J = 4.3, 3.0, 0.7 Hz, 1H), 3.56 (dd, J = 7.7, 2.8 Hz, 1H), 3.26 — 3.24 (m, 6H), 3.22
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—3.19 (m, 1H), 3.18 (d, /= 9.2 Hz, 1H), 3.05 — 3.00 (m, 1H), 2.88 (dd, J = 5.9, 4.6 Hz, 1H),
2.63 (d, J=13.1 Hz, 1H), 2.58 (d, J = 13.1 Hz, 1H), 2.39 (dd, J = 10.0, 8.4 Hz, 1H), 2.31 —
2.26 (m, 2H), 1.68 (dddd, J=13.3, 8.0, 5.4, 2.7 Hz, 1H), 1.61 — 1.37 (m, 4H), 1.34 — 1.21 (m,
1H), 1.08 (s, 9H), 1.00 (s, 9H).

C NMR (101 MHz, CDCL): § 166.4, 135.8, 134.1, 131.1, 128.1, 119.7, 79.7, 77.0, 76.1,
06.5, 58.8,57.2,56.9,49.5, 46.3,46.2, 44.0, 39.7, 35.2, 28.9, 28.3, 23.9, 21.8, 21.2, 20.7.

A °C signal is observed to be overlapping with residual CDCl; at 77.00, the peak can be seen
in the HSQC spectrum, provided below.

FTIR (NaCl, thin film): 3386, 3050, 2933, 2859, 2362, 1476, 1463, 1106, 992 cm'".
HRMS: (ESI-TOF) calc’d for C2oH4sNO,4Si [M + H]" 502.3347, found 502.3344.

[a]3® = +105° (¢ = 0.67, CHCl;).

TLC (10%MeOH/90%CH,Cl,), Rs: 0.15 (UV, blue in p-anisaldehyde)

Preparation of diol 126:

o_ 0 o_ O
LAH HO
MeO,C o) THF, reflux o
MeO,C j HO j
H (¢} H (¢}
70% yield

93 126

A flame-dried 2 L round-bottom flask was charged with diester 93 (24.0 g, 66.9 mmol,
1.0 equiv.). THF (670 mL) added, and the solution was cooled to 0 °C. LAH (12.7 g, 335
mmol, 5.0 equiv.) was added slowly in portions over 30 minutes. The suspension was warmed
to room temperature and then heated to reflux for 6 hours. The reaction was cooled to 0 °C and

quenched using the Fieser procedure: the mixture was diluted with ether (500 mL) before water

(13 mL) was added slowly. 15 % aqueous NaOH (13 mL) was added, followed by water (50
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mL). The mixture was warmed to room temperatrure and stirred vigorously for 15 minutes.
MgSO4 was added and the mixture was filtered to remove the solids. The filtrate was
concentrated in vacuo. The product was purified by silica gel chromatography (50-70%
acetone in hexanes) to give 126 (14.5 g, 47.6 mmol, 70% yield) as a colorless oil.

"H NMR (400 MHz, Chloroform-d) & 4.86 (t, J = 4.5 Hz, 1H), 4.03 — 3.95 (m, 2H), 3.95 —
3.81 (m, 6H), 3.74 — 3.64 (m, 2H), 3.65 — 3.50 (m, 2H), 2.60 (q, J = 7.7, 5.5 Hz, 2H), 2.14
(dddd, J=19.3, 10.6, 6.3, 4.0 Hz, 1H), 1.96 — 1.79 (m, 2H), 1.76 — 1.66 (m, 5H), 1.60 — 1.45
(m, 3H).

3C NMR (101 MHz, CDCl3) § 117.35, 104.95, 67.20, 65.11, 64.49, 64.34, 42.10, 39.59,
36.75, 35.82, 27.33, 24.46, 23.90.

FTIR (NaCl, thin film): 3450, 2949, 2882, 2340, 1407, 1332, 1115, 1030, 947 cm™".
HRMS: (ESI-TOF) calc’d for CsH,606 [M + H]™ 325.1622, found 325.1510.

[a]2% = ~1.3° (¢ = 1.0, CHCly).

Preparation of 127 and 128:

COMe2 (2.0 equiv.) 5% \%
THF/H,0, 70°C

(87% combined yield)
68% yield 19% yield

A 250 mL round-bottom flask was charged with diol 126 (3.00 g, 9.9 mmol, 1.0 equiv.).
THF (40 mL), 2 M HCI (aq., 10 mL) and acetone (1.5 mL) were added. The flask was fitted
with a reflux condenser and heated to reflux for 2 days. The reaction was cooled to room
temperature before quenching with saturated aqueous NaHCO; (50 mL). The mixture was

extracted with EtOAc (4 x 60 mL). The combined organic extracts were dried (NaySOy),
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filtered and concentrated in vacuo. The product was purified by silica gel chromatography (20-
30-40-50-60-70% acetone in hexanes) to give enone 127 (1.30 g, 7.8 mmol, 79% yield) and
oxy-Michael product 128 (0.381 g, 1.9 mmol, 19% yield).

Characterization data for enone 127:

'"H NMR (500 MHz, Chloroform-d) 5 6.82 (q, J = 3.5 Hz, 1H), 3.96 (d, J = 10.4 Hz, 1H),
3.82(d,J=10.8 Hz, 1H), 3.72 —3.67 (m, 1H), 3.54 (d, /= 10.8 Hz, 1H), 2.63 —2.56 (m, 1H),
2.41-2.32 (m, 2H), 2.29 -2.17 (m, 6H), 1.58 — 1.49 (m, 1H), 1.31 (dd, J=12.4, 6.3 Hz, 1H).
C NMR (101 MHz, CDCl;) § 205.86, 138.24, 132.79, 71.63, 63.51, 43.61, 39.43, 38.33,
27.04,23.11, 22.61.

FTIR (NaCl, thin film): 3415, 2940, 2883, 1707, 1648, 1423, 1216, 1178, 1098, 1032, 924,
865, 789, 754, 666 cm .

[a]3! = —93° (¢ = 1.0, CHCL;).

TLC (8%MeOH/92%CH,Cl,), Rs: 0.3 (UV, blue in p-anisaldehyde)

Characterization data for oxy-Michael product 128:

"H NMR (500 MHz, Chloroform-d) & 4.16 (td, J=2.7, 1.4 Hz, 1H), 3.77 (dd, J=9.4, 3.4
Hz, 1H), 3.63 (dd, J/=9.3, 1.6 Hz, 1H), 3.48 (d, J=10.9 Hz, 1H), 3.43 (d, /= 10.9 Hz, 1H),
2.61 (dddd,J=11.1,9.1,7.3, 1.6 Hz, 1H), 2.38 —2.27 (m, 2H), 2.24 (d, /= 11.6 Hz, 1H),
2.15-2.02 (m, 2H), 1.97 (dtd, J = 13.6, 9.6, 7.6 Hz, 1H), 1.78 (ddd, J=12.9, 10.9, 2.1 Hz,
1H), 1.72 - 1.67 (m, 1H), 1.55 - 1.48 (m, 1H).

C NMR (101 MHz, CDCl3) 5 211.14, 67.96, 66.34, 65.66, 50.37, 38.85, 37.69, 36.18, 27.66,

25.66, 21.32.
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FTIR (NaCl, thin film): 3445, 2940, 2868, 2352, 1735, 1456, 1407, 1268, 1168, 1140, 1095,
1021, 922, 847, 822 cm™.
[a]3! = +59° (¢ = 1.0, CHCl).

TLC (30% acetone/70% hexanes), Ry 0.15 (blue/green in p-anisaldehyde)

Preparation of C18 Methyl Ether 129:

HO, Me3;OBF, MeO,
-0 - -0
(o} (o}
Proton Sponge

4A MS, CH,Cl,
128 129

72% yield
An oven-dried 20 mL scintillation vial was charged with 128 (30.5 mg, 0.16 mmol, 1.0
equiv.) and brought into a N, filled glovebox. CH,Cl, (6.2 mL) was added, followed by
Me;OBF4(69.0 mg, 0.47 mmol, 3.0 equiv.), Proton Sponge (100 mg, 0.47 mmol, 3.0 equiv.),
and 4 A molecular sieve powder (61 mg). The vial was capped, removed from the glovebox
and stirred for 3 hours at 20 °C. The reaction was quenched with saturated aqueous NaHCO;
(5 mL) and extracted with EtOAc (4 x 5 mL). The combined organic extracts were dried
(NaxSO,), filtered and concentrated in vacuo. The crude product was purified by silica gel
chromatography (10-30-40-60% EtOAc in hexanes) to afford the product 129 as a colorless
oil (23.6 mg, 0.11 mmol, 72% yield).
"H NMR (500 MHz, Chloroform-d) § 4.17 (td, J = 2.7, 1.4 Hz, 1H), 3.80 (dd, J = 9.4, 3.3
Hz, 1H), 3.65 (dd, J=9.5, 1.5 Hz, 1H), 3.34 (s, 3H), 3.21 — 3.13 (m, 2H), 2.65 — 2.53 (m, 1H),
2.42—-2.29 (m, 2H), 2.24 (d,J=11.6 Hz, 1H), 2.16 — 2.05 (m, 2H), 2.05 — 1.96 (m, 1H), 1.82

(ddd, J = 12.9, 10.9, 2.1 Hz, 1H), 1.74 — 1.65 (m, 1H), 1.56 — 1.42 (m, 1H).
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BC NMR (101 MHz, CDCls) § 220.43, 76.24, 67.99, 66.57, 59.67, 50.48, 38.89, 38.36, 35.57,
28.32,25.76, 21.53.

FTIR (NaCl, thin film): 2940, 2869, 1737, 16541, 1457, 1389, 1268, 1195, 1167, 1106, 1044,
902, 848 cm™.

[a]3! = +83° (¢ = 1.0, CHCL).

TLC (30% acetone/70% hexanes), Ry: 0.5 (green in p-anisaldehyde)

Preparation of C18 silyl ether 131:

HO HO
\“ 3.5 equiv. TBSCI \'
D 3 L
H B
© H o 1.0 equiv. imid. SO H ©
3.5 equiv. Et;N

127 THF, 20 °C 131 major

48% yield
An oven-dried 20 mL scintillation vial was charged with 127 (50 mg, 0.25 mmol, 1.0 equiv.)
and THF (3.5 mL). Imidazole (17.0 mg, 0.25 mmol, 1.0 equiv.), triethylamine (0.12 mL, 0.89
mmol, 3.5 equiv.), and TBSCI (134 mg, 0.89 mmol, 3.5 equiv.) were added. The reaction was
stirred at 20 °C for 4 hours. The reaction was quenched with saturated aqueous NaHCO; (5
mL) and extracted with EtOAc (4 x 5 mL). The combined organic extracts were dried
(NaxSQ,), filtered and concentrated in vacuo. The crude product was purified by silica gel
chromatography (10-15-20% EtOAc in hexanes) to afford the product 131 as a colorless oil
(37.3 mg, 0.12 mmol, 48% yield).

"H NMR (600 MHz, Chloroform-d) 3 6.80 (q, /= 3.5 Hz, 1H), 3.89 (d, /= 9.5 Hz, 1H), 3.74
(dd,J=11.1,3.2 Hz, 1H), 3.56 (dd, J=9.6, 1.4 Hz, 1H), 3.42 (ddd, /=10.8, 8.7, 1.4 Hz, 1H),

2.65 (dd, J = 8.5,3.2 Hz, 1H), 2.48 (tt, J=7.1, 3.7 Hz, 1H), 2.31 (qd, J = 14.1, 13.4, 6.9 Hz,
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3H), 2.23 - 2.12 (m, 2H), 2.06 (dt, J= 12.1, 7.6 Hz, 1H), 1.47 (qd, J= 12.4, 7.8 Hz, 1H), 1.20
(ddd, J=13.5, 11.1, 6.3 Hz, 1H), 0.93 (d, J= 1.0 Hz, 9H), 0.11 (d, J = 2.3 Hz, 5H).

13C NMR (101 MHz, CDCls) § 205.77, 138.04, 133.18, 72.30, 63.43, 43.33, 39.30, 38.30,
27.09, 26.00, 23.27, 22.10, 18.32, -5.45, -5.53.

FTIR (NaCl, thin film): 3449, 2951, 2892, 2855, 2340, 1716, 1651, 1470, 1424, 1255, 1216,
1176, 1084, 1049, 836, 777, 680, 667 cm’".

[a]! = +59° (c = 1.0, CHCly).

TLC (40%COMe,/60%hexanes), Ry 0.6 (UV, blue in p-anisaldehyde)

Preparation of allylic alcohol 133:

HO NaBH, HO
\ CeCly \

., .,

—_—
TBSO o) TBSO .OH
H MeOH, -78 °C H

131 133

39% yield
[3:1 crude d.r]

A 50 mL round-bottom flask was charged with 131 (0.217 mg, 0.70 mmol, 1.0 equiv.),
MeOH (14 mL) and CeCl; « 7H,0 (0.391 g, 1.05 mmol, 1.5 equiv.). The mixture was cooled
to —78 °C, and NaBH4 (32 mg, 0.84 mmol, 1.2 equiv.) was added in one portion. The reaction
was stirred for 45 minutes. The reaction was quenched with saturated aqueous 0.1 M NaOH
(10 mL), warmed to room temperature and stirred for 20 minutes. The mixture was extracted
with EtOAc (4 x 5 mL). The combined organic extracts were dried (Na,SOy), filtered and
concentrated in vacuo. The crude product was purified by silica gel chromatography (30-40-
50% EtOAc in hexanes) to afford the product 133 as a colorless oil (84.5 mg, 0.27 mmol, 39%
yield).

"H NMR (400 MHz, Chloroform-d) & 5.84 (t, J = 3.4 Hz, 1H), 4.48 — 4.40 (m, 1H), 3.85 (d,

J=9.5Hz, 1H), 3.68 (d, /= 10.9 Hz, 1H), 3.45 (ddd, J=18.9, 10.2, 1.7 Hz, 2H), 2.88 (s, 1H),
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2.45-2.26 (m, 1H),2.23 —2.10 (m, 3H), 2.09 — 1.98 (m, 1H), 1.87 — 1.75 (m, 1H), 1.52 — 1.37
(m, 1H), 1.32 — 1.10 (m, 3H), 0.91 (s, 9H), 0.09 (s, 3H), 0.09 (s, 3H).

13C NMR (101 MHz, CDCly) § 144.24, 122.53, 74.08, 73.39, 64.08, 43.11, 39.14, 34.23,
27.22,26.01,24.01, 22.74, 18.31, -5.48, -5.55.

FTIR (NaCl, thin film): 3347, 2952, 2928, 2856, 1461, 1252, 1085, 1006, 813, 776 cm’".
HRMS: (ESI-TOF) calc’d for C1;Hs305Si [M + H]* 313.2193, found 313.2192.

[a]3! = +37° (¢ = 0.75, CHCL).

TLC (50% EtOAc¢/50%hexanes), Ry 0.5 (purple in p-anisaldehyde)

Preparation of epoxide 134:

HO V(O)(acac), HO .
\, TBHP \,, K
TBSO y .«OH PhH, rt TBSO y .«OH

133 99% yield 134

Alcohol 133 (4.2 mg, 13 mmol, 1.0 equiv.) was added to an oven-dried 1-dram
vial. Benzene (1 mL) was added, followed by V(O)(acac); (0.7 mg, 2.6 mmol, 20 mol %) and
TBHP (5 M in decane, 5 mL, 26 mmol, 2.0 equiv.). The reaction was stirred at 20 °C for 1.5
hours. The reaction was quenched with saturated aqueous Na,SO; (1 mL) and the mixture was
extracted with EtOAc (4 x 2 mL). The combined organic extracts were dried (Na,SO,), filtered
and concentrated in vacuo. The crude product was purified by silica gel chromatography (50%
EtOAc in hexanes) to afford the product 134 as a colorless oil (4.5 mg, 13 umol, 99% yield).
"H NMR (400 MHz, Chloroform-d) & 4.26 (dd, J=6.0, 3.1 Hz, 1H), 4.17 (d, J=4.2 Hz, 1H),
3.71 = 3.60 (m, 2H), 3.61 — 3.50 (m, 2H), 3.31 (br, 1H), 2.58 (t, /= 8.7 Hz, 1H), 2.33 — 2.18
(m, 1H), 1.99 — 1.75 (m, 2H), 1.70 — 1.60 (m, 3H), 1.56 — 1.41 (m, 2H), 0.87 (s, 9H), 0.06 — -

0.02 (m, 6H).
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BC NMR (101 MHz, CDCl;) § 94.54, 79.43, 72.14, 70.62, 65.94, 50.62, 46.46, 35.88, 29.89,
27.79,25.99,22.57, 18.38, -5.41, -5.44.

FTIR (NaCl, thin film): 3354, 2950, 2929, 2858, 1462, 1360, 1255, 1223, 1098, 1070, 1002,
958, 838, 776, 668 cm’.

[a]3! =+37° (¢ = 0.75, CHCL,).

TLC (30% acetone in hexanes), Ry: 0.61 (green in p-anisaldehyde)

Preparation of S1:

00 OH NaH, MOMCI 00 OMOM

—_—
g g OH THF, 0to 21 °C g g OMOM
93% vyield
(S)-100 s1

A flame-dried 1L round-bottom flask was charged with (S)-BINOL ((5)-100) (14.3 g,
50 mmol, 1.0 equiv.) and THF (500 mL). The solution was cooled to 0 °C and NaH (60 wt.%
dispersion in mineral oil, 5.0 g, 125 mmol, 2.5 equiv.) was added slowly in portions. After
complete addition of NaH, the mixture was stirred at 0 °C for 15 minutes. MOMCI (9.5 mL,
125 mmol, 2.5 equiv.) was added dropwise and the mixture was warmed to 21 °C. The mixture
was stirred for 4.5 hours before quenching with water (200 mL) and saturated aqueous
NaHCO; (100 mL). The mixture was extracted with EtOAc (3 x 400 mL). The combined
organic extracts were dried (Na,SQO,), filtered, and concentrated in vacuo. The crude product
was recrystallized from hot MeOH (~400 mL) to give S1 (17.4 g, 46.5 mmol, 93% yield) as
white, needle-shaped crystals. '"H NMR of S1 matches previously reported spectroscopic

data.?
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Preparation of S2:

1. n-BuLi; B(OMe);

OMe
THF -78 to 21 °C
2. Hy0,
OMOM OH
—>

PhH, 80 °C

OMOM 3. K,COs, Mel OH
COMey, 56 °C
4. HCl OMe

MeOH, 50 °C
St S2
94% yield
(4 steps)

Directed lithiation of S1 was employed to introduce oxidation at C3/3°."> A flame-dried
250 mL round-bottom flask was charged with S1 (3.74 g, 10 mmol, 1.0 equiv.) and put under
N,. THF (30 mL) was added and the solution was cooled to —78 °C. A solution of n-BuLi
(2.5M in hexanes, 9.6 mL, 24 mmol, 2.4 equiv.) was added dropwise. The mixture was warmed
to 0 °C and stirred for 1 hour. The solution was then cooled to —78 °C before B(OMe); (3.3
mL, 30 mmol, 3.0 equiv.) was added dropwise. The reaction was warmed to 21 °C and stirred
for 24 hours. The reaction was concentrated in vacuo to give a white solid. Benzene (35 mL)
was added, and the solution was cooled to 0 °C. H,O; (50 wt.% in water, 2.9 mL) was added
dropwise and the reaction was then heated to reflux. After stirring for 2 hours, the reaction was
cooled to 0 °C and quenched with saturated aqueous Na,S,03 (100 mL). The reaction was
extracted with Et,0 (4 x 100 mL). The combined organic extracts were dried (Na,SOy),
filtered, and concentrated in vacuo. The crude product was carried on to the next step.

The crude product of the boronic ester oxidation was dissolved in acetone (135 mL) in
a 250 mL round-bottom flask. K,CO; (4.15 g, 30 mmol, 3.0 equiv.) was added, followed by
Mel (3.1 mL, 50 mmol, 5.0 equiv.). The reaction flask was fitted with a reflux condenser and
the reaction was heated to reflux for 14 hours. The reaction was cooled to room temperature
and quenched with water (100 mL). The reaction was extracted with Et,O (4 x 100 mL). The
combined organic extracts were dried (Na,SOy), filtered, and concentrated in vacuo. The crude

product was carried on to the next step.
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The crude methyl ether product was dissolved in MeOH (20 mL) in a 100 mL round-
bottom flask. HCI1 (4M, aq.) (10 mL, 40 mmol, 4 equiv.) was added and the reaction flask was
fitted with a reflux condenser. The mixture was heated to 50 °C for 48 hours. The reaction was
then cooled to room temperature and quenched with saturated aqueous NaHCO; (100 mL).
The mixture was extracted with EtOAc (4 x 100 mL). The combined organic extracts were
dried (Na,SOy), filtered, and concentrated in vacuo. The crude product was purified by silica
gel chromatography (50% EtOAc in hexanes) to afford the product S2 (2.821 g, 8.1 mmol,
81% vyield) as a white solid. The '"H NMR of S2 matches previously reported spectroscopic
data."

"H NMR (600 MHz, Chloroform-d) & 7.78 (d, J = 8.2 Hz, 2H), 7.32 (ddd, J = 8.1, 6.3, 1.8

Hz, 2H), 7.30 (s, 2H), 7.18 — 7.12 (m, 4H), 4.10 (s, 6H).

Preparation of aryl triflate S3:

OMe OMe
c G OH Tf,0, EtsN E ‘ OTf

.
L

OTf

OH
O‘ CH,Cly, ~78 to 21 °C OO
OMe

OMe 96% vyield
s2 oyie s3

A flame-dried 250 mL round-bottom flask was charged with S2 (1.88 g, 5.42 mmol,
1.0 equiv.) and put under N, atmosphere. CH,Cl, (108 mL) and Et;N (2.3 mL, 16.3 mmol, 3.0
equiv.) were added, and the mixture was cooled to —78 °C. Tf,0 (2.0 mL, 11.9 mmol, 2.2
equiv.) was added dropwise, and the reaction was warmed to 21 °C. After stirring for 4 hours,
the reaction mixture was poured into a stirring solution of HCI (1M, agq.) (100 mL). Et,O (100
mL) was added, and the mixture was transferred to a separatory funnel. The phases were

separated, and the organic phase was extracted with Et,O (2 x 100 mL). The combined organic
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phases were washed with saturated aqueous NaHCO; (2 x 100 mL), then with brine (100 mL).
The organic extracts were dried (MgSO,), filtered, and concentrated in vacuo to yield the crude
product as an orange foam. Purification by silica gel chromatography (10-20% EtOAc in
hexanes) afforded S3 (3.17 g, 5.20 mmol, 96% yield) as a white solid. The '"H NMR of S3
matches previously reported spectroscopic data.'

"H NMR (500 MHz, Chloroform-d) & 7.87 (d, J = 8.4 Hz, 2H), 7.52 (ddd, J = 8.2, 6.8, 1.2
Hz, 2H), 7.49 (s, 2H), 7.24 (ddd, J = 8.2, 6.8, 1.2 Hz, 2H), 7.13 (d, J = 8.5 Hz, 2H), 4.11 (s,
6H).

TLC (25%EtOAc/ 75% Hexanes), Ry 0.3 (UV)

. 14,15
Preparation of S4: ™
OMe OMe
CC O
OTf NiCl,(dppp) (5 mol %) Me
oTt g Me
OO THF/EL,0, 0 to 40 °C OO
OMe OMe
79% yield
s3 S4

A solution of MeMgl was prepared as follows: A flame-dried 250 mL 3-neck round-
bottom flask was charged with oven-dried Mg (4.56 g, 188 mmol, 2.5 equiv.), fitted with a
reflux condenser, and put under argon atmosphere. Et,O (5 mL) was added, followed by neat
DIBAL (0.02 mL), and the mixture was stirred vigorously for 15 minutes. The flask was heated
to 30 °C in an oil bath before a solution of Mel (4.7 mL, 75 mmol, 1.0 equiv.) in Et,0O (75 mL)
was added slowly until the reaction began to reflux. At this point, the oil bath was removed,
and the solution of Mel was added at a rate just fast enough to maintain reflux. After addition
of Mel was complete, the mixture was heated to reflux in an oil bath for 1 hour. The mixture

was cooled to room temperature. Titration with salicylaldehyde phenylhydrazone indicated the
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concentration of the MeMgI solution was 0.8 M. The solution was transferred to a flame-dried
Schlenk flask under argon for storage.

For the Kumada coupling, a flame-dried 50 mL round-bottom flask was charged with
aryl triflate S3 (1.10 g, 1.8 mmol, 1.0 equiv.) and NiCly*dppp (49.0 mg, 0.09 mmol, 5 mol %).
The flask was fitted with a reflux condenser and put under argon atmosphere. Et,O (1.8 mL)
was added, followed by a solution of MeMgI (0.8 M in Et,0O, 11.3 mL, 9.0 mmol, 5.0 equiv.).
The reaction was heated to reflux for 11 hours. The reaction was quenched with 1M HCI (agq.)
(15 mL). The phases were separated, and the aqueous phase was extracted with Et;O (3 x 25
mL). The combined organic extracts were washed with saturated aqueous NaHCO; (2 x 50
mL) then with brine (50 mL), dried (MgSQ.,), filtered, and concentrated in vacuo. Purification
by silica gel chromatography (5-10-20% EtOAc in hexanes) afforded S4 (0.492 g, 1.44 mmol,
80% yield) as a white powder. The 'H NMR of S4 matches previously reported spectroscopic
data."

"H NMR (500 MHz, Chloroform-d) & 7.79 (d, J = 8.3 Hz, 2H), 7.35 (ddd, J = 8.1, 6.8, 1.3
Hz, 2H), 7.23 (s, 2H), 7.06 (ddd, J = 8.1, 6.7, 1.2 Hz, 2H), 6.96 (d, J = 8.5 Hz, 2H), 4.04 (s,
6H), 1.93 (s, SH).

TLC (25%EtOAc/ 75% Hexanes), Ry 0.5 (UV)

Preparation of bis-aryltriflate S5:

OMe oTi
O Lo e O
CH,Cly, 0 °C

Me Me

L

r

Me 2. Th0, NEt Me
OO CH,Cly, —78 t0 20 °C OO
OMe oTf

85% yield
S4 (2 steps) S5
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A flame-dried 10 mL round-bottom flask was charged with bis-methylether S4 (0.200
g, 0.58 mmol, 1.0 equiv.) and put under a N,-atmosphere. CH,Cl, (2.4 mL) was added, and the
solution was cooled to 0 °C. BBr3 (0.13 mL, 1.4 mmol, 2.4 equiv.) was added dropwise, and
the reaction was stirred at 0 °C for 4.5 hours. Water (5 mL) was added, and the mixture was
filtered through a pad of celite. The phases were separated, and the aqueous phase was
extracted with CH,Cl, (3 x 10 mL). The combined organic phases were dried (Na,;SO,),
filtered, and concentrated in vacuo. The crude product was carried on to the next reaction

The crude product from the demethylation reaction was dissolved in CH,Cl, (in a
flame-dried 50 mL round-bottom flask. Triethylamine (0.24 mL, 1.7 mmol, 3.0 equiv.) was
added, and the solution was cooled to —78 °C. Triflic anhydride (0.21 mL, 1.3 mmol, 2.2
equiv.) was added dropwise and the mixture was stirred at —78 °C for 10 minutes before
warming to room temperature. After stirred for 3 hours, the reaction was quenched with 1M
HCI (agq.) (10 mL). The phases were separated, and the aqueous phase was extracted with Et,O
(4 x 20 mL). The combined organic phases were washed with saturated aqueous NaHCOs (2
x 50 mL) then with brine (50 mL), dried (MgSO.), filtered, and concentrated in vacuo.
Purification by silica gel chromatography (5:1 hexanes:EtOAc) afforded S5 (0.287 g, 0.50
mmol, 85% yield over 2 steps) as a white foam. The '"H NMR of S5 matches previously
reported spectroscopic data.'*
"H NMR (500 MHz, Chloroform-d) § 7.99 — 7.90 (m, 4H), 7.53 (ddd, J = 8.1, 6.8, 1.2 Hz,
2H), 7.33 (ddd, J= 8.3, 6.8, 1.3 Hz, 2H), 6.98 (dd, J = 8.5, 1.0 Hz, 2H), 2.05 (s, 6H).

TLC (25%EtOAc/ 75% Hexanes), Ry 0.6 (UV)
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Preparation of 1,8-diaminonaphthalene-protected boronic acid S8:

I, (]
s7 NH (dan)B

Br. B(OH). Br
2 NH, \
> N7 B Br
S6 PhMe, 110 °C H \©/ S8

Br Dean-Stark Br
quant. yield

An oven-dried 250 mL round-bottom flask was charged with 3,5-
dibromophenylboronic acid (3.55 g, 12.7 mmol, 1.0 equiv.), 1,8-diaminonaphthalene (2.21 g,
14.0 mmol, 1.1 equiv.) and toluene (160 mL). The flask was fitted with a Dean-Stark apparatus,
and the mixture was heated to a vigorous reflux for 5 hours. The reaction was concentrated in
vacuo and the product was purified by silica gel chromatography (50% CH,Cl, in hexanes) to
afford $8 (5.10 g, 12.7 mmol., 100% yield) as a light orange solid. The "H NMR of S8 matches
previously reported spectroscopic data.'®
Note: S8 was stored in a N»-filled glovebox, as it begins to change color to purple under air.
"H NMR (500 MHz, Chloroform-d) & 7.76 (t, J= 1.8 Hz, 1H), 7.68 (d, J = 1.8 Hz, 2H), 7.15
(dd,J=8.3,7.2 Hz, 2H), 7.08 (dd, J= 8.3, 1.0 Hz, 2H), 6.43 (dd, /= 7.2, 1.1 Hz, 2H), 5.94 (s,

2H).

Preparation of boronic ester S10:

(HO).B CF3 (pin)B CF3
\©/ pinacol \©/
—_—
S9 MgSO, 10

CF3 Et,0, 20 °C CF3
quant. yield

A 250 mL round-bottom flask was charged with 3,5-bis(trifluoromethyl)phenylboronic

acid (3.82 g, 14.8 mmol, 1.0 equiv.), pinacol (1.92 g, 16.3 mmol, 1.1 equiv.), MgSO4 (10 g),
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and Et;O (130 mL). The mixture was stirred vigorously at 20 °C for 20 hours. The mixture
was filtered and concentrated in vacuo. The crude product was purified by silica gel
chromatography (20% EtOAc in hexanes) to give boronic ester S10 (4.98 g, 14.8 mmol, 100%
yield) as a white solid. The "H NMR of S8 matches previously reported spectroscopic data.'”

"H NMR (500 MHz, Chloroform-d) 5 8.24 (s, 2H), 7.94 (s, 1H), 1.38 (s, 12H).

Preparation of protected boronic acid S11:

O CF3
3 equiv. 97% vyield O
F3C CF3

A flame-dried 50 mL round-bottom flask was charged with aryl bis-bromide S8 (0.804

(pin)B CFs (dan)B Br Pd(OAc), (5 mol %) (dan)B
\©/ SPhos (10 mol %) O
+ o
s8 KPO,, H,0 (10 equiv.) s11
1 3 4, 12
$10 cp, Br PhMe, 90 °C

g, 2.0 mmol, 1.0 equiv.) and boronic ester S10 (2.040 g, 6.0 mmol, 3.0 equiv.). The flask was
brought into a N-filled glovebox. Pd(OAc), (22.5 mg, 0.10 mmol, 5 mol %), SPhos (82.1 mg,
0.20 mmol, 10 mol %), and K3;PO,4 (1.274 g, 6.0 mmol, 3.0 equiv.). The flask was sealed with
a rubber septum and removed from the glovebox. Toluene (20 mL) was added along with water
(0.36 mL, 20 mmol, 10 equiv.) and the mixture was heated to 90 °C. After stirring for 30 hours,
the reaction was cooled to room temperature before water (80 mL) was added. The phases were
separated, and the aqueous phase was extracted with Et;O (3 x 100 mL). The combined organic
phases were dried (MgSO,), filtered, and concentrated in vacuo. Purification by silica gel
chromatography (10:1 hexanes:EtOAc) afforded S11 (1.298 g, 1.94 mmol, 97% yield) as an

orange powder. Boronic ester S10 (152 mg, 0.45 mmol, 0.22 equiv.) was also recovered.
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Note: This procedure is modified from a literature procedure which used THF as
solvent."” In our hands, only mono-cross-coupled product with protodebromination
was obtained under the previously reported conditions.
'"H NMR (500 MHz, Chloroform-d) & 8.09 (s, 4H), 7.95 (s, 2H), 7.90 (d, J = 1.8 Hz, 2H),
7.83 (t,J=1.8 Hz, 1H), 7.18 (dd, /= 8.3, 7.2 Hz, 2H), 7.11 (dd, /= 8.4, 1.0 Hz, 2H), 6.51 (dd,

J=173, 1.0 Hz, 2H), 6.13 (s, 2H).

Preparation of boronic acid S12:

(dan)B (HO),B
® ®
_—

st THF/H,0, 20 °C S12
O 80% yield ‘
FsC CF, FsC CF,

A 50 mL round-bottom flask was charged with S11 (0.780 g, 1.17 mmol, 1.0 equiv.).
THF (25 mL) and 5SM HCl (aq.) were added, and the mixture was stirred at 20 °C for 22 hours.
3M HCI (aq.) (35 mL) was added, and the mixture was extracted with Et,O (4 x 40 mL). The
combined organic extracts were dried (MgSOy,), filtered, and concentrated in vacuo to yield
S12 (0.518 g, 0.95 mmol, 80% yield) as a white solid.

'H NMR (500 MHz, Chloroform-d) & 8.07 (s, 4H), 8.04 (d, J = 1.8 Hz, 2H), 7.93 (s, 2H), 7.86 (¢, J =

1.9 Hz, 1H).
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Suzuki Coupling to synthesize S13:

OTf Ar
ArB(OH), (S12, 2.4 equiv.)
Pd(OAc), (5 mol %)

Me PPh; (11 mol %) Me
Me KsPO, Me
¢ ¢
OTf . Ar
S5 99% yield s13
( CF3 N\
i CF,
Ar =
F4C O CF
(. 3 3 J

An oven—dried 1-dram vial with a stir bar was charged with S5 (75 mg, 0.13 mmol, 1.0
equiv.), S12 (170 mg, 0.31 mmol, 2.4 equiv.), K3PO4 (90 mg, 0.39 mmol, 3.0 equiv.), and PPh;
(3.8 mg, 14 pmol, 11 mol %). The vial was brought into a No—filled glovebox. Pd(OAc); (1.5
mg, 6.6 pmol, 5 mol %) and THF (1.3 mL) were added. The vial was capped and removed
from the glovebox, and the reaction was heated to 65 °C for 20 hours. Saturated aqueous NH4Cl
(2 mL) was added, and the mixture was filtered over a short pad of celite. The aqueous phase
was extracted with Et;O (5 x 2 mL), and the combined extracts were dried (MgSQO,), filtered,
and concentrated in vacuo. The product was purified via silica gel chromatography (16:4:1
hexanes:PhMe:EtOAc) to afford S13 (164 mg, 0.13 mmol, 99% yield) as an colorless,
amorphous solid.

"H NMR (500 MHz, Chloroform-d) & 8.11 (s, 8H), 7.97 (s, 4H), 7.93 (s, 4H), 7.80 — 7.76 (m,
6H), 7.53 — 7.45 (m, 2H), 7.33 (ddd, J = 8.2, 6.8, 1.3 Hz, 2H), 7.18 (d, J = 8.6 Hz, 2H), 2.07

(s, 6H).
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Synthesis of bis-benzylic bromide S14:

Ar Ar
O C . g
Me NBS CF,
—_—
Me Ar =
AIBN Br
PhH, reflux

Ar . Ar
813 44/oy|e|d S14
FsC CF5

- J

An oven—dried 1-dram vial with a stir bar was charged with S13 (163 mg, 0.13 mmol,
1.0 equiv.), N-bromosuccinimide (50 mg, 0.28 mmol, 2.2 equiv.), AIBN (2.1 mg, 13 pmol,
0.10 equiv.). The vial was brought into a N,—filled glovebox, and benene was added. The vial
was capped and removed from the glovebox. The reaction was heated to 80 °C for 3 hours.
After cooling to room temperature, water (1.5 mL) was added, and the aqueous phase was
extracted with EtOAc (5 x 2 mL), and the combined extracts were dried (Na,SO,), filtered,
and concentrated in vacuo. The product was purified via silica gel chromatography (16:4:1
hexanes:PhMe:EtOAc) to afford S14 (80 mg, 56 umol, 44% yield) as a white solid.
"H NMR (500 MHz, Chloroform-d) & 8.16 (s, 8H), 8.06 (s, 2H), 8.01 — 7.97 (m, 6H), 7.94
(s, 4H), 7.87 (t, J = 1.7 Hz, 2H), 7.60 (ddd, J = 8.1, 6.9, 1.2 Hz, 2H), 7.38 (ddd, J = 8.4, 6.9,

1.3 Hz, 2H), 7.18 (d, J = 7.3 Hz, 2H), 4.37 (d, J = 10.3 Hz, 2H), 4.32 (d, J = 10.1 Hz, 2H).
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Preparation of quaternary ammonium bromide catalyst ($)-138:

4 CF3 )

Ar Ar
N (0]

+ O CF3
K2003 OO / Ar =
MeCN, 85 °C Ar Br
49% yield (S)-138 O
FsC CF3

- J

Ar

An oven-dried 1-dram vial with a stir bar was charged with S14 (80 mg, 56 pumol, 1.0
equiv.), KoCOs3; (39 mg, 0.28 mmol, 5.0 equiv.), MeCN (1.1 mL), and freshly-distilled
morpholine (15 mg, 0.17 mmol, 3.0 equiv.). The mixture was heated to 85 °C for 14 hours.
After the reaction was allowed to cool to room temperature, the mixture was filtered over celite,
and the filtrate was concentrated in vacuo. The product was purified by silica gel
chromatography, taking precautions to avoid contaminating the product with impurities from
the silica gel: 3 column volumes of MeOH was passed through a column pre-equilibrated with
MeOH. The column was then flushed with the mobile phase before loading the crude product.
Purification (2-4-5-10-20% MeOH in CH,Cl,) afforded (S5)-138 (39.4 mg, 28 pumol, 49%
yield) as a white solid.

"H NMR (500 MHz, Chloroform-d) & 8.21 (s, 2H), 8.16 — 8.08 (m, 10H), 7.98 (s, 2H), 7.94
(s, 2H), 7.90 (t, /= 1.7 Hz, 2H), 7.89 (s, 2H), 7.75 — 7.67 (m, 4H), 7.55 (d, J = 8.4 Hz, 2H),
7.48 (ddd, J = 8.4, 6.8, 1.3 Hz, 2H), 5.28 (d, J = 12.5 Hz, 1H), 5.24 (s, 1H), 4.04 (d, J=13.4

Hz, 2H), 3.95 — 3.84 (m, 2H), 3.56 — 3.44 (m, 2H), 3.18 — 3.06 (m, 2H), 3.07 — 2.93 (m, 2H).
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Stereoselective conjugate addition:

NC._ _CO,t-Bu [\ o

o_ O o_ O
E>= (S)-PTC (138, 2 mol%)
(0] o
142 ) 19 19
Cs,CO3 (0.25 equiv.) . . .
0" Yo 73 PhMe, 0 °C tBUOC g o NC- 14 o
/ NG o t-BuO,C H
99% yield 18
3.3:1dr ) 143 144
major minor
74% ee 23% ee

An oven-dried 1-dram vial was charged with a-cyanoacetate 141 (12.1 mg, 0.05 mmol,
1.0 equiv.), 2-cyclopenten-1-one (8.2 mg, 0.10 mmol, 2.0 equiv.), and quaternary ammonium
catalyst (S)-138 (1.4 mg, 0.001 mmol, 2 mol %). Toluene (1 mL) was added, and the vial was
put under Argon with a balloon and cooled to 0 °C in a cryocool. After 15 minutes of cooling,
Cs,COs (1.6 mg, 0.005 mmol, 0.10 equiv.) was added, and the mixture was stirred at 0 °C for
11 hours. The reaction was quenching with saturated aqueous NH4Cl (1 mL) and extracted
with EtOAc (5 x 2 mL). The combined organic extracts were dried (Na,SOy), filtered and
concentrated in vacuo. Quantitative NMR with dimethyl fumarate as an internal standard
showed a 3.3:1 ratio of 143:144 in 99% yield. Clean samples of each diastereomer were
obtained by silica gel chromatography (5-10-15-20% EtOAc in hexanes). Enantiopurity of 143

and 144 were determined to be 74% ee and 23% ee, respectively, using chiral SFC.

Characterization data for major diastereomer 143:

'"H NMR (500 MHz, Chloroform-d) & 4.92 (t, J = 4.2 Hz, 1H), 4.01 — 3.96 (m, 2H), 3.91 —
3.84 (m, 2H), 2.65 (tdd, J=11.7, 7.8, 6.2 Hz, 1H), 2.50 — 2.43 (m, 1H), 2.37 —2.27 (m, 3H),
2.27 -2.15 (m, 1H), 2.06 — 1.93 (m, 3H), 1.92 — 1.83 (m, 1H), 1.74 — 1.64 (m, 1H), 1.52 (s,
9H).

C NMR (101 MHz, CDCl;) § 167.03, 117.69, 103.11, 85.04, 65.21, 65.19, 54.21, 43.03,

41.27, 38.22,29.89, 29.55, 27.95, 25.19.
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HRMS: (ESI-TOF) calc’d for C;3H;;NOs [M + H — CH,C(CH3),]" 268.1179, found 268.1179.
[a]3% = +39° (¢ = 0.33, CHCl).

TLC (50%EtOAc/50% Heaxanes), Ry 0.35 (blue in p-anisaldehyde)

Characterization data for minor diastereomer 144:

"H NMR (500 MHz, Chloroform-d) & 4.90 (t, J = 4.2 Hz, 1H), 4.02 — 3.93 (m, 2H), 3.92 —
3.80 (m, 2H), 2.73 — 2.62 (m, 1H), 2.55 — 2.40 (m, 2H), 2.33 — 2.16 (m, 2H), 2.16 — 2.05 (m,
1H), 2.05 - 1.83 (m, 4H), 1.74 — 1.64 (m, 1H), 1.54 (s, 9H).

C NMR (101 MHz, CDCl;) § 166.95, 117.63, 103.02, 85.01, 65.19, 65.17, 54.57, 43.32,
40.64, 38.27, 30.83, 29.89, 28.01, 27.94, 25.84.

TLC (50%EtOAc/50%Heaxanes), Ry 0.35 (blue in p-anisaldehyde)
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Chiral SFC Traces:
Major diastereomer 143, 74% ee.

Conditions: 10% iPrOH, OD-H column, 2.5 mL/min, 5 minute run.

v V.2 1 1.9 & £.0 &l 3.2 q 92
DADA E, Sig=310,16 Ref=370,60 (SED\NJF1 2019-04-02 16-20-15\NJF-3-168.D)
mAU ?‘ n \ :‘gﬁ
! 3 . o
i ll 'K !;?
oi-——-—————-—-Jl —— e —— ————— T e
i
24 |
i LA
X B = E 2O g v o I e e el ey G e o AL T S NGO SET s Doy uRE D T =
0 0.5 1 1.5 2 25 3 35 o 45
Signal 4: DAD1 E, S$ig=310,16 Ref=370,60
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s) [mAU) %

e R Rl R | -—m—m oo R |===mc==- |
1 3.450 BB 0.0981 23.60655 3.71444 87.4752

2 4.325 BB 0.1022 3.38001 4.4690%e-1 12.5248

Totals : 26.98656 4.16134

Major diastereomer 143, racemic trace.

" DAD1 E, Sig=310,16 Ref=370,60 (SED\NJF1 2019-04-02 16-20-15\NJF-3-168-FR2-RAC D)

.2-:

-4
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Signal 4: DADl E, Sig=310,16 Ref=370,60

Peak RetTime Type Width Area Height Area
# {min] [min) [mAU*s] [mAU] %
R R == eme e e | ommnee |-=nmsee |
1 3.487 BB 0.1038 18.74980 2.81238 50.7048
2 4.325 BB 0.1234 18.22854 2.37961 49.2952

Totals : 36.97834 5.19199
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Minor diastereomer 144, 23% ee:

Conditions: 10% iPrOH, OD-H column, 2.5 mL/min, 8§ minute run.

DAD1 E, Sig=310,16 Ref=370,60 (AK\NJF1 2019-04-05 12-58-51\NJF-3-168-SPOT1.D)

mAU ’
. ,lﬁ & ﬁﬁ |
] " e |
= P —'l !K--.,_ e -ﬁ__/\.é.\.,_w—A._._._ S N L e L e T
\f |
.3 \
V
4 T T L — . T 4RI O Y T T
0 1 2 3 4 5 6 7 min
Peak RetTime Type Width Area Height Area
# [min]) [min] [mAU*s] [mAU] %
=m0 || oooooos Joooa (| oncooos ISEEssnstsS |Seceooeaas Jommonmao |
1 3.648 VB 0.1308 6.69269 7.74426e-1 38.6076
2 4.629 BB 0.1461 10.64245 1.08860 61.3924
Totals : 17.33513 1.86303
Minor diastereomer 144, racemic trace:
0 1 2 3 4 6 7 min
DAD1 E, Sig=310,16 Ref=370,60 (AK\NJF1 2019-04-05 12-58-51\NJF-3-160-SPOT1-RAC.D)
mAU
24 »5’6\
0 i _
24
4
0 T T 5 6 7 mir

Signal 4: DAD1l E, Sig=310,16 Ref=370,60

Peak RetTime Type Width Area Height Area
# [min] [min] [mAD*s] [mAU) %
e i fr===|-==—=-- |======--- B | mmmmeae |
1 3.662 BB 0.1294 10.40502 1.24587 50,6880
2 4.657 BB 0.1552 10.12257 9.74508e-1 49.3120

Totals : 20.52759 2.22038
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Chapter 4

Completion of Aconitine Core and Synthesis of (=)-Talatisamine,

(—)-Liljestrandisine, and (-)-Liljestrandinine

4.1 INTRODUCTION

This chapter describes studies on the completion of the B and E rings of the aconitine
core, as well as the completion of the total synthesis of (-)-talatisamine, (—)-liljestrandisine,
and (—)-liljestrandinine.

4.2 RADICAL CYCLIZATION CASCADE

With all carbon atoms of the natural product framework in place, all that remains to
access the core is C17-N and C7-C8 bond formation. To do so, we envisioned an olefin
carboamination with anti-stereoselectivity to form two rings in a single step (Figure 4.1). In
order to effect this transformation, we investigated a radical cascade approach, wherein an N-
centered radical would undergo 6-exo-trig cyclization to form the E-ring and generate a C7-
radical which would engage in Giese addition to a D-ring enone. To test this approach, we

targeted N-chloro amines as N-centered radical precursors.
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Figure 4.1 Proposed radical cyclization cascade to form aconitine core.
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OR 170 RO 171 O RO 472 © RO 473 © RO 474 ©
4.2.1 Reaction of Neutral Aminyl Radical
Starting from N-ethyl amide 118, O-methylation with trimethyloxonium

tetrafluoroborate proceeds in moderate yield to afford 175 along with recovered starting
material. The amide was reduced selectively using iridium-catalyzed hydrosilylation to afford
amine 176. Next, the D-ring was functionalized to introduce the radical acceptor enone. The
siliconide is deprotected with HFepyridine to afford a diol, which can undergo selective
oxidation at the allylic site under Stahl’s conditions. The remaining C16 alcohol is protected
as the triethylsilyl ether to give 177. Treatment of 177 with NCS affords the N-chloroamine
178. In the key attempted radical cascade reaction, when 178 was treated with AIBN and

tributyltin hydride, an unexpected C6-functionalized product 179 was obtained.
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Scheme 4.1 Synthesis of N-centered radical precursor 178 and unexpected reactivity.
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OMe OMe
NHEt 1. HF-pyr, MeCN
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Et,SiH, (8 equiv.) NMI, MeOppy, MeCN
By >
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then NaBH(OAc)s 2,6-(+-Bu),-4-Me-Py
O~5i-© 99% yield O~g;-0 CHClp, 78 °C
t-Bu \t-Bu 'Bu/ \tBu .
63% yield (3 steps)
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OMe OMe
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OTES
50% yield OTES
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Our proposed mechanism for the formation of 179 is a Hoffmann-Loffler-Freytag type

reaction, the mechanism of which is shown in Scheme 4.2. N-centered radical intermediate 180
undergoes a 1,5-hydrogen atom transfer at C6 to afford allyl-radical intermediate 181. The
radical then undergoes Giese addition to the D-ring enone at C6 to afford the observed product
179 after quenching of the resulting o-radical. It is worth noting that there are very few
examples of 6-exo cyclizations of neutral aminyl radicals with olefins, especially those with
allylic H-atoms. This observed reactivity led us to consider less nucleophilic N-centered radical
intermediates with the hope that this would minimize HAT pathways.

Scheme 4.2 Hoffmann-Loffler-Freytag type reaction of aminyl radical 180 to afford 179.

OMe OMe OMe OMe
Me0,C~7~|~—NEt Me0,C-7~[~—NEt MeO,C7"|~—NEt NE
\ AIBN ®  15HAT H 6-exo-trig; Me0C~77 ]~ !
cl n-BuaSnH 6 s s — H

— PhMe H* ~ = nBuzSnH I

110 °C TES

o 179
OTES ) OTES OTES o
178 59% yield | 180 181 -
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4.2.2 Reactivity of Aminyl Radical Cations

We turned to methods of generating aminyl radical cations. Lewis-acidic single-
electron reducing catalysts have been used to effect 1,2-aminochlorination of alkenes.'™
Especially relevant are examples of 6-exo-trig cyclizations on substrates with allylic hydrogen
atoms with the potential for 1,5-HAT to occur (Figure 4.2). To quickly evaluate conditions for
radical cyclization to form the E-ring piperidine, we turned to a simplified model system.
Figure 4.2 Aminyl radical cations generated from Lewis-acidic single-electron reductants

engaging in intramolecular aminochlorination of alkenes.

Stella et al., 1970

MX Yield
cl o
E\é _w™ O_/ Cucl 64%
Nn-Cl HOAC/H,0 N CuCl-CuCl, 62%
Pr Pr
182 183 FeSO,4-FeCly 70%
TiCl 81%
Stella et al,, 1977
Cl Cl@ TiCl
I
N TiCly @/ 8 NMe
=M T Phe = Me o cl
2
184 . 185 186
rexotng 92% yield
4:1 cis:trans

We chose to test conditions for N-centered radical conditions using a simplified model
system synthesized via a route analogous to the lactone-aminolysis route presented in Chapter
3 (Scheme 4.3). The [3.2.1]-bicyclooctene C/D-ring bicycle substituent off of the Cl1
quaternary center was replaced with a simple cyclopentene. 1,2-addition of an
cyclopentenylmagnesium bromide (182) to epoxy ketone 71 affords 1,2-addition product 189.
Subjection to TMSOTT effects semipinacol rearrangement to afford 190. C1 silyl-ether
deprotection and in situ lactonization was achieved by treatment with trifluoroacetic acid to

give 191. The ketone of 191 was converted to the enol triflate 192 and then reduced under
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palladium-catalyzed conditions to afford 193. Lactone-opening aminolysis with ethylamine
affords C19 amide 194. The C1 alcohol was converted to the methyl ether 195 upon treatment
with trimethyloxonium tetrafluoroborate. The amide of 195 was reduced to the amine via
rhodium-catalyzed hydrosilylation.’ Lastly, the amine 196 was N-chlorinated to give the
radical cyclization substrate 197.

Scheme 4.3 Synthesis of model system for N-centered radical cyclization cascade.

OTMS
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61% yield 87% yield 90% |ylel o
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sodium 2-ethyl- C)2 (5 mol %
MeO,C7 JarNHEt - SOl e, MeO,C =0} PPhs (10mol %) MeO:C74—=0 oy PN Meozc
T— IT— (3
@ THF/EtNH, ol HCO,H, NEt; CHzC|2o
194 80°C 193 DMF, 60 °C 192 ~78100°C 191
53% yield 96% yield 78% yield
| OMe OMe
MezOBF,
Proton Sponge Me0,C 7 JarNHEL i ocac)COD) (10 motoe) MeO2C 7~ NHEY Me0,C 7|~
o —>
4AMS @ PhSiH3 CH,Cl,, 0
CH,Cly, 20 °C j 195 THF, 21 °C 196
90% yield 52% yield 71% yield

A small series of single-electron reducing metal reagents were tested on our model
substrate 197 to see if 6-exo-trig cyclization to afford the E-ring piperidine could occur (Table
4.1). While Stella’s stoichiometric TiCl; conditions gave only protodechlorination, treatment
with catalytic copper (I) chloride yielded 199 which represents cyclization and formal loss of
HCI. With this result in hand, we sought to apply these conditions to a substrate which would

lead to the aconitine core.
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Table 4.1 Conditions for N-centered radical cyclization cascade evaluated on model

substrate 197.

OMe OMe OMe OMe
NEt NEt NEt NHEt
M ~ M ~ M ~ M ~
eOZC \CI Conditions eOZC eOQC eOZC
—_— .
Cl
197 198 199 200
Entry Reductant Temperature Solvent Result
1 TiCls (1.1 equiv) 0°C 1:1 HOAc:H,0 200
2 CuCl (0.2 equiv.) 70 °C THF 60% yield 198

N-chlorination of 123 gave a radical cyclization substrate with an unactivated D-ring
olefin (201, Scheme 4.4). Subjection of 201 to catalytic copper (I) chloride again resulted in
E-ring piperidine formation, although the final C7-C8 bond of the aconitine core was not
formed. The product isolated is tentatively assigned as olefin 1,2-aminochlorination product
203, though we have been unable to confirm the relative stereochemistry at C7. We sought to
oxidize the C16 alcohol to the ketone in order to increase the reactivity of the C8-C15 alkene.
To do so, the siliconide of 123 was deprotected, the allylic C16 alcohol was oxidized
selectively, and the C14 alcohol was protected as the triethylsilyl ether (Scheme 4.4).
Unfortunately, this 3 step sequence resulted in epimerization at C14 to give an inseparable
1.7:1 mixture of diastereomers (204). N-chlorination of 204 gave 205. Subjecting this mixture
to a variety of single-electron reductant catalysts again did not result in formation of the
aconitine core, as evidenced by the diagnostic 'H NMR signal from the B-position of the D-
ring enone (C8) (Table 4.2). The lack of reactivity of these substrates led us to question the

mechanism of this reaction.
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Scheme 4.4 Synthesis of radical cascade substrates 201 and 205.
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Table 4.2 Evaluating radical cyclization cascade conditions on a substrate with a D-ring

enone.
MeO, j'\N/'e MeO, f::'e MeO, f::'e MeO, lee
\C‘I Et “Et “Et h\Et
Conditions al
< —_— S S S
TESO O TESO (0} TESO (0} TESO (0}
205 207 208 209
Entry Catalyst Temperature Solvent product
1 CuCl (0.5 equiv.) 70 °C THF 208 + 209
2 CuCl (0.2 equiv.) 50 °C THF 208 + 209
3 CuCl (0.2 equiv.), hv (halogen lamp) ~35 °C THF decomp
4 Cul (0.5 equiv.) 70 °C PhMe 208 + 209
5 [Cu(MeCN)4]PFg, (+)—210 (0.1 equiv. each) 70 °C THF 208 + 209
6 FeCl, (0.2 equiv.) 50 °C THF 208 + 209
7 FeCl, (0.2 equiv.) 50 °C THF/H,SO,  decomp
NMe, 8 FeCl, (0.2 equiv.), hv (halogen lamp) ~35°C THF 208 + 209
O 9 FeCl, (0.2 equiv.), hv (halogen lamp) ~35 °C THF/H,SO,  decomp
z';gMez 10 TiCl, (0.2 equiv.) 35°C THF 209

Previous synthetic work from Gin and coworkers as well as work from our lab (vide
infra) suggests that a C7 radical should readily cyclize with a D-ring enone to close the central

B-ring (Figure 4.3).” The lack of C7—C8 bond formation under copper (I) catalyzed conditions
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suggests that this system does not go through a C7 radical intermediate. One potential
mechanism which accounts for these observations is shown in Figure 4.4. After the copper (I)
catalyst reduces the N-chloroamine substrate, aminyl radical cation 213 may undergo a 6-exo-
trig cyclization with the undesired regioselectivity, forming a C7-N bond to give C17 radical
214. The regioselectivity of this cyclization may be the result of steric hindrance at the
neopentyl C17 position. If the C17 radical 214 is unable to cyclize with the D-ring enone, it
may abstract a chlorine atom from another equivalent of substrate or from copper (II) chloride
to turn over the catalyst. This would give the 1,2-aminochlorination product 215, which may
undergo intramolecular Sx2 displacement of the C17 chloride by the amine to give aziridinium
216. SN2 aziridinium opening by chloride at C7 would give the observed 1,2-
aminochlorination product 207. Alternatively, deprotonation of aziridinium 216 at C6 would
effect E2-elimination to give the observed C6—C7 olefin product 208. This proposal is purely
hypothetical at this point, and computational and synthetic investigations are ongoing to shed
light on this mechanism.

Figure 4.3 Previous example of radical C7-C8 bond formation to close central B-ring.

Gin, 2013
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Figure 4.4 Possible mechanism to explain observed reactivity of N-chloroamines 197,

191 and 205.
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4.3 SYNTHESIS OF C,, DITERPENOID ALKALOIDS (-)-TALATISAMINE

(1), (-)-LILJESTRANDISINE (238), AND (-)-LILJESTRANDININE (3)

The following sections describe the successful completion of the total syntheses of Co
diterpenoid alkaloids (—)-talatisamine (1), (—)-liljestrandisine (238), and (-)-liljestrandinine
(3). A stepwise approach was taken for the formation of the final two rings of the aconitine
core. Reduction/oxidation manipulations of the D-ring at a late stage allow for divergent
synthesis of the three natural products named above. The synthesis of talatisamine (1) and
liljestrandisine from the same C16 alcohol diastereomer led to a revision of the structure of

liljestrandisine from 2 to 238.

4.3.1 Completion of the Aconitine Core

Unable to effect the desired radical cyclization cascade discussed above, we turned to a

stepwise approach to closing the E-ring piperidine and central B-ring cyclohexane. A report
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from Xu, Wang and coworkers describing a synthesis of the A/E/F-tricycle of the aconitine-
type diterpenoid alkaloids detailed a strategy for E-ring piperidine formation which mapped
on well to intermediates we had been able to access (Figure 4.5)." Intramolecular aziridination
between the C19 primary amine and C7—C17 alkene of 219 efficiently closes the E-ring. In
addition to forming the C17-N bond of the aconitine core, this strategy allows for
functionalization of C7. Activation of aziridine 220 with ethyl iodide forms intermediate
aziridinium 221, which is subsequently opened via Sx2 displacement by acetate at the less-
hindered C7. We imagined changing the nucleophile in this aziridinium opening from acetate
to a halide would provide a functional group handle for C7-C8 bond formation.

Figure 4.5 Functionalization at C7 and C17 enabled by intramolecular aziridination.

Xu and Wang, 2013
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We were pleased to find that subjecting intermediate 116 to Xu and Wang’s aziridination
conditions, (diacetoxyiodo)benzene (PIDA) with potassium carbonate and silica gel, resulted
in clean conversion to our desired aziridine 227 (Scheme 4.5). Gratifyingly, treating 27 with
acetyl bromide gave aziridine-opened product 228 in good yield. In addition to forging the E-

ring piperidine, this two-step sequence efficiently introduces a radical-precursor at C7 and an
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N-acetyl group, which will later be reduced to the N-ethyl group found in many C,¢-diterpenoid
alkaloids. Having achieved E-ring formation, we turned to closing the B-ring and completing
the aconitine core.

Scheme 4.5 Completion of the aconitine core.

oM oM oM oM
MeO © MeO © MeO © MeO ©
—NH, —N —NAc —NAc
PhlI(OAc), AcBr ; HF-pyr
— s " .
= K,COs, SiO, =,  CH,Cl,, 0°C =~ B" 7 MeCN =, B
DCE, 50 °C
O‘Si’o 74% vyield O‘Si’o 83% yield O\Si’o 100% yield OH OH
t8d “tBu 84 “tBu 87 “tBu 229
116 227 228
oM
MeO, © MeO, OMe MeO, OMe 1. Cu(MeCN),OTf
~—NAc ~—NAc —NAc NMI, MeOppy
AIBN ABNO, MeCN
H H,, Pd/C a "BugSnH - Ve
T - -
EtOH, 21 °C }E PhH, 80 °C ~ Br 2. MOMCI, TBAI
232 16 84% yield 231 99% yield 230 DMF, 60 °C
[¢] 0 o 75% yield
OMOM OMOM OMOM 2 otops

To form the final C7—C8 bond of the aconitine core, we envisioned a Giese addition of a
C7 radical generated from 230 to a D-ring enone. To introduce the D-ring enone, the siliconide
was deprotected with HFepyridine to yield C14/C16 diol 229. The allylic C16 alcohol was
oxidized, selectively, and the remaining C14 alcohol was protected at its MOM ether to give
Giese reaction substrate 230. We were elated to find that subjecting 230 to AIBN and
tributyltin hydride resulted in formation of 231 in quantitative yield, validating our fragment
coupling approach to this family of natural products. The C10—C12 olefin was hydrogenated
with Pd on carbon. Having demonstrated retrosynthetic disconnection through the central B-
ring as a viable strategy to access the aconitine core, reduction/oxidation manipulations of the

D-ring were the only remaining challenges to accessing natural products 1, 238, and 3.
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4.3.2 Reduction/Oxidation of D-ring for Divergent Syntheses of (-)-
Talatisamine (1), (-)-Liljestrandisine (238) and (-)-Liljestrandinine (3)

Scheme 4.6 Total synthesis of (—)-talatisamine (1).

LlHMDS

OM oM oM oM
VNAc tBUL ,s \/NAc \,NEt 1MBF3 OEt, \,NEt
e;0BF,
233 RedAI® DTBMP
THF, —78 to 21 c Et (o} 2, sto4 aq)
then H,0, pyr 0to 21 °C
58% yield
OMOM (o] 97% yield MOMO oYl OMO HO OH 77% yield OHHO OMe

(2 steps)

(-)- talatlsamlne

For the synthesis of 1, 2, and 238, Giese reaction product 232 is dehydrogenated using
Mukaiyama’s reagent to form a strained enone which then undergoes spontaneous oxy-
Michael reaction when treated with water and pyridine to give 234 with the proper oxidation
at C8 (Scheme 4.6).”. From there, conditions for diastereoselective reduction of the C16 ketone
were evaluated (Table 4.3). Lithium aluminum hydride and sodium borohydride each favored
formation of the axial alcohol 235, while samarium (II) iodide favored the equatorial alcohol
236 2:1 in excellent yield. Talatisamine (1) and the reported structure of liljestrandisine (2) are
epimeric at C16, so preferential access to either diastereomer is valuable. The optimal reagent
for accessing talatisamine was found to be sodium bis(2-methoxyethoxy)aluminum hydride
(RedAl ®), as it also reduced the acetamide to the N-ethylamine to give a 58% yield of 245.
Using an equivalent of BF3;*OEt, to protect the basic amine, the C8/C16 diol was per-
methylated, then treated with aqueous sulfuric acid at 40 °C to effect selective hydrolysis at
C8 and afford (—)-talatisamine (1) in 77% yield over two steps. This represents a 31 step
synthesis in the longest linear sequence (LLS) starting from phenol, the shortest synthesis

reported to date.
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Table 4.3 Evaluating conditions for diastereoselective C16 ketone reduction.

OMe OMe OMe
MeQO MeO,
~—NAc ~—NAc ~—NAc
(H]
[ — .
- : H OH
P o o 20 o
/o td H ”
MOM H MOM H MOM H
234 235 236
Entry Reductant Solvent Temp $20:S21 yield
1 Sml,, EtsN, H,0 THF -781t0 21 °C 1:2 87%
2 NaBH, MeOH 0°C 2:1 62%
3 LAH THF 0°C 1.2:1 n.d.
4 LAH THF -78t0 0 °C 1.8:1 n.d.
5 LAH Et,O -781t0 0 °C 2.4:1 n.d.
6 LAH DME 0°C 1.3:1 n.d.
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To access the reported structure of liljestrandisine (2), the equatorial C16 alcohol 236 was

treated with lithium aluminum hydride to reduce the acetamide to the N-ethylamine 237

(Scheme 4.7). Deprotection of the C14 MOM ether of 237 gave a product with '"H NMR

spectrum which varied significantly from that of the material isolated from nature.'” The

reported structure 2 represents the only reported Cjo-diterpenoid alkaloid natural product with

the equatorial alcohol stereochemistry at C16. As such, we hypothesized that the reported

structure of liljestrandisine is epimeric at C16 of the actual natural product structure. Indeed,

when C16 axial alcohol was treated with sulfuric acid to deprotect the C14 MOM ether, the

material isolated had characterization data which matched that reported by the isolation

chemists. As such, we propose the structure of (—)-liljestrandisine be revised from 2 to 238.
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Scheme 4.7 Total synthesis and structural revision of (—)-liljestrandisine (238).

OM OMe MeO. oM MeO. oM
\/NAC ~——NEt VNEt VNEt
_LiAH, H280, (aq) 12804 (a0)
+ (-)-liljestrandisine
Et (0] 40 C
NMR
OH 0Oto 40 °C OH spectroscopic data
MO HO 27% yleld HO ’ 96% yield

MO doesn’t match HHO OH MOMO HO OH

236 237 (-)-liljestrandisine (238)
revised

The sequence to access (—)-liljestrandinine (3) varies slightly from the one above (Scheme
4.8). 232 is treated with Mukaiyama’s reagent again, now quenching with methanol and
pyridine to afford the C8 methyl ether. The C16 ketone is converted to the corresponding enol-
triflate, then reduced under palladium-catalyzed conditions to afford 240. Amide reduction
with lithium aluminum hydride followed by heating to 110 °C in aqueous sulfuric acid effects
Cl14 MOM ether deprotection and Syl substitution with water at C8 to afford (-)-
liljestrandinine (3) in 60% yield over 2 steps.

Scheme 4.8 Total synthesis of (-)-liliestrandinine (3).

L|HMDS
OM 1. LIHMDS oM OM
\,NAc B S VNAc Comins’ Reagent VNA VNEt
N THF, —78 to 21 °C 1. LiAlH,
233 55% yield Etzo 40 °C
THF, -78 to 21 C 2. Pd(OAc), (40 mol %) 2. HQSO4 aq)
16 then MeOH, pyr PPhs 80 mol %) 110 °C
OMe 0 NEtz, HCO,H, DMF, 60 °C OMe HO
2

OMOM ©  66%yield MOMO 60% yield
79% yield

(2 steps) -)- |||]estrand|n|ne
(3)

4.4 CONCLUDING REMARKS

In summary, we report syntheses of the C;9 diterpenoid alkaloids (—)-talatisamine (1), (—
)-liljestrandisine (238), and (-)-liljestrandinine (3) using a fragment coupling strategy. A two-
step sequence of 1,2-addition of an alkenyl lithium to an epoxy ketone electrophile followed
by a Lewis Acid-catalyzed semipinacol rearrangement enables this fragment coupling and

forms the key C11 all-carbon quaternary center. Creative syntheses of C;o diterpenoid alkaloids
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have been reported for nearly 50 years at the time of this publication. We believe the success
of this novel approach demonstrates that there are still opportunities for strategic innovation to
access these highly-bridged natural product scaffolds.

This project has exposed opportunities for innovations in methodology as well. Significant
synthetic effort was spent on functional group interconversion at the diastereotopic C18/C19
methyl esters after the key fragment coupling. The synthesis could be more convergent if the
epoxy ketone coupling partner which bears these centers had the proper functionality installed
prior to the coupling event. Work is ongoing to develop a doubly-stereoselective Michael-
reaction of prochiral tertiary enolates to o,f3-unsaturated ketones to form f/y-stereodiads.

We will seek to apply our fragment coupling strategy to the synthesis of other subfamilies
of diterpenoid alkaloids, the C,y denudatine and C,p napelline-type natural products in
particular, by varying the bridged bicyclic coupling partner. We also hope to learn from our
experience studying radical cyclization cascades to potentially try revised radical cascade

approaches in pursuit of these Cy cores.
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4.5 EXPERIMENTAL SECTION

Preparation of methyl ether 178:

OH OMe
MeO,C T NHEt MeO,C T NHEt
MGSOBF4 6 I
j Proton Sponge
~= ~=
4 AMS
O\Si’o CH20|2 O\SI’O
0to21°C
t-Bu/ \t-Bu t-Bu/ \t-Bu
50% yield
118 (90% BRSM) 175

A 250 mL, round-bottom flask was charged with alcohol 26 (787 mg, 1.447 mmol, 1.0
equiv.), equipped with a rubber septum, purged with N,, and cooled to 0 °C in an ice bath.
Meanwhile, Me;OBF4 (0.856 g, 5.79 mmol, 4 equiv.), Proton Sponge (1.24 g, 5.79 mmol, 4
equiv.), and activated 4 A MS (2.36 mg) were added to a 40 mL vial in the glovebox, brought
out of the glovebox, and added to the flask containing the substrate. The mixture was then
suspended in CH,Cl, (14.5 mL), and allowed to stir for 48 hours, allowing the reaction to warm
up to room temperature over this period. The reaction mixture was filtered through a plug of
silica gel and celite that had been pre-packed with EtOAc and rinsed further with EtOAc and
concentrated in vacuo. The resulting crude residue was purified by silica gel chromatography
(15% in hexanes to elute the product to 20% acetone in hexanes to elute the starting material)
to afford methyl ether 175 (399 mg, 71.6 mmol, 50% yield) as a white solid and recovered
alcohol 26 (350 mg, 0.637 mmol, 44% yield).
3C NMR (101 MHz, CDCl): 5 174.9, 168.7, 164.6, 135.9, 132.8, 131.7, 128.2, 121.1, 77.2,
76.8,66.4,57.5,57.0,55.7,52.8,46.6, 46.1, 46.0, 35.4, 34.8, 28.9, 28.3, 22.0, 21.2,20.7, 19.2,
14.6.

"H NMR (400 MHz, Chloroform-d): 6 6.18 (ddd, /=9.5, 6.1, 1.1 Hz, 1H), 6.11 (t, J=5.6

Hz, 1H), 5.87 (dt, J= 5.9, 2.3 Hz, 1H), 5.66 (ddd, J = 9.3, 4.4, 1.9 Hz, 1H), 5.45 (dt, J = 5.9,
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2.0 Hz, 1H), 5.25 (d,J=3.5 Hz, 1H), 4.51 (td, J=4.2, 0.9 Hz, 1H), 4.19 (ddd, /=4.2, 3.1, 0.8
Hz, 1H), 3.70 (s, 3H), 3.38 (dd, /= 7.8, 4.0 Hz, 1H), 3.34 — 3.24 (m, 1H), 3.21 (s, 3H), 3.19 -
3.14 (m, 1H), 3.14 — 3.05 (m, 1H), 3.00 — 2.96 (m, 1H), 2.89 — 2.81 (m, 1H), 2.37 (ddt, J =
16.4,8.7,2.2 Hz, 1H), 2.28 — 2.10 (m, 3H), 1.79 (dddd, /= 13.2, 9.0, 7.0, 4.0 Hz, 1H), 1.62 —
1.54 (m, 1H), 1.11 — 1.06 (m, 12H), 1.01 (s, 9H).

FTIR (NaCl, thin film): 3375, 2970, 2936, 2896, 2860, 1731 1715, 1668, 1652, 1519, 1476,
1463, 1255, 1780, 1104, 991, 826, 732 cm’.

HRMS: (ESI-TOF) calc’d for C3;H4s06NSi [M + H]" 558.3245, found 558.3240.

[a]3® = +122° (c = 0.4, CHCL,).

TLC (50%EtOAc/ 50% Hexanes), Rz 0.6 (UV, blue in p-anisaldehyde)

Preparation of N-ethylamine 176:''

OMe OMe
MeO,C TI’NHEt MeO,C ~— NHEt
Ry [I(COE),Cl], (1 mol %)
Et,SiH, (8 equiv.)
= >
PhH, 45 °C, 4 d; )
then NaBH(OACc)3
O<o,-0 o vi O~g;-0
/SI 99% yield ~sj-
B “tBu By “Bu
175 176

A 2-dram vial charged with amide 175 (30 mg. 54 pmol, 1.0 equiv.) was brought into
a N, filled glovebox. In a separate vial, a stock solution of [Ir(COE),Cl], (1.5 mg, 1.7 pmol,
0.03 equiv.) and Et,SiH; (7 mg, 79 pmol, 1.5 equiv.) in PhH (1.5 mL) was prepared. Amide
175 was dissolved in PhH (2.0 mL) before [Ir] and Et,SiH, solution (0.5 mL, 0.01 equiv.
[Ir(COE),Cl],, 0.5 equiv. Et,SiH,) was added, followed by a solution of E,SiH; (16.6 mg, 0.19
mmol, 3.5 equiv.) in PhH (0.5 mL). The reaction was stirred at 45 °C for 1 day before more
Et,SiH; (9.2 mg, 0.10 mmol, 2.0 equiv.) was added. The reaction was stirred for an additional

1 day before more Et,SiH; (9.2 mg, 0.10 mmol, 2.0 equiv.) was added. The reaction was stirred
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an additional 2 days (4 days total) before TLC indicated conversion to the imine was complete.
The reaction was cooled to 19 °C and NaBH(OAc); was prepared from NaBH4 (20.3 mg, 0.54
mmol, 10 equiv.) and HOAc (0.09 mL, 1.50 mmol, 30 equiv.). The NaBH(OAc); was added
dropwise by pipette to the reaction, and the mixture stirred for 10 minutes. The reaction was
quenched with 0.5 M NaOH (3 mL) and stirred for 30 minutes. The reaction was extracted
with 3:1 CHCl3:'PrOH (4 x 5 mL). The combined organic extracts were dried (Na,SO,), filtered
and concentrated in vacuo. The crude mixture was purified by column chromatography to give
amine 176 (29.0 mg, 54 umol, 99% yield) as a colorless oil.

"H NMR (400 MHz, Chloroform-d): & 6.05 (ddd, J=9.5, 6.1, 1.1 Hz, 1H), 5.89 (dt, J=5.9,
2.3 Hz, 1H), 5.64 (ddd, /=9.3, 4.4, 1.9 Hz, 1H), 5.46 (ddd, J=5.8, 2.4, 1.4 Hz, 1H), 5.27 (d,
J=3.7Hz, 1H), 4.45 —4.37 (m, 1H), 4.23 — 4.19 (m, 1H), 3.58 (s, 3H), 3.54 (dd, /=9.2,3.3
Hz, 1H), 3.23 (s, 3H), 2.99 — 2.95 (m, 1H), 2.82 — 2.73 (m, 3H), 2.63 — 2.49 (m, 3H), 2.43
(dddd, J =16.0, 9.1, 2.7, 1.5 Hz, 1H), 2.36 — 2.25 (m, 2H), 1.88 — 1.79 (m, 1H), 1.59 — 1.40
(m, 3H), 1.07 (s, 9H), 1.04 — 0.98 (m, 12H).

BC NMR (101 MHz, CDCL): § 176.9, 164.6, 135.6, 133.4, 131.1, 128.2, 119.8, 77.7, 76.7,
66.6, 58.7,57.7,57.1,51.5,47.9, 46.2, 46.1, 46.0, 44.5, 35.4, 28.9, 28.3, 23.7, 21.8, 21.2,
20.6, 15.1.

FTIR (NaCl, thin film): 3449, 2965, 2935, 2898, 2859, 1732, 1476, 1103, 992, 827, 731
cm™.

HRMS: (ESI-TOF) calc’d for C3;HsoOsNSi [M + H]" 544.3453, found 544.3463.

[a]3® = +84.5° (c = 1.26, CHCl,).

TLC (5% 7 N NH; in MeOH/ 95% CH,Cl,), Rs: 0.5 (UV, blue in p-anisaldehyde)
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Preparation of enone 177:

OMe 1. HF-pyr, MeCN OMe
MeO,C7-|~—NHEL 5 cy(MeCN),OT, ABNO MeO,G—7~|—NHE
NMI, MeOppy, MeCN
= 3. TESOTY, —
2,6-(t-Bu),-4-Me-Py
CH,Cly, —78 °C
O‘Si’o OTES
87 “tBu 63% yield (3 steps)
176 177

A 2-dram vial was charged with silylene 176 (20.2 mg, 0.037 mmol, 1 equiv.) and
MeCN (1 mL). A solution of HF*Py (pyridine ~30%, HF ~70%, 20.2 mg) in MeCN (0.2 mL)
was added, and the reaction was allowed to stir for 40 minutes at 20 °C. The reaction was
quenched by filtering through a silica gel plug and flushing with lots of 10% 7N NH3 in MeOH/
90% CH,Cl, solution, and concentrated in vacuo. The crude material was used without further
purification.

A 2-dram vial was charged with the crude diol, and dissolved in MeCN (1 mL). A
homemade stock-solution [see note below] 0.05M 4,4’-dimethoxy-2,2’-bipyridine (**°bpy),
0.05 M in ABNO, and 0.2 M N-methylimidazole was added to the solution of diol (74 pL,
0.0037 mmol, 0.1 equiv.) followed by Cu(MeCN),OTf (1.4 mg, 0.0037 mmol, 0.1 equiv.) was
added, and the clear red/brown reaction mixture was stirred at 20 °C until slightly yellow
green, and the TLC indicated the reaction had gone to completion (ca. 90 min), at which point
the solution was filtered through a short plug of silica that had been pre-packed with 10% 7N
NH; in MeOH/ 90% CH,Cl; and flushed with more 10% 7N NH3 in MeOH/ 90% CH,Cl; to
elute the product, and concentrated in vacuo. The crude enone was subjected to the next step
without further purification.

A 2-dram vial was charged with crude enone, and azeotroped with PhMe (from the
solvent system, 2 x 1 mL), and dried under high vacuum. 2,6-(z-Bu),-4-MePy (76 mg, 0.371

mmol, 10 equiv.) was added, followed by CH,Cl, (2 mL). The solution was cooled to —78 °C,
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and TESOTT (40 pL, 0.186 mmol, 5 equiv.) was added dropwise via microsyringe. After 10
minutes of stirring at —78 °C, the reaction was quenched via the addition of aqueous sat.
NaHCOj; solution 2 mL), and was allowed to warm to room temperature. The layers were
separated, and the aqueous layer was extracted with CH,Cl; (5 x 3 mL). The combined organic
extracts were dried over Na,SQy, filtered, and concentrated in vacuo. The resulting crude
residue was filtered through a plug of silica gel and filtered with hexanes (to remove the 2,6-
(t-Bu),-4-MePy) and then 3% 7N NHj3 solution in MeOH/ 97% CH,Cl, to elute the product,
and then concentrated in vacuo. The crude residue was purified by preparative thin layer
chromatography (3% 7N NHj3 solution in MeOH/ 97% CH,Cl,) to afford enone 177 (12 mg,

0.023 mmol, 63% yield) as a clear oil.

Notes for the Stahl oxidation step:

(1) A 0.05 M solution of 4,4’-dimethoxy-2,2’-bipyridine, 0.05SM ABNO and 0.2M NMI
solution in MeCN could be pre-made and kept in an 8 °C freezer and was stable and
good to use for an extended time (>4 months). This homemade stock solution was used
in this reaction, and makes it easy to add more catalyst.

(2) This selective oxidation to the enone is very clean and performs well, but oxidation to
the diketone has been observed if too much catalyst is added. It is important to monitor
this reaction by TLC. It is best to run this reaction carefully, and start with less catalyst,

because more can be added if needed to reach full conversion to the desired product.

"H NMR (400 MHz, Chloroform-d): & 6.94 (ddd, J=9.8, 6.4, 1.6 Hz, 1H), 5.98 — 5.94 (m,

1H), 5.76 (ddd, J=9.8, 2.0, 0.7 Hz, 1H), 5.50 (d, J= 3.7 Hz, 1H), 5.38 — 5.35 (m, 1H), 4.65
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(td, J=4.5, 1.6 Hz, 1H), 3.61 (s, 3H), 3.46 (dd, J= 7.0, 3.0 Hz, 1H), 3.19 (s, 3H), 3.13 — 3.05
(m, 2H), 2.92 (t, J= 9.2 Hz, 1H), 2.77 (d, J= 11.3 Hz, 1H), 2.64 — 2.52 (m, 3H), 2.43 (dddd,
J=15.7,8.7,2.6, 1.5 Hz, 1H), 2.33 (ddt, J= 15.6, 9.7, 2.2 Hz, 1H), 2.24 — 2.16 (m, 1H), 1.83
—1.73 (m, 1H), 1.65 — 1.54 (m, 3H), 1.03 (t, J= 7.1 Hz, 3H), 0.93 (t, J = 7.9 Hz, 9H), 0.64 —
0.53 (m, 6H).

13C NMR (101 MHz, CDCL): § 197.0, 176.8, 161.4, 149.2, 132.8, 132.2, 126.6, 120.6, 84.6,
78.2,62.1,58.5,57.4,57.2, 51.7, 48.2, 47.9, 45.6, 44.5, 34.9,22.9, 22.5, 15.1, 6.7, 4.7.
HRMS: (ESI-TOF) calc’d for C2oHssOsNSi [M + H]' 516.3140, found 516.3122.

[a]2® = +163° (¢ = 0.085, CHCL).

TLC (5% 7 N NH3 in MeOH/ 95% CH,Cl,), Rs: 0.5 (UV, blue in p-anisaldehyde)

Preparation of N-chloroamine 178:

OMe OMe
Me0,C~7~|~—NHEt Me0,C~7~|~—NEt
NCS cl
= CHCl, =
0°C
(0]
OTES . OTES
50% vyield
177 178

A 10 mL round-bottom flask was charged with amine 177 (12 mg, 0.0233 mmol, 1
equiv.), and CH,Cl, (2.3 mL). The solution was cooled to 0 °C, and N-chlorosuccinimide (3.7
mg, 0.028 mmol, 1 equiv.) was added. The reaction was allowed to stir for 1 hour at 0 °C, and
then the reaction was filtered through a plug of silica gel and flushed with EtOAc. The crude
residue was purified by preparative thin layer chromatography (20% EtOAc/ 80% Hexanes) to
afford N-chloroamine 178 (6 mg, 0.011 mmol, 47% yield) as a clear oil.

Note: This reaction is fairly clean and the poor yield in this case resulted from incomplete

conversion (procedure is not optimized). Some starting material was recovered.
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"H NMR (400 MHz, Chloroform-d): 5 6.93 (ddd, J= 9.8, 6.4, 1.6 Hz, 1H), 5.98 — 5.90 (m,
1H), 5.76 (dd, J= 9.5, 1.8 Hz, 1H), 5.51 (d, J= 3.8 Hz, 1H), 5.37 (ddd, J=5.9, 2.6, 1.5 Hz,
1H), 4.68 (td, J = 4.6, 1.6 Hz, 1H), 3.60 (s, 3H), 3.49 (dd, J=7.9, 3.0 Hz, 1H), 3.28 (d, J =
14.0 Hz, 1H), 3.19 (s, 3H), 3.13 - 3.01 (m, 3H), 2.97 — 2.88 (m, 3H), 2.46 — 2.26 (m, 3H),
1.84 — 1.75 (m, 1H), 1.70 (dt, J= 13.9, 6.6 Hz, 1H), 1.62 — 1.56 (m, 1H), 1.16 (t,J = 6.9 Hz,
3H), 0.93 (t,J = 7.9 Hz, 9H), 0.58 (q, J = 7.7 Hz, 6H).

BC NMR (101 MHz, CDCLy): § 196.9, 175.9, 161.2, 149.1, 133.0, 131.8, 126.6, 120.6, 84.6,
77.9,72.3,62.0,60.4,57.3,57.3,51.7, 48.4, 47.9, 45.9, 35.3,23.1,22.3, 12.8, 6.7, 4.7.
FTIR (NaCl, thin film): 2953, 2933, 2877, 1738, 1731, 1722, 1682, 1455, 1176, 1121, 1100,
1013, 739 cm’™.

HRMS: (ESI-TOF) calc’d for C,0HysOsNSiCl [M + H]" 550.2750, found 550.2774.

[a]3® = +122° (¢ = 0.2, CHCly).

TLC (20%EtOAc/ 80%Hexanes), Ry 0.5 (UV, blue in p-anisaldehyde)

Preparation of cyclization product 179:

OMe OMe

MeOZC ~/N\Et n-Bu3Sn—H Meozc ~—NHEt
o ABN
| PHMe, 110 °C ?
= e TES
59% yield o 179
OTES
178

A 1-dram vial was charged with N-chloroamine 178 (5 mg, 9.1 pmol, 1 equiv.) and
PhMe (1 mL). The reaction was heated to 110 °C in an oil bath, and n-Bu3;SnH (1 M in
cyclohexane, 0.05 mL, 0.05 mmol, 5 equiv.) and AIBN (0.7 mg, 4.3 umol, 0.5 equiv.) was
added dropwise as a PhMe solution (0.5 mL). The reaction was heated to 110 °C for 30 min.

The reaction was then cooled to room temperature, loaded onto a plug of silica gel which was
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flushed with CH,Cl, to remove excess BusSnH, followed by 10% 7N NHj3; in MeOH/90%
CH,Cl; to elute the product. The crude residue was purified by column chromatography (0.5-
1-2-3-4% 7N NHj3 in MeOH/CH,Cl,) to afford cyclized 179 (2.8 mg, 5.4 umol, 63% yield) as
a clear oil.

'"H NMR (600 MHz, Chloroform-d) § 5.78 — 5.73 (m, 1H), 5.70 (dt, J = 5.9, 1.8 Hz, 1H),
4.92 -4.87 (m, 1H),4.78 (dd, J=6.3, 5.0 Hz, 1H), 3.76 (d, /= 6.6 Hz, 1H), 3.71 (s, 3H), 3.54
(s, 1H), 3.39 (dd, /= 11.7, 5.0 Hz, 1H), 3.28 (s, 1H), 3.20 (s, 3H), 3.16 — 3.13 (m, 1H), 2.90
(t, J=6.0 Hz, 1H), 2.72 — 2.69 (m, 1H), 2.63 — 2.59 (m, 2H), 2.50 (dd, J = 18.6, 9.2 Hz, 1H),
2.41(dd,J=18.6,1.9 Hz, 1H), 2.27 - 2.21 (m, 1H), 2.15-2.10 (m, 1H), 2.06 — 2.00 (m, 1H),
1.43 — 1.39 (m, 1H), 1.25 (s, 1H), 1.06 (t, /= 7.1 Hz, 3H), 0.93 (t, J = 8.0 Hz, 9H), 0.59 (q, J
= 8.0 Hz, 6H).

“C NMR (101 MHz, CDCL3) § 205.8, 177.4, 156.7, 135.2, 131.1, 114.7, 74.7, 71.7, 63.0,
61.1,56.1,54.9,53.7,52.1, 48.7, 48.0, 44.5, 41.9, 33.9, 25.2, 21.3, 15.0, 6.8, 4.7.

FTIR (NaCl, thin film): 3340, 2932, 1722, 1714, 1514, 1462, 1234, 1102, 1013, 743 cm™".
[a]3! = +78° (c = 0.22, CHCI;).

HRMS: (ESI-TOF) calc’d for CooHy60sNSi [M + H]" 516.3140, found 516.3144.

TLC (5% 7 N NH; in MeOH/ 95% CH,Cl,), Rs: 0.5 (UV, yellow in p-anisaldehyde)
Notes:

1) PhMe was degassed via Freeze-Pump-Thaw (3 cycles) prior to use.
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Preparation of epoxy alcohol 189:

. &MgBr
MeO.C k() 188
e0, N —_—
MeO,C 0 THF, -94 °C

7
61% yield

In a 200-mL, round-bottomed flask, epoxyketone 71 (1.59 g, 5.93 mmol, 1.0 equiv.)
was dissolved in THF (59 mL) and cooled to —78 °C. To this solution was added cyclopentyl
magnesium bromide (prepared from cyclopentenyl bromide, Mg(0) and I, activation, 0.3M in
THF, 25 mL, 7.50 mmol, 1.27 equiv.) via cannula. The reaction was allowed to stir for an
additional 10 minutes at —78 °C, then quenched with sat. NH4Cl solution (30 mL) and H,O (30
mL), and was allowed to warm to room temperature. The biphasic mixture was then transferred
to a separatory funnel with Et;O (50 mL), and the layers were separated. The aqueous layer
was extracted with more Et,O (3 x 75 mL). The combined organics were washed with brine (1
x 100 mL), dried over Na,SOs, filtered, and concentrated in vacuo. The crude residue was
purified by silica gel chromatography (12% to 13% to 14% acetone in hexanes to elute the
product and then 20% acetone in hexanes to recover the unreacted epoxy ketone starting
material) to afford epoxy alcohol 189 (1.20 g, 3.61 mmol, 61% yield) as a white solid.

'"H NMR (400 MHz, Chloroform-d): & 5.67 (t, J = 1.8 Hz, 1H), 3.75 (s, 3H), 3.70 (s, 3H),
3.34(d,J=3.8 Hz, 1H), 2.74 (dd, J=10.5, 7.8 Hz, 1H), 2.52 — 2.40 (m, 2H), 2.39 — 2.28 (m,
6H), 2.19 —2.08 (m, 1H), 2.05 — 1.96 (m, 1H), 1.95 — 1.85 (m, 4H), 1.62 — 1.52 (m, 1H).

3C NMR (101 MHz, CDCL): 5 171.9, 170.3, 145.4, 126.0, 75.4, 71.4, 56.5, 55.1, 52.9, 52.1,
44.0,37.8,32.3,31.7,29.3,23.4,23.2,21.4.

FTIR (NaCl, thin film): 3503, 2952, 1732, 1433, 1244, 1218, 1174 cm"".

HRMS: (ESI-TOF) calc’d for CsH,506 [M + H]™ 337.1646, found 337.1635.

TLC (33%EtOAc/ 67% Hexanes), Ry 0.40 (blue/purple in p-anisaldehyde)
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Semipinacol rearrangement of 189 to prepare 190:

OTMS

TMSOTT -CO,Me

2,6-di-tBu-4-Me-pyr 1602C —0
-—-———

CH,Cly, -78 10 0 °C

190
87% yield

A 100-mL, round-bottomed flask was charged with epoxy alcohol 189 (1.37 g, 4.07
mmol, 1.0 equiv.), 2,6-#-Buy-4-MePy (2.51 g, 12.2 mmol, 3 equiv.) and CH,Cl, (41 mL), and
the solution was cooled to —78 °C in a dry/ice acetone bath. TMSOTf added dropwise via
syringe (1.47 mL, 8.15 mmol, 2 equiv.), causing the solution to turn a faint pink color. The
reaction was allowed to stir at — 78 °C for 5 minutes, and then the dry//ice acetone bath was
replaced with an ice bath, allowing the reaction to warm to 0 °C. The reaction was allowed to
stir for an additional 10 minutes at 0 °C, then the reaction was quenched with sat. NaHCO; (50
mL), and the mixture was allowed to warm to room temperature. The biphasic mixture was
transferred to a separatory funnel and the layers were separated. The aqueous phase was
extracted with CH,Cl, (3 x 75 mL), and the combined organic extracts were dried over Na,SOs,
filtered, and concentrated in vacuo. The resulting crude residue was purified by silica gel
chromatography (10% to 12% to 15% ethyl acetate in hexanes) to afford ketone 190 (1.45 g,
4.07 mmol, 87% yield) as a white solid.

"H NMR (500 MHz, Chloroform-d): 5 5.38 (t,J=2.2 Hz, 1H), 4.33 (t,J=2.5 Hz, 1H), 3.74
(s, 3H), 3.64 (s, 3H), 3.37 (dd, J = 12.5, 6.9 Hz, 1H), 2.57 — 2.49 (m, 1H), 2.45 (td, J = 13.9,
3.9 Hz, 1H), 2.41 — 2.23 (m, 3H), 2.22 — 2.08 (m, 3H), 1.97 — 1.89 (m, 1H), 1.87 — 1.81 (m,
2H), 1.81 — 1.71 (m, 2H), 1.68 (dq, J = 14.3, 3.6 Hz, 1H), 0.06 (s, 9H).

3C NMR (126 MHz, CDCL3): § 219.2, 170.8, 170.5, 142.9, 127.3,70.3, 57.8, 56.1, 52.7, 52.5,
41.9,39.1,32.9,32.7,27.8, 23.5, 22.8, 19.6, -0.0.

FTIR (NaCl, thin film): 2952, 2846, 1740, 1434, 1252, 1171, 1058, 841 cm™".
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HRMS: (ESI-TOF) calc’d for C;H3306Si [M + H]" 409.2041, found 409.2056.

TLC (15%EtOAc/ 85% Hexanes), Ry 0.4 (grey/blue/black in p-anisaldehyde)

Preparation of lactone 191:

OTMS
MeO,C -Coi'\ge TFA MeO,C ../O o
_
CH,Cl, 20 °C
190 191
90% vyield

In a 250 mL round-bottom flask, silyl ether 190 (1.445 g, 3.54 mmol, 1.0 equiv.) was
dissolved in CH,Cl;, (70 mL) and TFA (0.82 mL, 10.6 mmol, 3 equiv.) was added dropwise.
The reaction was stirred for 7 hours when TLC indicated complete conversion of starting
material. The reaction was quenched with saturated aqueous NaHCO; (50 mL) and the phases
were separated. The aqueous phase was extracted with CH,Cl, (3 x 50 mL) and the combined
extracts were dried (Na,SO,), filtered, and concentrated in vacuo. The reaction was purified
by silica gel chromatography (30% EtOAc/70% hexanes) to afford lactone 191 (0.956 g, 3.14
mmol, 90% yield) as a white powder.

"H NMR (600 MHz, Chloroform-d) 5 5.78 (t,J=2.2 Hz, 1H), 5.10 — 4.99 (m, 1H), 3.84 (s,
3H), 3.23 (t,J=9.2,7.5 Hz, 1H), 2.63 — 2.52 (m, 1H), 2.49 — 2.40 (m, 2H), 2.21 — 2.12 (m,
2H), 2.01 = 1.76 (m, 5H), 1.75 — 1.64 (m, 1H).

TLC (30%EtOAc/ 70% Hexanes), Ry 0.4 (blue in p-anisaldehyde)
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Preparation of enol triflate 192:

KHMDS;

MeO,C “’OO PhNTY, MeO,C oOTf
a CH,Cl,, 78 10 0 °C ﬂ
j 191 j 192

78% yield

An oven-dried 100 mL round-bottom flask was charged with 191 (0.946 g, 3.11 mmol,
1.0 equiv.) and put under N,. THF (31 mL) was added, and the solution was cooled to —78 °C.
A solution of KHMDS (0.5 M in PhMe, 7.5 mL, 3.8 mmol, 1.2 equiv.) was added dropwise by
syringe and the mixture was stirred at —78 °C for 40 minutes. In an oven-dried 50 mL pear-
shaped flask, PANTT; (1.33 g, 3.73 mmol, 1.2 equiv.) was put under N, and dissolved in THF
(10 mL). The solution of PhNTf, was transferred to the reaction flask by cannula, and the
reaction was stirred at =78 °C for 10 minutes. The reaction was quenched with saturated
aqueous NaHCO; (50 mL), and the mixture was allowed to warm to room temperature. The
mixture was transferred to a separatory funnel and was extracted with Et,0O (3 x 50 mL). The
combined organic extracts were washed with 0.5 M NaOH (aq.) (3 x 50 mL), dried (NaySOy),
filtered, and concentrated in vacuo. The reaction was purified by silica gel chromatography
(20% EtOAc/80% hexanes) to afford enol triflate 192 (1.059 g, 2.43 mmol, 78% yield) as a
white solid.
"H NMR (500 MHz, Chloroform-d) & 5.68 (t,J= 2.6 Hz, 1H), 5.64 (t, J= 2.0 Hz, 1H), 491
(dd, J=3.8, 1.7 Hz, 1H), 3.83 (s, 3H), 3.05 (dd, /=9.4, 2.9 Hz, 1H), 2.92 (ddd, /= 18.2, 9.4,
2.4 Hz, 1H), 2.51 — 2.40 (m, 3H), 2.39 - 2.31 (m, 2H), 2.18 — 2.07 (m, 2H), 1.96 — 1.79 (m,
3H).
3C NMR (101 MHz, CDCL3) § 169.98, 169.79, 146.02, 139.86, 129.91, 116.90, 116.34,
76.26, 56.45, 53.11, 53.03, 43.60, 33.14, 33.05, 32.35, 26.65, 22.83, 21.89.

HRMS: (ESI-TOF) calc’d for C1gH,907F3SNa [M + Na]" 459.0696, found 459.0708.
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TLC (20%EtOAc/ 80% Hexanes), Ry 0.2 (brown in p-anisaldehyde)

Preparation of cyclopentene 193:

Pd(OAc), (5 mol %)
MeO,C -./OOTf PPhs (10 mol %) ~ MeO:C7>/A~0,
—_—

HCO,H, NEt,
192 DMF, 60 °C 193

96% yield

A 100 mL, round-bottom flask was charged with enol triflate 192 (1.046 g, 2.40mmol,
1.0 equiv.), PPh; (63 mg, 0.24 mmol, 10 mol %), and Pd(OAc), (27 mg, 0.12 mmol, 5 mol %).
The flask was equipped with a rubber septum, purged with N, and DMF (24 mL) was added.
Then, the reaction mixture was sparged with N, for 5 minutes. NEt; (2.68 mL, 19.2 mmol, 8
equiv.) was added, followed by HCO,H (0.45 mL, 12.0 mmol, 5 equiv.) — a cloudy gas was
observed upon addition. The reaction was heated to 60 °C allowed stirred at that temperature
for 15 minutes. The reaction turns black during this time, indicating its completion. The
reaction was cooled to room temperature, diluted with sat. NH4Cl (20 mL), transferred to a
separatory funnel and diluted with Et,O (30 mL). The layers were separated and the aqueous
extracted with Et,O (5 x 30 mL). The organic extracts were dried over Na,SQOy, filtered, and
concentrated in vacuo. The resulting crude residue was purified by silica gel chromatography
(15-16% EtOAc in hexanes) to afford olefin 193 (0.657 g, 2.3 mmol, 96% yield) as a white
crystalline solid.
"H NMR (600 MHz, Chloroform-d) 5 5.69 (dt, J=5.7, 2.3 Hz, 1H), 5.59 (t, J=2.1 Hz, 1H),
5.51 (dt,J=5.8, 2.3 Hz, 1H), 4.70 (dd, J = 3.2, 2.2 Hz, 1H), 3.81 (s, 3H), 3.08 (dd, J = 9.5,
3.5 Hz, 1H), 2.91 (ddt, J = 18.7, 9.4, 2.3 Hz, 1H), 2.45 (ddt, J=18.7, 3.5, 2.3 Hz, 1H), 2.40 —

2.32 (m, 3H), 2.30 - 2.22 (m, 2H), 2.01 — 1.97 (m, 2H), 1.95 — 1.83 (m, 3H).
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3C NMR (101 MHz, CDCl3) & 170.86, 170.78, 145.07, 132.39, 130.90, 125.13, 79.50, 59.31,
54.02, 52.79, 44.87, 38.25, 32.92, 32.45, 26.62, 23.65, 22.50.
HRMS: (ESI-TOF) calc’d for C17H,104 [M + H]™ 289.1434, found 289.1441.

TLC (20%EtOAc/ 80% Hexanes), Ry 0.2 (brown in p-anisaldehyde)

Preparation of N-ethyl amide 194:

’ EtNH,+HCI ! OH
sodium 2-ethyl- NHEt
MeO.C Oy hexanoate MeO,C g
ﬁ

THF/EtNH,
j 193 80°C j 194

53% yield
To a 75 mL pressure vessel containing lactone 193 (0.647 g, 2.24 mmol, 1.0 equiv.),
sodium 2-ethylhexanoate (1.680 g, 10.1 mmol, 4.5 equiv.), ethylamine hydrochloride (0.412
g, 5.1 mmol, 2.25 equiv.) were added, followed by THF (5 mL) and neat EtNH, (10 mL). The
vessel was sealed (with a Teflon cap that had a perfluoro O-ring), and heated to 80 °C in an oil
bath. The reaction was allowed to stir at 80 °C for 2 days, and the reaction progress was
monitored. The reaction was then cooled to room temperature and transferred to a separatory
funnel with EtOAc (30 mL) and aqueous 0.5 M NaOH (20 mL). The layers were separated,
and the aqueous phase was extracted with Et;0 (3 x 20 mL) and EtOAc (2 x 20 mL). The
combined organic extracts were dried over Na,SOs, filtered, and concentrated in vacuo. The
crude residue was purified by silica gel chromatography (30% to 50% to 100% EtOAc in
hexanes) to afford secondary amide 194 as a white foam (400 mg, 1.20 mmol, 53% yield).
Note: Neat NH,Et was obtained from distillation of 70%NH,Et/ 30% H,O solution, using a
cold finger (with dry ice/acetone) to condense the very volatile NH,Et, and stored over KOH

pellets in the freezer.
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"H NMR (500 MHz, Chloroform-d) & 6.23 (s, 1H), 6.10 (dt, J= 5.9, 2.3 Hz, 1H), 5.50 (dt, J
=5.9,2.0 Hz, 1H), 5.41 (t, J=2.1 Hz, 1H), 3.96 (t, /= 4.5 Hz, 1H), 3.35 - 3.15 (m, 3H), 2.47
(m, 1H), 2.39 — 2.16 (m, 6H), 2.13 — 2.02 (m, 1H), 1.95 - 1.77 (m, 5;/H), 1.11 (t, /= 7.2 Hz,
3H).

C NMR (101 MHz, CDCls) § 174.64, 169.11, 146.86, 134.74, 134.38, 125.44, 67.89, 57.00,
55.75,52.87,46.45, 35.46, 34.85, 33.24, 33.14, 25.75, 23.38, 18.60, 14.81.

HRMS: (ESI-TOF) calc’d for CoH,7NO4Na [M + Na]" 356.1832, found 356.1850.

TLC (50%EtOAc/ 50% Hexanes), Ry 0.2 (teal in p-anisaldehyde)

Preparation of methyl ether 195:

OH OMe
MeOC ‘“’ NHE Pr(')\:lgr?%%zége MeO,C~7 |y~ NHE
4AmMs ol
j 194 CH,Cl, 20 °C 105
90% yield

In a N,-filled glovebox, an oven-dried 15 mL round-bottom flask with a stir bar was
charged with 194 (150 mg, 0.45 mmol, 1.0 equiv.). CH,Cl, (4.5 mL) was added, followed by
Proton Sponge® (289 mg, 1.35 mmol, 3.0 equiv.), trimethyloxonium tetrafluoroborate (200
mg, 1.35 mmol, 3.0 equiv.), and 4A molecular sieve powder (750 mg). The reaction was stirred
at 20 °C for 18 hours. The mixture was passed over a plug of silica gel, eluting with 50-100%
EtOAc in hexanes. The filtrate was concentrated to give the crude product as a yellow oil. The
product was purified by column chromatography (SiO,, 20-30-40-50% EtOAc in hexanes) to
give methyl ether 195 (140 mg, 0.41 mmol, 90% yield).

"H NMR (500 MHz, Chloroform-d) § 6.10 (s, 1H), 5.85 (dt, J= 5.8, 2.4 Hz, 1H), 5.49 (dt, J

=5.9,2.1 Hz, 1H), 5.34 (t, J= 2.0 Hz, 1H), 3.70 (s, 3H), 3.44 (dd, J = 8.4, 4.2 Hz, 1H), 3.34
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—3.27 (m, 1H), 3.25 (s, 3H), 3.23 — 3.05 (m, 2H), 2.52 — 2.08 (m, 8H), 1.97 — 1.89 (m, 1H),
1.85 (p, J=7.5Hz, 2H), 1.63 — 1.57 (m, 1H), 1.10 (t,J = 7.2 Hz, 3H).

C NMR (101 MHz, CDCly) § 174.77, 169.33, 148.58, 134.36, 130.81, 124.10, 78.47, 57.46,
57.06, 55.98, 52.82, 47.32, 35.72, 34.87, 32.84, 32.53, 23.52, 22.12, 19.95, 14.75.

FTIR (NaCl, thin film): 3353, 2933, 1727, 1654, 1522, 1439, 1377, 1203, 1101, 754 cm™".
HRMS: (ESI-TOF) calc’d for C20H,0NO4 [M + H]™ 370.1989, found 370.1994,

TLC (2:1 Hexanes:EtOAc), Ry 0.4 (blue in p-anisaldehyde)

Preparation of amine 196:

! OMe OMe
NHEt NHEt
MeO,C~7 "l Rh(acac)(COD) (10 mol%) MeOC77 1~

PhSiH, |
j 195 THF, 21 °C 196

52% yield

A flame-dried 100 mL round-bottom flask was charged with amide 195 (100 mg, 0.29
mmol, 1.0 equiv.) and brought into a N,-filled glovebox. THF was added, followed by
Rh(acac)cod (8.9 mg, 0.029 mmol, 10 mol%) and phenylsilane (0.71 mL, 5.8 mmol, 20 equiv.).
The flask was sealed with a rubber septum, brought out of the glovebox and put under Ar
atmosphere with a balloon. The reaction was stirred at room temperature for 16 hours. The
reaction was diluted with THF (5 mL) and quenched with careful addition of saturated aqueous
NH4F (5 mL), at which point reaction bubbles vigorously. The mixture was stirred for 90
minutes before diluting with water (5 mL) and EtOAc (15 mL). The phases were separated
and the aqueous phase was extracted with 4:1 CHCls : iPrOH mixture (5 x 15 mL). The organic
extracts were dried (Na,SOy), filtered and concentrated in vacuo. The crude residue was
purified by silica gel chromatography (1-2% (7N NH3 in MeOH) in CH»Cl) to afford the

amine 196 as a colorless oil (49.1 mg, 0.15 mmol, 52 % yield).
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'"H NMR (400 MHz, Benzene-ds) 5 5.83 (dt, J = 5.9, 2.3 Hz, 1H), 5.65 (dt, J = 5.8, 2.0 Hz,
1H), 5.45 (p, J=1.9 Hz, 1H), 3.69 (dd, J=7.7, 3.1 Hz, 1H), 3.36 (s, 3H), 3.11 (s, 3H), 3.10 —
3.04 (m, 1H), 2.77 (d, J=11.1 Hz, 1H), 2.60 — 2.50 (m, 1H), 2.48 (d, /= 11.2 Hz, 1H), 2.45 —
2.37 (m, 3H), 2.36 — 2.24 (m, 5H), 2.05 (dddd, /= 13.8, 7.8, 6.2, 3.1 Hz, 1H), 1.81 (p, J=7.4
Hz, 2H), 1.66 (ddd, J=13.7, 7.7, 6.5 Hz, 1H), 1.61 — 1.48 (m, 1H), 0.91 (t,J = 7.1 Hz, 4H).
C NMR (101 MHz, C¢Dg) 5 176.56, 148.73, 136.23, 130.36, 123.68, 79.90, 59.16, 57.52,
57.16,51.16, 48.39, 46.74, 44.91, 35.40, 33.43, 33.35, 23.93, 23.72, 23.06, 15.52.

HRMS: (ESI-TOF) calc’d for C20H3,NO3 [M + H]" 334.2377, found 334.2377.

TLC (8% MeOH/ 92% CH,Cl,), Ry: 0.4 (blue in p-anisaldehyde)

Preparation of N-chloroamine 197:

OMe OMe
MeO,C-7 |~ NHEt NCS MeO,C 7~ |~—NEt
—_ jl
CH,Cly, 0 °C
196 197
71% yield

A solution of secondary amine 196 (20 mg, 60 wmol, 1.0 equiv.) in CH,Cl, (2.0 mL)
was cooled to 0 °C before NCS (8.0 mg, 60 umol, 1.0 equiv.) was added in one portion. The
reaction was stirred for 60 minutes before filtering over a short pad of silica gel, eluting with
1:1 hexanes:EtOAc. The filtrate was concentrated in vacuo. The crude product was purified by
column chromatography (10-20-30-40% EtOAc in hexanes) to afford N-chloroamine 197
(15.6 mg, 42 umol, 71% yield) as a white powder.

"H NMR (500 MHz, Chloroform-d) 6 5.85 (dt, /= 5.8, 2.3 Hz, 1H), 5.44 (ddd, /= 5.8, 2.5,
1.4 Hz, 1H), 5.41 — 5.38 (m, 1H), 3.70 (dd, J=9.4, 3.3 Hz, 1H), 3.57 (s, 3H), 3.33 (d, /= 14.0

Hz, 1H), 3.28 (s, 3H), 3.00 (d, J = 14.0 Hz, 1H), 2.94 (qd, J = 6.8, 2.9 Hz, 2H), 2.86 (td, J =
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9.2, 1.3 Hz, 1H), 2.62 — 2.49 (m, 1H), 2.46 — 2.22 (m, SH), 2.23 — 2.07 (m, 1H), 1.94 (dddd, J
=13.1, 7.0, 5.6, 3.3 Hz, 1H), 1.90 — 1.68 (m, 3H), 1.56 — 1.42 (m, 1H), 1.15 (t, J = 6.9 Hz,

3H).

Reaction of N-chloroamine 197 with Copper (I) Chloride:

OMe OMe
NEt NEt
MeOC7 | L CuCl (20 mol %)  MeOC7 |
—»
| THF, 70 °C
197 199
60% yield

CuCl (0.5 mg, 5.4 umol, 0.2 equiv.) was added to a 1-dram vial followed by a solution
of N-chloroamine 197 (10.0 mg, 27 umol, 1.0 equiv.) in THF (2.0 mL), and the mixture was
heated to 70 °C for 12 hours. Saturated aqueous NaHCOs; (2 mL) was added, and the mixture
was extracted with 4:1 CHCl; : iPrOH mixture (3 x 5 mL). The organic extracts were dried
(NaxSO,), filtered and concentrated in vacuo. Purification by preparative TLC (1% (7 N NH;
in MeOH) in CH,Cl,) gave a product tentatively assigned as 199 (5.2 mg, 16 umol, 60% yield).
"H NMR (400 MHz, Benzene-ds) 5 6.29 (dd, J=5.9, 1.5 Hz, 1H), 5.77 (dd, J=5.8, 1.5 Hz,
1H), 5.51 (p, J=2.1 Hz, 1H), 4.31 (dt,J=7.2, 1.6 Hz, 1H), 3.67 (d, /= 7.1 Hz, 1H), 3.43 —
3.38 (m, 1H), 3.37 (d, /= 3.2 Hz, 4H), 3.29 (d, /= 8.8 Hz, 1H), 3.12 (d, /= 1.0 Hz, 4H),
2.69 —2.57 (m, 1H), 2.54 — 2.39 (m, 5H), 2.31 (dtq, J=11.0, 6.5, 2.1 Hz, 4H), 2.09 — 1.76
(m, 4H), 1.70 (dq, J=12.5, 4.2 Hz, 2H), 1.64 — 1.43 (m, 2H), 1.43 — 1.30 (m, 2H), 1.03 (t,J

= 7.2 Hz, 3H).
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Preparation of N-chloroamine 201:

(o)

OMe - OMe
MeO, E:N cl MeO,
~—NEt 202 —NEt
H 0 cl
—»
=~ CH,Cl, 0 °C =
o
o\/Si,o 73% yield o\/Si,o
t-Bu \t-Bu tBu \t-Bu
123 201

A solution of secondary amine 123 (24 mg, 65 wmol, 1.0 equiv.) in CH,Cl, (2.2 mL)
was cooled to 0 °C before NCS (17 mg, 130 umol, 2.0 equiv.) was added in one portion. The
reaction was stirred for 90 minutes before filtering over a short pad of silica gel, eluting with
1:1 hexanes:EtOAc. The filtrate was concentrated in vacuo. The crude product was purified by
column chromatography (10-20-30-40% EtOAc in hexanes) to afford N-chloroamine 201 (27
mg, 47 umol, 73% yield) as a white powder.

'"H NMR (400 MHz, Chloroform-d) & 6.07 (ddd, J=9.5, 6.1, 1.1 Hz, 1H), 5.87 (dt, J = 5.8,
2.2 Hz, 1H), 5.65 (ddd, J=9.3,4.4, 1.9 Hz, 1H), 5.46 — 5.38 (m, 2H), 4.47 (t,J = 4.8 Hz, 1H),
4.26 —4.17 (m, 1H), 3.57 (dd, J= 7.5, 2.6 Hz, 1H), 3.29 — 3.24 (m, 5H), 3.22 (s, 3H), 3.08 —
2.93 (m, 5H), 2.93 —2.84 (m, 1H), 2.47 (t, J=9.2 Hz, 1H), 2.42 — 2.20 (m, 2H), 1.71 — 1.52
(m, 3H), 1.49 — 1.40 (m, 1H), 1.19 (t, /= 6.9 Hz, 3H), 1.09 (s, 9H), 1.01 (s, 9H).

3C NMR (101 MHz, CDCl3) & 166.56, 136.04, 134.27, 131.37, 128.25, 119.94, 79.64, 77.36,
74.37,69.55, 66.68, 60.90, 58.33,57.36, 57.26,46.45, 46.36, 44.59, 40.82, 35.61, 29.07, 28 48,
24.01, 21.86,21.41, 20.84, 13.25.

FTIR (NaCl, thin film): 2933, 1476, 1102, 992, 812, 780, 762, 641cm™.

HRMS: (ESI-TOF) calc’d for C3;Hs;NO4CISi [M + H]" 564.3270, found 564.3279

[a]2% = +126° (c = 0.40, CHCls).
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TLC (3:1 Hexanes:EtOAc), Ry 0.8 (UV, white/green in p-anisaldehyde)

Reaction of N-chloroamine 201 with Copper (I) Chloride:

M M
MeO ON; MeO, ONe
\ CuCl (0.2 equiv) T/ Et
Cl
_—
=~ THF, 70 °C ~, C
o
O‘/Si\’o 66% yield 203 O*/Si\‘o
t+Bu tBu tBu tBu
201 203

CuClI (0.18 mg, 1.8 umol, 0.2 equiv.) was dispensed as a stock solution in MeCN to a
2 dram vial. The MeCN was removed in vacuo. The vial of CuCl was brought into a N filled
glovebox and a solution of N-chloroamine 201 (5.0 mg, 8.9 umol, 1.0 equiv.) in THF (0.5 mL)
was added, and the mixture was heated to 70 °C for 4 hours. Saturated aqueous NaHCO3 (2
mL) was added, and the mixture was extracted with 4:1 CHCl; : iPrOH mixture (3 x 5 mL).
The organic extracts were dried (Na,SO,), filtered and concentrated in vacuo. Purification by
preparative TLC (5% (7 N NH3 in MeOH) in CH,Cl,) gave a product tentatively assigned as
203 (3.3 mg, 5.9 umol, 66% yield). Assignments were made using 'H, COSY, HSQC, HMBC
and TOCSY NMR experiments.
"H NMR (400 MHz, Chloroform-d) § 6.07 (ddd, /= 9.5, 6.0, 1.1 Hz, 1H), 5.74 (ddd, J=9.5,
4.4,1.9 Hz, 1H), 5.64 (d, J=3.9 Hz, 1H), 4.57 (d, J=4.9 Hz, 1H), 4.47 (t, J = 4.7 Hz, 1H),
425 (t,J=3.7 Hz, 1H), 3.94 — 3.83 (m, 1H), 3.81 — 3.72 (m, 3H), 3.41 — 3.36 (m, 1H), 3.35
(s, 3H), 3.32 (s, 3H), 3.27 - 3.19 (m, 3H), 3.16 (d, /= 13.1 Hz, 1H), 3.08 (s, 1H), 2.83 (t,J =
5.2 Hz, 1H), 2.58 (d, J = 14.9 Hz, 1H), 2.37 — 2.26 (m, 2H), 2.11 — 2.05 (m, 1H), 1.41 — 1.38

(m, 3H), 1.08 (s, 9H), 1.00 (s, 9H).



Chapter 4 — Completion of Aconitine Core and Synthesis 153
of (—)-Talatisamine, (-)-Liljestrandisine, and (-)-Liljestrandinine

Preparation of diol 241:

MeO, OMe MeO OMe
~—NHEt ~—NHEt
| HF - pyr |
= MeCN, 20 °C =
O\Si’o 71% yield OH OH
t-Bu/ \t-Bu 24

123

A 20 mL Teflon vial was charged with siliconide 123 (0.116 g, 0.22 mmol, 1.0 equiv.)
and MeCN (8 mL). HFepyridine (0.116 g, ~70% HF) was diluted with MeCN (1.6 mL) and
this solution was added dropwise to the vial of 123 and the reaction was stirred at 20 °C for 1
hour. The reactions was quenched with saturated aqueous NaHCO; (10 mL) and the mixture
was extracted with 4:1 CHCI; : iPrOH mixture (5 x 10 mL). The organic extracts were dried
(NaxSO,), filtered and concentrated in vacuo. The crude residue was purified by silica gel
chromatography (2-3-4-5-6% (7N NH; in MeOH) in CH,Cl,) to afford the diol 241 as a
colorless oil (60.0 mg, 0.16 mmol, 71 % yield).

'"H NMR (400 MHz, Chloroform-d) 5 5.96 (dd, J = 9.5, 6.4 Hz, 1H), 5.88 (dt, J=5.7, 2.2
Hz, 1H), 5.76 (ddd, J = 9.6, 3.6, 2.0 Hz, 1H), 5.47 (d, J = 3.6 Hz, 1H), 5.37 (dt, J=5.8, 1.8
Hz, 1H), 4.38 (t, J=4.7 Hz, 1H), 4.06 — 3.88 (m, 1H), 3.54 (dd, /= 7.3, 2.8 Hz, 1H), 3.25 (s,
3H), 3.24 (s, 3H), 3.19 (s, 2H), 2.81 (dd, J= 6.3, 4.3 Hz, 1H), 2.76 —2.67 (m, 1H), 2.67 —2.53
(m, 2H), 2.47 (d, J = 1.6 Hz, 2H), 2.39 (dd, J = 10.7, 7.7 Hz, 1H), 2.31 (dt, J = 8.3, 2.3 Hz,
2H), 1.70 — 1.45 (m, 3H), 1.38 — 1.28 (m, 1H), 1.07 (t, /= 7.0 Hz, 3H).

BCNMR (101 MHz, CDCls): § 165.03, 134.31, 132.42, 131.58, 129.34, 120.14, 79.80, 77.36,
76.51,74.85,66.16,59.05,57.37,56.97,56.72,47.78, 44.99,44.74,39.38, 35.45, 24.47,21.91,
15.35.

FTIR (NaCl, thin film): 3374, 2923, 2352, 1453, 1362, 1218, 1100, 1010, 960, 935, 817, 758,

733 ecm’l.
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HRMS: (ESI-TOF) calc’d for C»3H3sNO, [M + H]™ 390.2639, found 390.2621

[a]3® = +98.2° (c = 0.82, CHCl,).

Preparation of enone 242:

MeO, OMe MeO, OMe

~—NHEL 4 cuMeCN),OTr, ABNO ~—NHEt
[ NMI, MeOppy, MeCN [

= 2. TESOTH, =
imidazole
CH,Cl,, =78 °C TESO'
OH OH V12 O
1.5:1 mixture
241 73% yield of diastereomers

(2 steps) 204

0.64 mL of a stock solution of ABNO (1 mM), Meobpy (1 mM) and NMI (6 mM) (0.05
equiv. ABNO; 0.05 equiv. M“bpy; 0.40 equiv. NMI) was added to a 4 dram vial.
Cu(MeCN)4OTf (0.2 mg, 0.64 umol, 0.05 equiv.) was added, and the catalyst solution was
stirred for 5 minutes. Diol 241 (5.0 mg, 13 umol, 1.0 equiv.) in MeCN (0.5 mL) was added,
and the mixture was stirred for 90 minutes at room temperature. The reaction mixture was
filtered over a short pad of silica gel, eluting with 10% (7N NH; in MeOH) in CH,Cl,. The
filtrate was concentrated and taken on crude to the next step.

The crude isolate from the Stahl oxidation was added to an oven-dried 10 mL round-
bottom flask along with imidazole (3.3 mg, 48 umol, 3.8 equiv.). The flask was put under N,
atmosphere before THF (1.0 mL) was added and the mixture was cooled to —78 °C. TESCI
(4.9 mg, 32 umol, 2.5 equiv.) in THF (0.1 mL) was added dropwise, and the mixture was
stirred at —78 °C for 10 minutes. The reaction was quenched with saturated aqueous NaHCO;
(2 mL) and the mixture was extracted with 4:1 CHCl; : iPrOH mixture (3 x 5 mL). The organic
extracts were dried (Na,SOy), filtered and concentrated in vacuo. The crude residue was

purified by silica gel chromatography (2-3% (7N NH3 in MeOH) in CH,Cl,) to afford 204 (4.7
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mg, 9.5 umol, 73% yield) as a ~1.5:1 mixture of diastereomers. The 'H NMR spectrum of the
major diastereomer is reported below:

"H NMR (600 MHz, Chloroform-d) & 6.94 (ddd, J=9.8, 6.4, 1.7 Hz, 1H), 5.94 (dt, J = 5.9,
2.3 Hz, 1H), 5.78 (dd, J=9.7, 1.9 Hz, 1H), 5.66 (d, J = 3.8 Hz, 1H), 5.34 (dt, /=5.9, 1.9 Hz,
1H), 4.66 (td, J = 4.5, 1.7 Hz, 1H), 3.52 (dd, J = 7.3, 2.7 Hz, 1H), 3.24 (d, J = 2.3 Hz, 3H),
3.22 (s, 3H), 3.21 — 3.16 (m, 2H), 3.13 (t, J = 5.5 Hz, 1H), 2.67 — 2.57 (m, 2H), 2.57 — 2.43
(m, 3H), 2.36 (dt, J=10.1, 2.2 Hz, 2H), 1.71 — 1.62 (m, 1H), 1.57 (dtt, J = 12.7, 8.4, 3.8 Hz,
4H), 1.34 (q, J=7.1, 6.1 Hz, 1H), 1.08 (t, J= 7.1 Hz, 3H), 0.92 (t, /= 7.9 Hz, 9H), 0.57 (q, J

=7.9 Hz, 6H).

Preparation of N-chloroamine 205:

MeO, OMe MeO. OMe
~——NHEt wN\Et
NCS T
—
= CH,Cl,, 0 °C S

TESO TESO

0 42% yield 0
1.5:1 mixture 1.5:1 mixture
of diastereomers of diastereomers
204 205

A solution of secondary amine 204 (4.7 mg, 9.5 umol, 1.0 equiv.) in CH,Cl,
was cooled to 0 °C before NCS (3.1 mg, 24 umol, 2.5 equiv.) was added in one portion. The
reaction was stirred for 30 minutes before filtering over a short pad of silica gel, eluting with
EtOAc. The filtrate was concentrated in vacuo. The crude product was purified by column
chromatography (10-20-30-40% EtOAc in hexanes) to afford N-chloroamine 205 (2.1 mg, 3.9
umol, 42% yield) as a mixture of diastereomers.

The '"H NMR spectrum of the major diastereomer is reported below:
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'H NMR (600 MHz, Chloroform-d) & 6.94 (ddd, J= 9.8, 6.5, 1.7 Hz, 1H), 5.93 (dt, J= 5.8,
2.3 Hz, 1H), 5.78 (dd, J=9.6, 1.4 Hz, 1H), 5.66 (d, J= 3.7 Hz, 1H), 5.39 — 5.33 (m, 1H), 4.66
(td, J=4.6, 1.7 Hz, 1H), 3.53 (dd, J = 7.6, 2.4 Hz, 1H), 3.29 (s, 2H), 3.25 — 3.21 (m, 6H), 3.18
(s, 1H), 3.14 —3.09 (m, 1H), 3.10 - 3.05 (m, 1H), 3.02 —2.93 (m, 3H), 2.54 (t, /= 9.3 Hz, 1H),
2.39 —2.23 (m, 2H), 1.80 — 1.64 (m, 2H), 1.64 — 1.56 (m, 1H), 1.50 — 1.42 (m, 1H), 1.20 (t, J

= 6.9 Hz, 3H), 0.92 (t, J = 8.0 Hz, 9H), 0.57 (q, J = 8.0 Hz, 6H).

Tentative identification of cyclized product 208:

MeO, OMe MeO OMe
~—NEt ~—NEt
\
N c CuCl (20 mol %) _
_—— s— tentative
= THF, 50 °C <; assignment
TESO o OtEs ©
1.5:1 mixture 208

of diastereomers
205

CuClI (0.04 mg, 0.4 umol, 0.2 equiv.) was dispensed as a stock solution in MeCN to a
2 dram vial. The MeCN was removed in vacuo. A solution of N-chloroamine 205 (1.0 mg, 1.9
umol, 1.0 equiv.) in THF (0.2 mL) was added, and the mixture was heated to 50 °C for 12
hours. Saturated aqueous NaHCO; (1 mL) was added, and the mixture was extracted with 4:1
CHClI; : iPrOH mixture (3 x 5 mL). The organic extracts were dried (Na,SO,), filtered and
concentrated in vacuo. Purification by preparative TLC (5% (7 N NHj3 in MeOH) in CH,Cl,)
gave a trace amount of a product tentatively assigned as 208 based on HRMS and 'H NMR.
"H NMR (400 MHz, Chloroform-d) 5 7.06 (s, 1H), 5.96 (s, 1H), 5.92 (s, 1H), 5.77 (d, J=9.8
Hz, 1H), 5.47 (s, 1H), 4.64 (s, 1H), 4.14 (s, 1H), 3.65 (s, 2H), 3.37 (s, 4H), 3.33 (s, 4H), 3.17

(s, 2H), 3.11 (s, 1H), 3.04 (s, 1H), 2.65 (s, 1H), 2.47 (d, J = 9.9 Hz, 2H), 2.38 (d, J = 6.6 Hz,
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1H), 2.19 — 2.08 (m, 2H), 1.12 — 1.05 (m, 4H), 0.92 (t, J = 7.8 Hz, 9H), 0.57 (g, J = 7.9 Hz,
6H).

HRMS: (ESI-TOF) calc’d for Co9H4sNO4Si [M + H]" 500.3196, found 500.3172

Preparation of aziridine 227:*

oM
MeOQ, OMe MeO, °
—NH, N
PhI(OAG),
=~ KoCOs, SIO, =~
DCE, 50 °C
74% yield
O~g;-O y o\/Si\.o
8y “tBu t8d “tBu
116 227

A 100 mL, round-bottom flask was charged with primary amine 116 (0.348 g, 0.694
mmol, 1 equiv.), PhI(OAc), (0.357 g, 1.11 mmol, 1.6 equiv.), K,CO3 (0.256 g, 1.85 mmol, 2.7
equiv.), SiO; gel (17.3 g), and suspended in DCE (70 mL) under N,. The mixture was stirred
for 30 minutes at room temperature, and then heated to 50 °C in an oil bath and was allowed
to stir at 50 °C for 1 hour. At this time, the reaction was allowed to cool to room temperature,
and was filtered through a plug of SiO, and flushed with 8% 7 N NHs/ 92% CH,Cl, solution
to elute the product aziridine, and concentrated in vacuo. The resulting crude residue was
purified by silica gel chromatography (4% to 6% MeOH in CH,Cl,) to afford aziridine 227
(0.257 g, 0.514 mmol, 74% yield) as a clear oil.
"H NMR (400 MHz, Chloroform-d): 6 6.11 (ddd, J=9.5, 6.1, 1.1 Hz, 1H), 5.67 (ddd, J =
9.3,4.4,19 Hz, 1H), 5.45 (dd, J=3.9, 0.7 Hz, 1H), 4.51 (t,J=4.7 Hz, 1H), 4.24 —4.17 (m,
1H), 3.38 — 3.32 (m, 4H), 3.27 (s, 3H), 3.09 (d, J = 8.9 Hz, 1H), 3.05 —3.01 (m, 1H), 2.99 —
2.91 (m, 2H), 2.88 (dd, J = 6.0, 4.6 Hz, 1H), 2.78 (d, J = 14.3 Hz, 1H), 2.60 — 2.58 (m, 1H),
248 —2.46 (m, 1H), 2.17 - 2.08 (m, 1H), 1.82 (d, J=13.4 Hz, 1H), 1.69 — 1.56 (m, 2H), 1.50

— 1.43 (m, 2H), 1.30 (td, J = 14.2, 3.7 Hz, 1H), 1.07 (s, 9H), 1.01 (s, 9H).
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3C NMR (101 MHz, CDCL): 8 °C NMR (101 MHz, CDCl;) § 162.7, 135.0, 128.8, 123.9,
78.9 (2 overlapping B signals), 77.3, 66.3, 59.3, 56.8, 50.2, 50.0, 46.0, 45.1, 38.1, 35.9, 35.6,
33.7,32.9, 28.9, 28.3, 24.0, 22.6, 21.2, 20.7. Two "C signals are observed to be overlapping
at 78.9. Additionally, a °C signal is observed to be overlapping with residual CDCl; at 77.3.
Resolved peaks are seen in the HSQC spectrum, provided below.

FTIR (NaCl, thin film): 2938, 2859, 2824, 2362, 1476, 1463, 1110, 993 cm™.

HRMS: (ESI-TOF) calc’d for C2oH4sNO,4Si [M + H] 500.3191, found 500.3178

[a]3® = +24.6° (c = 1.30, CHCL;).

TLC (10%MeOH/90%CH,Cl,), Rs: 0.5 (UV, teal in p-anisaldehyde)

Preparation of bromide 228:

OMe OMe
MeQO MeO
\fN \/NAC
AcBr 7
—_—
=,  CH,Cly0°C =, Br
83% yield
o\/Si\.o y o\/Si\.o
t-Bu tBu t-Bu t-Bu
227 228

A 100 mL, round-bottom flask was charged with aziridine 227 (198 mg, 0.397 mmol,
and CH,Cl, (7.8 mL) under N, and cooled to 0 °C in an ice bath. Acetyl bromide (86.1 pL,
1.1645 mmol, 3 equiv.) added dropwise via microsyringe, and was allowed to stir for an
additional 15 minutes while maintained at 0 °C. Reaction quenched with sat. NaHCO; (10
mL), transferred to a separatory funnel, and the layers were separated. The aqueous layer was
extracted with CH,Cl, (3 x 20 mL). The combined organic extracts were dried over Na,SOs,
filtered, and concentrated in vacuo. The resulting crude residue was purified by silica gel
chromatography (30% to 40% to 50% ethyl acetate in hexanes) to afford bromide 228 (206

mg, 0.330 mmol, 83% yield) as a white solid.
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'"H NMR (400 MHz, Chloroform-d): § 6.17 (ddd, J= 9.6, 6.1, 1.1 Hz, 1H), 5.73 — 5.68 (m,
2H),4.76 —4.71 (m, 1H), 4.65 (s, 1H), 4.24 — 4.19 (m, 1H), 4.09 — 4.03 (m, 2H), 3.29 (s, 3H),
3.23 (s, 3H), 3.14 (d, /= 9.2 Hz, 1H), 3.09 — 3.05 (m, 1H), 3.04 —2.98 (m, 2H), 2.51 (dd, J =
14.6, 8.8 Hz, 1H), 2.38 (d, /= 14.4 Hz, 1H), 2.34 — 2.23 (m, 2H), 2.18 (s, 3H), 2.07 — 1.98 (m,
1H), 1.74 - 1.67 (m, 1H), 1.50 — 1.32 (m, 2H), 1.16 — 1.08 (m, 1H), 1.08 (s, 9H), 1.03 (s, 9H).
C NMR (101 MHz, CDCLy): § 169.0, 135.9, 128.2, 124.9, 80.6, 78.1, 77.6, 66.6, 66.2, 59.4,
55.7,53.1,47.3,46.3,46.0,45.7,42.8, 35.5,35.4,32.2,29.7,29.0, 28.3, 24.6, 21.8, 21.3, 20.8.
FTIR (NaCl, thin film): 2935, 2867, 2826, 1658, 1631, 1471, 1462, 1427, 1232, 1109 cm™".
HRMS: (ESI-TOF) calc’d for C3;H4BrNO;Si [M + H]" 622.2558, found 622.2540

[a]3® = +50.9° (c = 1.32, CHCL,).

TLC (50%EtOAc/50%hexanes), Ry 0.4 (UV, green in p-anisaldehyde)

Preparation of diol 229:
oM M
MeO, © MeO, OMe
-~ NAc ~—NAc
. HF-pyr
—»

=~ B~ MeCN = B
O\S"O 100% yield OH OH

I
87 “tBu 229

228

A 100 mL, round-bottom flask was charged with silylene 228 (206 mg, 0.331 mmol, 1
equiv.) and MeCN (6 mL). A solution of HF*Py (pyridine ~30%, HF ~70%, 206 mg) in MeCN
(1 mL) was added, and the reaction was allowed to stir for 30 minutes at room temperature.
The reaction was quenched with sat. NaHCO; (20 mL), transferred to a separatory funnel and
extracted with 20%IPA/80%CHCI; (5 x 20 mL). The combined organic extracts were dried
over Na,SOy, filtered, and concentrated in vacuo. The resulting crude residue was dissolved in

CH,Cl,, filtered through a plug of SiO,, flushed with CH,Cl, to remove the nonpolar impurities
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and then 5% MeOH/95% CH,Cl, to elute the product to afford diol 229 (160 mg, 0.331 mmol,
100% yield) as a clear oil.

'"H NMR (400 MHz, Chloroform-d): 5 6.10 (ddt, J = 9.6, 6.3, 1.1 Hz, 1H), 5.84 — 5.78 (m,
2H), 4.70 — 4.61 (m, 2H), 4.09 — 4.02 (m, 2H), 3.96 (s, 1H), 3.29 (s, 3H), 3.21 (s, 3H), 3.18
(dd, J=17.8, 2.4 Hz, 1H), 3.13 (d, J=9.2 Hz, 1H), 3.03 (d, /= 9.1 Hz, 1H), 2.96 — 2.88 (m,
1H), 2.84 —2.78 (m, 1H), 2.77 - 2.73 (m, 1H), 2.55 - 2.47 (m, 1H), 2.38 (dd, J= 14.4, 2.1 Hz,
1H), 2.31 — 2.24 (m, 2H), 2.19 (s, 3H), 2.06 — 1.98 (m, 1H), 1.74 — 1.66 (m, 2H), 1.46 (dddd,
J=17.2,12.6,4.4,2.2 Hz, 1H), 1.41 — 1.27 (m, 1H).

C NMR (101 MHz, CDCly): § 169.1, 132.4, 129.0, 125.1, 80.8, 78.0, 75.1, 66.6, 65.6, 59.4,
55.8,52.9,47.4,47.4,45.5,44.5,42.8,35.5,35.4,32.2,24.5,21.8.

A 13C signal is observed to be missing in the ?C NMR, but can be seen in the HMBC
spectrum at 159.5, which is provided below.

FTIR (NaCl, thin film): 3367, 2930, 2877, 2826, 2239, 1624, 1426, 1234, 1094, 917 cm .
HRMS: (ESI-TOF) calc’d for C,3H33BrNOs [M + H]" 482.1537, found 482.1539

[a]3® = +39.1° (c = 0.55, CHCly).

TLC (100%EtOAc), Ry 0.25 (UV, green/blue in p-anisaldehyde)

Preparation of enone 242:"

MeO. OMe MeO OMe
~—NAc Cu(MeCN),0OTH, ~——NAc
ABNO, NMI, MeOppy

~  Br MeCN ~ Br
o (0}

OH OH (quantitative, OH

used crude
229 in next step) 242

A 100 mL, round-bottom flask was charged with diol 229 (159 mg, 0.3308 mmol, 1.0

equiv.) and MeCN (3.3 mL). A homemade stock-solution [see note below] 0.05M 4,4’-
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dimethoxy-2,2’-bipyridine (V*°bpy), 0.05 M in ABNO, and 0.2 M N-methylimidazole was
added to the solution of diol (0.61 mL, 0.031 mmol, 0.1 equiv.) followed by Cu(MeCN)4,OTf
(11.6 mg, 0.031 mmol, 0.1 equiv.) was added, and the clear red/brown reaction mixture was
stirred until slightly yellow green, and the TLC indicated the reaction had gone to completion
(ca. 90 min), at which point the solution was filtered through a short plug of silica that had
been pre-packed with 5%MeOH/95% CH,Cl,, and flushed with more 5%MeOH/95% CH,Cl,
to elute the product, and concentrated in vacuo. The crude enone was subjected to the next step
without further purification. For characterization purposes, 242 could be purified via silica gel
chromatography (1% to 2% to 3% to 4% to 5% MeOH in CH,Cl,).

Notes:

(1) A 0.05 M solution of 4,4’-dimethoxy-2,2’-bipyridine, 0.05M ABNO and 0.2M NMI
solution in MeCN could be pre-made and kept in an 8 °C freezer and was stable and
good to use for an extended time (>4 months). This homemade stock solution was used
in this reaction, and makes it easy to add more catalyst.

(2) This selective oxidation to the enone is very clean and performs well, but oxidation to
the diketone has been observed if too much catalyst is added. It is important to monitor
this reaction by TLC. It is best to run this reaction carefully, and start with less catalyst,
because more can be added if needed to reach full conversion to the desired product.

"H NMR (400 MHz, Chloroform-d): § 7.19 (ddd, J = 9.8, 6.4, 1.6 Hz, 1H), 5.95 — 5.90 (m,
2H), 5.18 — 5.11 (m, 1H), 4.71 (s, 1H), 4.13 — 4.04 (m, 2H), 3.46 (dd, J = 6.4, 4.4 Hz, 1H),
3.33(dddd, J=4.8, 3.9, 2.0, 1.0 Hz, 1H), 3.29 (s, 3H), 3.29 — 3.20 (m, 1H), 3.21 (s, 3H), 3.14

(d,J=9.2 Hz, 1H), 3.04 (d, J= 9.2 Hz, 1H), 2.64 — 2.56 (m, 2H), 2.41 (dd, J = 14.6, 2.3 Hz,
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1H), 2.36 (d,J=6.3 Hz, 1H), 2.28 (dt,J=15.3, 6.0 Hz, 1H), 2.21 (s, 3H), 2.05 — 1.98 (m, 1H),
1.75-1.69 (m, 1H), 1.51 — 1.32 (m, 2H).

BCNMR (101 MHz, CDCl3): § 195.1, 169.0, 160.1 (br), 150.9, 126.3, 124.1, 85.0, 82.0, 77.9,
06.8, 60.9, 59.4,55.1, 52.9,47.8,47.5,45.4,42.7, 35.5, 35.3, 32.0, 24.5, 21.9.

FTIR (NaCl, thin film): 3367, 2930, 2877, 2826, 2239, 1624, 1426, 1234, 1094, 917 cm™".
HRMS: (ESI-TOF) calc’d for C,3H3BrNOs [M + H]" 480.1380, found 480.1367

[a]3® = +169° (¢ = 0.50, CHCl;).

TLC (100%EtOAc), Rs: 0.25 (UV, pink in p-anisaldehyde)

Preparation of methoxymethyl ether 230:

MeO OMe MeO OMe
~——NAc MOMCI ~—NAc
iPrNEt, TBAI
=, Bf DMF, 60 °C =, Bf
o 76% yield
OH oy OMOM
(2 steps)
242 230

A 100 mL, round-bottom flask was charged with crude enone 242 (159 mg, 0.3308
mmol, 1.0 equiv.), TBAI (61 mg, 0.165 mmol, 0.50 mol %), and DMF (6.6 mL). i-Pr,NEt
(0.87 mL, 4.96 mmol, 15.0 equiv.) added followed by dropwise addition of MOMCI (0.25 mL,
3.31 mmol, 10 equiv.), causing a smokiness to evolve from the reaction. The flask was then
lowered into a 60 °C oil bath, and let stir for 16 hours at this temperature. The reaction was
then cooled to room temperature, diluted with sat. NH4Cl (20 mL), transferred to a separatory
funnel and extracted with EtOAc (4 x 20 mL). The combined organic extracts were dried over
NaySOy, filtered, and concentrated in vacuo. The resulting crude residue was purified by silica
gel chromatography (10% to 20% to 30% to 40% acetone in hexanes) to afford methoxy methyl

ether 230 (131 mg, 0.251 mmol, 76% yield over two steps) as a white foam.
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'"H NMR (400 MHz, Chloroform-d):  7.11 (ddd, J = 9.8, 6.4, 1.6 Hz, 1H), 5.95 (d, J = 4.0
Hz, 1H), 5.81 (ddd, J=9.8, 1.9, 0.6 Hz, 1H), 4.92 (q, J = 4.5 Hz, 1H), 4.70 (s, 1H), 4.65 (s,
2H), 4.12 - 4.04 (m, 2H), 3.50 — 3.46 (m, 1H), 3.41 —3.37 (m, 1H), 3.32 (s, 3H), 3.27 (s, 3H),
3.27 - 3.19 (m, 1H), 3.19 (s, 3H), 3.13 (d, /= 9.2 Hz, 1H), 3.03 (d, / = 9.2 Hz, 1H), 2.62 —
2.54 (m, 1H), 2.42 -2.33 (m, 2H), 2.31 - 2.23 (m, 1H), 2.21 (s, 3H), 2.04 — 1.96 (m, 1H), 1.74
—1.66 (m, 1H), 1.47 — 1.33 (m, 2H).

BC NMR (101 MHz, CDCl3): § 195.6, 168.9, 160.0 (br), 150.6, 125.4, 123.9, 96.1, 90.6, 82.0,
77.9,66.7,59.4,59.3,55.9, 55.1, 52.9, 47.6, 46.2, 45.5, 42.7, 35.4, 35.3, 31.9, 24.5, 21.9.
FTIR (NaCl, thin film): 3454, 3056, 2920, 2825, 2244, 1703, 1682, 1654, 1621, 1454, 1109,
1035, 918 cm™.

HRMS: (ESI-TOF) calc’d for C,sH3sBrNOg [M + H]" 524.1642, found 524.1689

[a]3® = +179° (¢ = 0.50, CHCl;).

TLC (100%EtOAc), Rs: 0.5 (UV, pink in p-anisaldehyde)

Preparation of hexacycle 231:

MeO OMe MeO OMe
~——NAc n-Bu3SnH ~——NAc
AIBN N
~ Br benzene
80 °C
O
OMOM 99% yield OMOM
230 231

A 100 mL, round-bottom flask was charged with enone 230 (234 mg, 0.45 mmol, 1.0
equiv.) and dissolved in benzene (89 mL). The solution was degassed (freeze-pump-thaw with
N, 3 cycles) and the headspace was purged with argon. Meanwhile, a solution of AIBN (36.6
mg, 0.22 mmol, 0.5 equiv.) and #n-Bu3SnH (0.72 mL, 2.68 mmol, 6.0 equiv.) in benzene (7

mL) was degassed in the same manor. The round-bottom flask containing the substrate was



Chapter 4 — Completion of Aconitine Core and Synthesis 164
of (—)-Talatisamine, (-)-Liljestrandisine, and (-)-Liljestrandinine

then heated to 80 °C in an oil bath, and the AIBN/n-Bu3;SnH solution was added over 7 hours
to the substrate solution via syringe pump. After the addition of the AIBN/#-Bu3SnH solution
was complete, the reaction was cooled to room temperature and concentrated in vacuo. The
resulting crude residue was purified by chromatography with a 90% Si0,/ 10% ground K,CO;
solid support"’ eluting (20% to 30% to 40% to 50% acetone in hexanes) to afford hexacycle
231 (205 mg, 0.45 mmol, 99% yield) as a clear oil.

"H NMR (400 MHz, Chloroform-d): 5 5.83 (d, J= 2.6 Hz, 1H), 4.68 — 4.64 (m, 2H), 4.48 (t,
J=5.6 Hz, 1H), 4.07 (s, 1H), 3.74 (d, J = 14.6 Hz, 1H), 3.58 (dd, /= 10.4, 7.2 Hz, 1H), 3.34
(s, 3H), 3.30 (s, 3H), 3.29 (s, 3H), 3.24 — 3.19 (m, 2H), 3.03 (d, /= 9.0 Hz, 1H), 2.91 (t, J =
5.7 Hz, 1H), 2.73 — 2.62 (m, 2H), 2.33 — 2.22 (m, 3H), 2.16 — 2.06 (m, 5H), 2.01 — 1.94 (m,
1H), 1.78 — 1.67 (m, 2H), 1.44 (dddd, J = 14.9, 13.2, 4.0, 1.7 Hz, 1H), 1.35 — 1.30 (m, 1H).
3C NMR (101 MHz, CDCl;): § 204.6, 169.8, 153.4, 121.4, 96.3, 80.0, 79.0, 78.2, 65.0, 59.7,
59.4,55.9,55.1,51.5,46.2,45.4,42.5,42.2,39.2,37.7,33.8, 31.9, 30.5, 24.7, 22.5.
2-dimensional NMR data is included below (HSQC, HMBC, COSY, NOESY).

FTIR (NaCl, thin film): 2924, 2825, 1708, 1644, 1418, 1405, 1150, 1112, 1091, 1045, 1001,
919 em™.

HRMS: (ESI-TOF) calc’d for CosH39N,O6 [M + NH4]" 463.2803, found 463.2797

[a]Z® = +84.5° (c = 1.0, CHCly).

TLC (100%EtOAc), Rs: 0.3 (UV, brown in p-anisaldehyde)
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Preparation of carbocycle 232:

MeO, OMe MeO OMe
——NAc Pd/C ~—NAc
EtOH
OMOM 6} 84% yield OMOM 6}
231 232

A 50 mL, round-bottom flask was charged with alkene 231 (100 mg, 0.224 mmol),
Pd/C (10% wt % palladium, contains 67% H,0, 300 mg, 0.282 mmol, 1.25 equiv.), and EtOH
(5 mL). The flask was then equipped with a rubber septum, and the suspension was sparged
with an H, balloon for 10 minutes, then let stir under H, for an additional 20 minutes. The
reaction was monitored by TLC and LCMS, indicating that the reaction had gone to
completion. The reaction mixture was then sparged with an argon balloon for 20 minutes, then
filtered through a plug of SiO;, and celite that had been pre-packed with 5%MeOH/95%
CH,Cl,, flushed with more 5%MeOH/95% CH,Cl,, and then concentrated in vacuo. The
resulting crude residue was purified by silica gel chromatography (20% to 30% to 40% to 50%
acetone in hexanes) to afford 232 (84 mg, 0.187 mmol, 84% yield) as a white foam.
'"H NMR (400 MHz, Chloroform-d): § 4.60 (s, 2H), 4.11 (t, J = 5.0 Hz, 1H), 3.99 (s, 1H),
3.86 (d, J=14.4 Hz, 1H), 3.31 (s, 3H), 3.28 (s, 3H), 3.20 (m, 5H), 3.09 (dd, /= 10.4, 7.1 Hz,
1H), 2.98 (d, J=9.1 Hz, 1H), 2.76 (dd, J= 7.8, 5.6 Hz, 1H), 2.70 (dd, J=19.6, 11.4 Hz, 1H),
2.58 (d,J=15.0 Hz, 1H), 2.56 — 2.47 (m, 1H), 2.44 —2.37 (m, 1H), 2.37 - 2.29 (m, 1H), 2.06
(d, J=8.2 Hz, 7TH), 1.92 — 1.85 (m, 2H), 1.71 — 1.64 (m, 2H), 1.43 (tdd, /= 13.4, 4.4, 1.9 Hz,
1H), 1.33 — 1.25 (m, 1H).
3C NMR (101 MHz, CDCl): § 212.9, 169.7, 96.0, 84.0, 79.7, 78.2, 59.4, 56.8, 55.8, 55.6,
52.3,48.3,46.8,46.1,44.5,43.9,39.1, 37.4, 36.6, 33.8, 32.0, 28.6, 27.3, 25.2, 22.5.

TLC (100%EtOAc), Rs: 0.3 (UV, yellow in p-anisaldehyde)
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FTIR (NaCl, thin film): 2913, 2241, 1714, 1698, 1650, 1644, 1634, 1614, 1470, 1454, 1108,
1041,919 cm™.
HRMS: (ESI-TOF) calc’d for CosH3sNOg [M + H]" 448.2694, found 448.2687

[a]3® =—-57.4° (¢ = 2.47, CHCL).

Preparation of B-hydroxy ketone 234:

LiHMDS
OMe
MeO cl MeO OMe
~—NAc tBu_ .S. ~——NAc
N“ " ~Ph
H 2
= 33 >
THF, —78 to 21 °C;
16 then H,0, pyr .
o Vi OH

OMOM (0] 97% yield MOMO (0]

232 234

A 50 mL round-bottom flask was charged with ketone 232 (50.0 mg, 0.11 mmol, 1.0
equiv.) and put under N,. THF (4.5 mL) was added and the solution cooled to -78 °C. A
solution of LIHMDS (1M in THF, 0.25 mL, 0.25 mmol, 2.2 equiv.) was added dropwise over
10 minutes. The mixture was stirred at -78 °C for 15 minutes before a solution of N-tert-butyl-
phenylsulfinyl chloride (193 mg, 0.89 mmol, 8 equiv.) in THF (2.1 mL) was added dropwise
over 5 minutes. The reaction was stirred at -78 °C for 15 minutes, then warmed to 21 °C and
stirred 1 hour. Pyridine (0.05 mL) and water (1.7 mL) were added, and the mixture stirred at
21 °C for 16 hours. The reaction was quenched with saturated aqueous NaHCO3 (10 mL), and
extracted with 3:1 CHCL;:’PrOH (5 x 10 mL). The combined organic extracts were dried
(NaxSOy), filtered and concentrated to give the crude product as a yellow oil. The reaction was
purified by column chromatography (1-2-3-4-5-6-7% MeOH in CH,Cl,) to give S-hydroxy
ketone 234 (50.0 mg, 0.11 mmol, 97% yield) as a white solid.

"H NMR (600 MHz, Chloroform-d) 5 4.69 — 4.64 (m, 2H), 4.27 (t, J= 5.1 Hz, 1H), 3.98 (s,

1H), 3.90 (d, J = 14.3 Hz, 1H), 3.35 (s, 3H), 3.31 (s, 3H), 3.25 - 3.10 (m, 6H), 3.03 (s, 1H),
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2.88 (dd, J=7.8, 5.2 Hz, 1H), 2.79 (d, J= 2.3 Hz, 1H), 2.63 (d, J= 13.9 Hz, 1H), 2.51 —2.44
(m, 2H), 2.21 — 2.04 (m, 8H), 2.02 (d, J = 8.0 Hz, 1H), 1.92 (d, J = 7.5 Hz, 1H), 1.80 (dd, J =
15.1, 7.8 Hz, 1H), 1.71 (ddd, J = 13.6, 5.1, 2.8 Hz, 1H), 1.46 (tdd, J = 13.7, 4.7, 1.9 Hz, 1H),
1.34—1.26 (m, 1H).

3C NMR (101 MHz, CDCly): § 210.4, 169.7, 96.3, 82.7, 80.5, 78.0, 73.4, 59.5, 58.5, 56.1,
55.5,52.2,51.7,50.6,48.3,45.6,45.3, 44.4, 44.3, 37.4,31.9,27.0, 25.3, 25.2, 22.5.

FTIR (NaCl, thin film): 3422, 2926, 2891, 2826, 2242, 1713, 1633, 1462, 1434, 1153, 1106,
1043, 920 cm’.

HRMS: (ESI-TOF) calc’d for C,sH3sNO; [M + H]" 464.2643, found 464.2646

[a]3® =—-52.6° (¢ = 0.70, CHCl;).

TLC (10%MeOH/90%CH,Cl,), Rs: 0.5 (UV, yellow in p-anisaldehyde)

Sml,/NEt;/H,0 Reduction of Ketone 234 to diols 235 and 236:

MeO, OMe MeO, OMe MeO, OMe
~—NAc ~—NACc ~—NAc
Sml, (2.5 equiv.)
H,0 (6.25 equiv.)
EtsN (5 equiv.) H OH
) THF, -78t0 0 °C ) )
.o & 0 .0 I OH 0 I'H
MOM H MOM H MOM H
234 235 236
29% yield 58% yield

Preparation of Sml,: 1,2-diiodoethane was purified prior to use as follows: 1,2-diiodoethane
(1.6 g) was dissolved in Et,0O (50 mL) and washed with sat. aq. Na,S,03 (3 x 10 mL) and
deionized water (2 x 10 mL), dried over Na,SOy, filtered, and concentrated in vacuo to give
1.41 g of a white solid. A 100 mL Schlenk flask containing a stir bar was charged with freshly
filed Sm metal (650 mg). The system was flame-dried under high vacuum then cooled to

ambient temperature before adding freshly purified 1,2-diiodoethane (700 mg). The
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atmosphere was exchanged three times for argon. Subsequently, the flask was charged with
anhydrous THF (25 mL) that had been submitted to five freeze-pump-thaw cycles. Note: The
THF used for the synthesis of Sml, must contain <50 ppm H,O; THF containing greater
quantities of water resulted in excessive induction times for the synthesis of Sml,. The
suspension was stirred for 2 min and the flask was cautiously and briefly (5 s) placed under
partial high vacuum, then purged with argon. This process was repeated two additional times
to remove ethylene gas formed from insertion of Sm metal into 1,2-diiodoethane. The resulting
heterogeneous suspension was rapidly (930 rpm) stirred; after 5 min, the reaction turned dark
green, and within 10 min, a dark blue color was observed. After stirring under argon for 3 h at
19 °C, the system was cautiously and briefly placed under high vacuum, then purged with
argon. This process was repeated two additional times, then stirring was halted. The mixture
was allowed to settle for 15 min prior to use.

A 5 mL round-bottom flask charged with ketone 234 (12.0 mg, 26 umol, 1.0 equiv.)
and put under argon. THF (1.2 mL) degassed by 3 freeze-pump-thaw cycles was added, and
the mixture was cooled to -78 °C. In a separate flask, a stock solution of NEt; (0.20 mL, 1.4
mmol, 50 equiv.) and water (30 puL, 1.7 mmol, 65 equiv.) in THF (4.8 mL). 0.50 mL of the
Et3N/H,0 stock solution (5.0 equiv Et;N, 6.5 equiv H,0O) was added to a third flask containing
freshly prepared Sml, solution (~0.1 M in THF, 0.65 mL, 65 pumol, 2.5 equiv.). The
Sml,/EtsN/H»O solution was added dropwise to the substrate, and the mixture stirred at -78 °C
for 5 minutes before warming to 0 °C and stirring an additional 90 minutes. The reaction was
quenched with saturated aqueous NaHCO; (3 mL). The mixture was extracted with 3:1
CHCI3:'PrOH (5 x 4 mL). The combined organic extracts were dried (Na,SOy), filtered and

concentrated in vacuo. The crude residue was purified via column chromatography (SiO, 2-3-
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4-5-6% MeOH in CH,Cl,) to afford C16-equitorial diol 236 (7.0 mg, 15 umol, 58% yield) and
Cl6-axial diol 235 (3.5 mg, 7.5 umol, 29% yield) as colorless oils.

NaBH, Reduction of Ketone 234 to diols 235 and 236:

oM oM
MeQ OMe MeO © MeQ ©
~—NAc ~—NAc ~NAc
NaBH,
MeOH, 0 °C
H OH
o £ o o P o f
P bl H e H
MOM H MOM H MOM H
234 235 236
41% yield 21% yield

MeOH (5 mL) was added to a 25 mL round-bottom flask charged with ketone 234 (22
mg, 47 umol, 1.0 equiv.) and the solution cooled to 0 °C. NaBH,4 (36 mg, 0.47 mmol, 10 equiv.)
was added slowly in portions (granual by granual). After complete addition of the reductant,
the reaction was stirred for an additional 30 minutes before quenching with 0.5 M NaOH (5
mL). The mixture was stirred for 30 minutes, then extracted with 3:1 CHCl3:'PrOH (5 x 10
mL). The combined organic extracts were dried (Na,SO,), filtered and concentrated in vacuo.
The crude residue was purified via column chromatography (SiO, 2-3-4-5-6% MeOH in
CH,Cl,) to afford Cl6-axial diol 235 (9.0 mg, 19 umol, 41% yield) and C16-equitorial diol

236 (4.6 mg, 9.9 umol, 21% yield) as colorless oils.

Characterization of axial C16-alcohol 235:

"H NMR (600 MHz, Chloroform-d) 5 4.75 (s, 2H), 4.12 (t, J= 5.0 Hz, 1H), 4.01 (s, 1H), 3.87
(d,J=14.3 Hz, 1H), 3.72 (t, J=9.7 Hz, 1H), 3.43 (s, 3H), 3.31 (s, 3H), 3.22 (s, 3H), 3.20 (d,
J=1.8 Hz, 1H), 3.20 - 3.05 (m, 2H), 3.00 (t, /= 4.6 Hz, 1H), 2.67 — 2.54 (m, 2H), 2.38 —2.29
(m, 2H), 2.15 (s, 3H), 2.10 — 2.02 (m, 4H), 1.91 (d, /= 7.7 Hz, 1H), 1.88 — 1.79 (m, 3H), 1.74

—1.64 (m, 2H), 1.43 (td, J=14.2, 4.4 Hz, 1H), 1.38 — 1.24 (m, 2H).
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BC NMR (101 MHz, CDCl3) § 169.9, 970, 83.1, 81.8, 78.3, 72.9, 72.4, 59.6, 59.1, 56.20,
55.8,53.2,48.4,45.6,44.7,44.0,41.2,37.6,32.2,27.6,25.4,22.7.

FTIR (NaCl, thin film): 3480, 3451, 2926, 2824, 2530, 2508, 2490, 2044, 1686, 1618, 1435,
1212, 1152, 1166, 1106, 1058, 1038, 913, 868, 825, 777, 755, 732, 685, 668 cm’".

HRMS: (ESI-TOF) calc’d for C,5H3oNO;Na [M + Na]" 488.2619, found 488.2603 diff.: 3.41
ppm.

[a]3! = -57.5° (¢ = 0.21, CHCL).

TLC (6% MeOH/94% CH,Cl,), R 0.5 (Blue in p-anisaldehyde)

Characterization of C16-equitorial alcohol 236:

"H NMR (400 MHz, Chloroform-d) 5 4.67 (d, J= 3.1 Hz, 2H), 4.45 (d, J = 4.7 Hz, 2H), 4.05
(dd, J=6.0, 4.3 Hz, 1H), 3.79 (d, J = 14.4 Hz, 1H), 3.40 (s, 3H), 3.30 (s, 3H), 3.26 (s, 3H),
3.21(d,J=8.9 Hz, 1H), 3.15 (dd, J=10.6, 7.0 Hz, 1H), 3.00 (d, /= 9.0 Hz, 1H), 2.68 (d, J =
14.3 Hz, 1H), 2.36 — 2.24 (m, 3H), 2.24 — 2.15 (m, 4H), 2.11 — 2.05 (m, 2H), 1.92 (d, /= 7.6
Hz, 1H), 1.89 — 1.76 (m, 3H), 1.72 — 1.63 (m, 3H), 1.44 — 1.38 (m, 1H), 1.32 — 1.29 (m, 1H).
C NMR (101 MHz, CDCl3) § 170.3, 96.1, 83.7, 80.5, 78.3, 75.3, 66.1, 59.7, 59.6, 56.1, 56.0,
52.4,49.0,45.4,45.4,44.9,44.5,41.9, 40.7, 37.8, 32.41, 29.9, 25.7, 25.0, 23.0, 22.6.

FTIR (NaCl, thin film): 3897, 3413, 2928, 1721, 1622, 1429, 1379, 1258, 1212, 1166, 1152,
1106, 1061, 1039, 996, 942, 918, 884, 798, 766, 748, 664 cm’.

HRMS: (ESI-TOF) calc’d for C,5H3oNO;Na [M + Na]* 488.2619, found 488.2612 diff.: 1.85
ppm

[a]3! = -19.4° (¢ = 0.17, CHCL).

TLC (6% MeOH/94% CH,Cl,), R 0.5 (Blue in p-anisaldehyde)
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Preparation of amine 245 from amide 235:

MeO OMe MeO OMe

——NAc ——NEt
LiAH,
Et,0,01040°C
| 75% yield |
momo HOoH momo HOoH
235 245

A 1-dram vial charged with amide 235 (4.0 mg, 8.6 pmol, 1.0 equiv.) and Et,O (1 mL)
was cooled to 0 °C. A solution of LiAlH4 (1 M in THF, 0.04 mL, 40 pumol, 5 equiv.) was added
dropwise. The reaction was heated to 40 °C and stirred for 4 hours. The reaction was cooled
to 0 °C before quenching with 0.5 M NaOH (1 mL). The mixture was extracted with 3:1
CHCI3:'PrOH (4 x 2 mL). The combined organic phases were dried (Na,SO,), filtered and
concentrated in vacuo. The crude mixture was purified by column chromatography (SiO,, 1-
2-3-4-5% 7N NH3 in MeOH/CH,Cl,) to afford 245 as a colorless oil (3.0 mg, 6.6 umol, 77%
yield).

Characterization below.

Preparation of amine 237 from amide 236:

MeO, OMe MeO. OMe
——NAC ——NEt
LiAIH,
Et,0, 0 t0 40 °C
~/,-OH 27% yield ~,-OH
momo HO momo HO
236 237

A 1-dram vial charged with amide 236 (5.0 mg, 11 umol, 1.0 equiv.) and Et,O (1 mL)
was cooled to 0 °C. A solution of LiAlH4 (1 M in THF, 0.06 mL, 60 umol, 5.5 equiv.) was
added dropwise. The reaction was heated to 40 °C and stirred for 4 hours. The reaction was

cooled to 0 °C before quenching with 0.5 M NaOH (1 mL). The mixture was extracted with
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3:1 CHCL;:'PrOH (4 x 2 mL). The combined organic phases were dried (Na,SO4), filtered and
concentrated in vacuo. The crude mixture was purified by column chromatography (SiO,, 1-
2-3-4-5% 7N NH; in MeOH/CH,Cl,) to afford amine 237 as a colorless oil (1.3 mg, 2.8 pmol,
27% yield).

"H NMR (600 MHz, Benzene-ds) 5 4.41 —4.29 (m, 3H), 3.87 (t,J = 5.3 Hz, 1H), 3.74 (s, 1H),
3.22 (s, 1H), 3.13 (s, 3H), 3.12 - 3.10 (m, 6H), 3.09 — 3.03 (m, 1H), 2.99 — 2.92 (m, 2H), 2.81
(d, J=8.6 Hz, 1H), 2.56 — 2.43 (m, 4H), 2.35 - 2.26 (m, 3H), 2.20 — 2.12 (m, 2H), 2.10 — 2.01
(m, 3H), 1.99 — 1.95 (m, 1H), 1.92 — 1.87 (m, 1H), 1.62 (d, J = 7.4 Hz, 1H), 1.53 — 1.49 (m,
2H), 1.41 — 1.32 (m, 2H), 1.05 (t, /= 7.1 Hz, 3H).

BC NMR (101 MHz, C¢Dy) & 95.8, 86.2, 81.0, 79.6, 75.7, 66.3, 63.4, 59.1, 55.8, 55.4, 53.8,
49.7,46.4,46.1,45.8,45.6,42.7,41.2,39.1, 33.4, 30.2, 26.2, 25.8, 23.8, 13.9.

FTIR (NaCl, thin film): 3420, 2924, 2820, 1719, 1453, 1388, 1290, 1260, 1203, 1170, 1150,
1110, 1040, 966, 919, 804, 753, 724, 657 cm’.

HRMS: (ESI-TOF) calc’d for C,5sH4,NOg [M +H]™ 452.3003, found: 452.3007 diff: 0.92 ppm
[a]3! = -9.3° (¢ = 0.18, CHCL;).

TLC (6% MeOH/94% CH,Cl,), Rz: 0.2 (KMnOs)
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Preparation of diol 245:
MeO OMe MeO. OMe
——NAc ——NEt
RedAI®
Et,O
0to21°C o
Y 58% yield | Y16
OH
MOMO © momo HOoH
234 245

B-hydroxy ketone 234 (13 mg, 28 umol, 1 equiv.) was dissolved in Et,O (1.5 mL) under
N> and cooled to 0 °C. A solution of RedAl in toluene (>46%, ~3M, 0.16 mL, 0.48 mmol, 17
equiv.) was added dropwise over 10 minutes. The reaction was stirred at 0 °C for 30 min.
before warming to room temp and stirring an additional 2h. The solution was cooled to 0 °C
and quenched with 0.5 M NaOH (aq., 2 mL) and stirred for 15 minutes. The mixture was
extracted with 3:1 CHCl;:'PrOH (5 x 3 mL). The combined organic phase was dried (Na,SOy),
filtered and concentrated. The crude was purified by column chromatography (1-6% 7N NHj3
in MeOH/CH,Cl,) to give 245 (7.3 mg, 16 umol, 58%) as a thin film.
"H NMR (600 MHz, C¢Dg): & 4.33 (s, 2H), 3.91 (t, J = 5.0 Hz, 1H), 3.79 (t, J = 9.2 Hz, 1H),
3.21 (s, 1H), 3.18 (d, J=10.2 Hz, 1H), 3.11 (s, 3H), 3.07 (s, 3H), 3.07 (s, 3H), 2.97 (d, /= 8.8
Hz, 1H), 2.87 (dd, J = 10.6, 6.6 Hz, 1H), 2.80 (m, 2H), 2.68 (dd, /= 16.9, 9.2 Hz, 1H), 2.51
(d, J=11.4 Hz, 1H), 2.36-2.48 (m, 2H), 2.18-2.30 (m, 5H), 2.06-2.10 (m, 2H), 1.94-1.98 (m,
2H), 1.88 (ddd, J = 13.4, 5.0, 2.6 Hz, 1H), 1.48-1.63 (m, 4H), 1.34 (dt, /= 11.4, 6.7 Hz, 1H),
1.03 (t,J= 7.2 Hz, 3H).
3C NMR (101 MHz, C¢Dy): 5 96.2, 85.8, 81.4, 79.7, 73.2, 72.7, 62.5, 59.2, 55.7, 55.5, 53.8,
49.5,49.0, 46.7, 46.2, 46.0, 45.6, 44.9, 41.5, 38.9, 33.3, 28.6, 26.6, 25.5, 13.8.
FTIR (NaCl, thin film): cm™'. 3434, 2928, 2822, 1461, 1448, 1375, 1201, 1148, 1110, 1052,
922, 754, 640.

HRMS: calc’d for C2sH4oNOg [M + H]": 452.3003 found: 452.3023 diff: 0.94 ppm
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[a]3! = -20.1 (c = 0.52, CHCL)

TLC (6% 7N NH; in MeOH/90%CH,Cl,), Re: 0.5 (KMnOs)

Preparation of (-)-liljestrandisine (238):

MeO OMe MeO OMe
~——NEt ~——NEt
H,S0, (0.5 M)
40°C
| 96% yield I
.0 MO0y oHHO oH
MOM - L
245 liljestrandisine (238)

revised structure
A 1-dram vial was charged with diol 245 (2.5 mg, 5.6 umol, 1.0 equiv.) and 0.5 M
H,SO4 (aq., 1 mL). The solution was heated to 40 °C for 4 hours before quenching with 0.5 M
NaOH (1.5 mL) and saturated aqueous NaHCO; (2 mL). The mixture was extracted with
3:1CHCl3:'PrOH (5 x 3 mL). The combined organic phases were dried (Na,SO,), filtered and
concentrated. The product was purified on column chromatography (SiO,, 1-2-3-4-5-6% 7N
NH; in MeOH/CH,Cl,) to give (—)-liljestrandisine (238) (2.2 mg, 5.4 umol. 96%) as a thin
film.
"H NMR (600 MHz, Chloroform-d)  4.25 (t,J= 5.3 Hz, 1H), 4.16 (br, 1H), 3.87 (d, J=8.7
Hz, 1H), 3.30 (s, 3H), 3.26 (s, 3H), 3.20 (br, 1H), 3.18 (s, 1H), 3.11 (ABq, J = 9.0 Hz, 1H),
3.07 (dd, J=10.8, 6.5 Hz, 1H), 2.99 (ABq, J = 9.0 Hz, 1H), 2.89 (br, 1H), 2.64 (dd, J = 17.4,
8.9 Hz, 1H), 2.56 — 2.47 (m, 2H), 2.45 — 2.33 (m, 1H), 2.32 — 2.19 (m, 3H), 2.08 (d, /= 7.8
Hz, 1H), 2.05 - 1.86 (m, 4H), 1.83 (dd, J=10.3, 5.5 Hz, 2H), 1.80 — 1.74 (m, 1H), 1.74 — 1.69
(m, 1H), 1.66 (d, J= 7.4 Hz, 1H), 1.49 (dd, J=14.9, 7.9 Hz, 1H), 1.45 — 1.35 (m, 1H), 1.06 (t,

J=7.1Hz, 3H).
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C NMR (151 MHz, CDCl3) § 86.2,79.4, 76.1, 73.6, 72.6, 63.1, 59.5, 56.3, 53.1, 49.55, 48.6,
46.57,46.47,46.08, 45.7, 42.5, 40.9, 38.7, 32.8, 27.9, 25.8, 24.6, 13.7.

FTIR (NaCl, thin film): 3330, 2923, 2883, 2814, 1455, 1094 cm'".

HRMS: (ESI-TOF) calc’d for C,3H33sNOs [M + H]" 408.2744, found 408.2736

[a]3® =-9.5° (c = 0.15, CHCL;).

TLC (10%7N NH3 in MeOH/90% CH,Cl,), Ry: 0.5 (ninhydrin)

'H and "C line list comparison tables are shown below with natural liljestrandisine.'’

The following carbon numbering system is used in the line list comparisons:

MeO OMe

1
OH /OOH
H

(-)-liljestrandisine (238)
revised
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authentic liljestrandisine synthetic liljestrandisine
Wang, 2004 (ref. 10) this report
(400 MHz, CHCl3) (600 MHz, CHCl5)
[alp=—12 ° (c =0.5, CHCly) [alp=—9.5 ° (c =0.15, CHCly)
rgﬁlrtti)&?cﬁ)’/ 'H (8) ppm 1H (5) ppm
1d 3.07,dd(10.4, 6.4) 3.07 (dd (10.8, 6.5), 1H)
2t 1.98, m; 2.19, m 1.96 (m, 4H); 2.25 (m, 3H)
3t 1.38, dd(11.6); 1.74, m 1.39 (m, 1H); 1.77 (m, 1H)
4s - -
5d 1.64, d(7.2) 1.66 (d (7.4), 1H)
6t 1.47,dd(14.4, 7.6; 1.89, d(7.6) 1.49 (dd (14.9, 7.9), 1H); 1.96 (m, 4H)
7d 2.07,d(8.0) 2.08 (d (7.8), 1H)
8s - -
9d 225, m 2.25 (m, 3H)
10d 1.70, m 1.71 (m, 1H)
11s - -
12t 1.78, m; 1.78, m 1.83 (m, 2H); 1.83 (m, 2H)
13d 2.23, m 2.25 (m, 3H)
14 d 4.22,1(5.0) 4.25 (1 (5.3), 1H)
151 1.95, m; 2.58, m 1.96 (m, 4H); 2.64 (dd (17.4, 8.9), 1H)
16 d 3.82,d(8.0) 3.87 (t (8.7), 1H)
17d 3.18,s 3.18 (s, 1H)
181 2.99, ABq(9.2); 3.11, ABq(8.4) 2.99, ABq (9.0), 1H; 3.11, ABq(9.0), 1H
19t 2.02,d(11.6); 2.51, m 1.96 (m, 4H); 2.52 (m, 2H)
N CH2 2.39, m; 2.56, m 2.38 (m, 1H); 2.52 (m, 2H)
NCH2CH3 1.05, 1(7.2) 1.06 (t (7.1), 3H)
1’ 3.26 s 3.26 (s, 3H)
18’ 3.29s 3.30 (s, 3H)
8-OH — 2.89 (br, 1H)
14-OH — 4.25 (br, 1H)
16-OH — 3.20 (br, 1H)

Table 4.4 Comparison of "H NMR data for Authentic (ref. 10) vs. Synthetic (-)-

liliestrandisine.
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authentic liljestrandisine synthetic liljestrandisine
Wang, 2004 (ref. 10) this report chemical shift
(100 MHz, CHCl5) (151 MHz, CHCly) difference
[alp=—12 ° (c =0.5, CHCl,) [alp=—9.5 ° (c =0.15, CHCl53)
i 13G (5) ppm 13G (5) ppm 15C (45) ppm
1d 86.2 86.2 0
2t 25.7 25.8 +0.1
3t 32.7 32.8 +0.1
4s 38.7 38.7 0
5d 46.0 46.1 0
6t 24.6 24.6 0
7d 46.4 46.47 +0.1
8s 73.6 73.6 0
9d 46.5 46.57 +0.1
10d 45.8 45.7 -0.1
11s 48.7 48.6 -0.1
12t 27.9 27.9 0
13d 40.8 40.9 +0.1
14 d 75.8 76.0 +0.2
15t 42.3 425 +0.2
16 d 72.5 72.6 +0.1
17 d 63.0 63.2 +0.2
181 79.4 79.4 0
19t 53.2 53.1 -0.1
N CH2 49.5 49.5 0
NCH2CH3 13.6 13.7 +0.1
1’ 56.2 56.3 +0.1
18’ 59.5 59.5 0

Table 4.5 Comparison of "C NMR data for Authentic (ref. 10) vs. Synthetic (-)-

liliestrandisine.
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Preparation of (-)-talatisamine (1):

MeO, o'\ﬂﬁzt 1. BFy-OEt,0°C;  MeO Ol\:ﬁzt
then Me3;OBF,,
2,6-Bu,-4-MePyr
2. H,S0, (0.5 M)
| 40 °C :
o
.0 HOon 7% yield oHHO Ome
MOM . .
245 talatisamine (1)

A stock solution of BF3*OEt, (12 uL/mL) in CH,Cl, was prepared by 10x dilution of a
solution of BF3;*OEt; (0.12 mL) in CH,Cl, (0.88 mL).

A 1-dram vial was charged with diol 245 (4.2 mg, 9.3 wmol, 1.0 equiv.) and CH,Cl,
(2.1 mL). The mixture was cooled to 0 °C before 0.10 mL of a stock solution of BF3OEt, (12
uL/mL, 0.10 mL ,1.2 uL, 9.3 wmol, 1.0 equiv.) was added dropwise. The mixture was warmed
to 20 °C before 2,6-di-tert-butyl-4-methylpyridine (7.6 mg, 37 umol, 4.0 equiv.) was added,
followed by Me;OBF4 (5.5 mg, 37 umol, 4.0 equiv.). The mixture was stirred (750 rpm) for 2
hours before quenching with saturated aqueous NaHCO; (1 mL). The mixture was extracted
with 3:1 CHCl3:'PrOH (8 x 2 mL) and the combined extracts were dried (Na,SOy), filtered and
concentrated in vacuo. The crude product was carried onto the next step without purification.

A 1-dram vial was charged with the crude methylation product and 0.5 M H,SO;4 (1
mL). The reaction was heated to 40 °C for 5 hours. The reaction was transferred to a 20 mL
vial and quenched with saturated aqueous NaHCO; (10 mL). The mixture was extracted with
3:1 CHCIl3:'PrOH (8 x 2 mL) and the combined extracts were dried (Na,SO,), filtered and
concentrated in vacuo. The product was purified by column chromatography (SiO,, 0.25-0.5-
1-2% 7N NH; in MeOH/CH,Cl,) to give (—)-talatisamine (1) (3.0 mg, 7.2 mmol, 77% yield, 2

steps) as a colorless oil.
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'"H NMR (600 MHz, Benzene-ds) 5 4.82 (d, J = 4.1 Hz, 1H), 4.15 (dd, J=9.7, 5.1 Hz, 1H),
3.99 (s, 1H), 3.26 (s, 1H), 3.12 (s, 3H), 3.08 (s, 3H), 3.06 — 3.02 (m, 1H), 2.94 (d, J = 8.8 Hz,
1H), 2.89 — 2.86 (m, 1H), 2.87 — 2.84 (m, 4H), 2.84 (d, J = 8.8 Hz, 1H), 2.56 (d,J= 11.3 Hz,
1H), 2.50 — 2.41 (m, 2H), 2.38 (dd, J = 17.2, 8.7 Hz, 1H), 2.35 — 2.29 (m, 2H), 2.27 (d, J =
7.8 Hz, 1H), 2.23 (d,J = 17.4 Hz, 1H), 2.21 — 2.12 (m, 2H), 2.04 (dd, J= 11.3, 2.4 Hz, 1H),
1.99 — 1.90 (m, 2H), 1.85 (dd, J= 15.5, 7.6 Hz, 1H), 1.65 — 1.57 (m, 1H), 1.55 (d, J= 7.5 Hz,
1H), 1.53 — 1.43 (m, 2H), 1.37 (ddd, J= 11.2, 7.6, 6.0 Hz, 1H), 1.06 (t, J = 7.2 Hz, 3H).

3C NMR (101 MHz, C¢Dg) 5 86.1, 82.7, 79.8, 76.0, 72.8, 62.8, 59.2, 56.1, 55.7, 53.9, 49.7,
49.0, 47.6,46.3, 46.2, 39.1, 38.5, 33.2, 28.1, 26.3, 25.6, 13.9.

FTIR (NaCl, thin film): 3436, 2926, 2814, 1670, 1495, 1456, 1412, 1392, 1204, 1160, 1091,
770, 751, 682, 666, 650, 624, 614 cm™

HRMS: (ESI-TOF) calc’d for C24H40NOs [M + H]Jr :422.2905 found: 422.2894 diff: 2.49 ppm
[a]3! =-3.2 (¢ = 0.23, CHCl3)

TLC (8% 7N NH; MeOH/92%CH,Cl,), Rz 0.3 (KMnO,)

15,16

'H and "C line list comparison tables are shown below with natural talatisamine.

The following carbon numbering system is used in the line list comparisons:

MeO OMe

]
OH /OOMe
H

(-)-talatisamine (1)
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authentic talatisamine
Inoue, 2020 (ref. 15)
(500 MHz, CHCl,)

[a]p=0 ° (c =0.6, CHCIy) (ref. 16)

synthetic talatisamine
this report
(600 MHz, CgDg)
[a]p=—38.2 ° (c =0.23, CHCly)

Carbon #, 1 1
multiplicity (3) ppm H (3) ppm
1d 2.83-2.88 (m, 2H) 2.83-2.88 (m, 2H)
2t 1.92-1.98 (m, 2H) 1.90-1.99 (m, 2H); 2.41-2.50 (m, 2H)
3t 1.43-1.62 (m, 4H); 1.92-1.98 (m, 2H) 1.43-1.53 (m, 2H); 1.90-1.99 (m, 2H)
4s - -
5d 1.43-1.62 (m, 4H) 1.55 (d(7.5), 1H)
61 1.43-1.62 (m, 4H); 2.15-2.22 (m, 3H) 1.43-1.53 (m, 2H); 2.12-2.21 (m, 2H)
7d 2.25-2.38 (m, 3H) 2.27 (d(7.8), 1H)
8s - -
9d 2.25-2.38 (m, 3H) 2.27-2.35 (m, 2H)
10d 1.37 (ddd (9.8, 7.5, 7.3), 1H) 1.37 (ddd(11.2, 7.6, 6.0), 1H)
11s - -
12t 1.43-1.62 (m, 4H), 1.85 (dd (15.5, 7.5), 1H) 1.57-1.65 (m, 1H); 1.85 (dd(15.5, 7.6), 1H)
13d 2.15-2.22 (m, 3H) 2.12-2.21 (m, 2H)
14d 415 (dd (5.5, 7.5), 1H) 4.15 (dd(9.7, 5.1), 1H)
15t 2.15-2.22 (m, 3H), 2.40-2.49 (m, 3H) 2.23 (d(17.4), 1H); 2.38 (dd (8.7, 17.2), 1H)
16 d 3.04 (d (9.2), 1H) 3.02-3.06 (m, 1H)
17d 3.26 (s, 1H) 3.26 (s, 1H)
18t 2.83-2.88 (m, 2H); 2.94 (d(8.6), 1H) 2.83-2.88 (m, 2H); 2.94 (d(8.8), 1H)
19t 2.03 (dd (11.5, 2.3), 1H): 2.56 (d (11.5), 1H) 2.04 (dd(11.3, 2.4), 1H); 2.56 (d(11.3), 1H)
N CH2 2.25-2.38 (m, 3H); 2.40-2.49 (m, 3H) 2.27-2.35 (m, 2H); 2.41-2.50 (m, 2H)
NCH2CH3 1.06 (dd(7.5, 7.5), 3H) 1.06 (1(7.2), 3H)
1 3.08 (s, 3H) 3.08 (s, 3H)
16’ 2.85 (s, 3H) 2.85 (s, 3H)
18’ 3.11 (s, 3H) 3.12 (s, 3H)
8-OH 4.01 (s, 1H) 3.99 (s, 1H)
14-OH 4.84 (d(4.0), 1H) 4.82 (d(4.1), 1H)

Table 4.6 Comparison of "H NMR data for Authentic (ref. 15) vs. Synthetic (-)-

talatisamine."
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authentic talatisamine synthetic talatisamine
Inoue, 2020 (ref. 15) this report chemical shift
(125 MHz, CgDg) (151 MHz, CgDg) difference
[a]p=0 ° (c =0.6, CHCly) (ref. 16) [a]p=—3.2 ° (c =0.23, CHCl,)
ey 13G (5) ppm 13G (5) ppm 13G (A5) ppm
1d 86.1 86.2 +0.1
21 26.3 26.4 +0.1
3t 33.2 33.3 +0.1
4s 38.99/39.03 39.05/39.10 0
5d 46.16/46.18/46.27 46.23/46.26/46.33 +0.1
61 25.5 25.6 +0.1
7d 46.16/46.18/46.27 46.23/46.26/46.33 +0.1
8s 72.8 72.8 0
9d 47.6 47.6 0
10d 46.16/46.18/46.27 46.23/46.26/46.33 +0.1
11s 48.9 49.0 +0.1
12t 28.0 28.1 +0.1
13d 38.4 38.5 +0.1
14d 75.9 76.0 +0.1
151t 38.99/39.03 39.05/39.10 0
16 d 82.7 82.8 +0.1
17d 62.8 62.8 0
18t 79.7 79.8 +0.1
19t 53.8 53.9 +0.1
N CH2 49.6 49.7 +0.1
NCH2CH3 13.9 13.9 0
1’ 55.7 55.7 0
16’ 56.0 56.1 +0.1
18’ 59.1 59.2 +0.1

Table 4.7 Comparison of "C NMR data for Authentic (ref. 15) vs. Synthetic (-)-

talatisamine.
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Preparation of Wang’s reported structure of (—)-liljestrandisine (16-epi-liljestrandisine,

2):
MeO OMe MeO OMe
~——NEt ~——NEt
H,SO,4 (0.5 M)
40 °C
| OH 94 ” | OH

% yie

Mom’o HO onHO

16-epi-liljestrandisine (2)
237 Wang’s reported structure

0.5 M H,SO4 (1 mL) was added to a 1-dram vial charged with diol 237 (2.0 mg, 4.4
umol, 1.0 equiv.) and the mixture was heated to 40 °C for 16 hours. The reaction was cooled
to 0 °C and quenched with 1 M NaOH (1.5 mL) and sat. NaHCO3 (2 mL). The mixture was
extracted with 3:1 CHCL;:'PrOH (8 x 5 mL). The combined organic phases were dried
(NaxSQ,), filtered and concentrated in vacuo. The product was purified by silica gel
chromatography (1-2-3-4-5-6-7 % 7N NH; in MeOH/CH,Cl,) to give 2 (1.7 mg, 4.1 pmol,
91% yield) as a colorless oil.

"H NMR (600 MHz, Chloroform-d) & 4.62 — 4.49 (m, 1H), 4.16 (s, 1H), 3.54 (s, 1H), 3.30
(s, 6H), 3.11 (d, /= 8.9 Hz, 1H), 2.98 (d, /=9.1 Hz, 1H), 2.53 (d, J = 11.3 Hz, 2H), 2.45 —
2.34 (m, 2H), 2.23 (dd, J = 14.9, 7.2 Hz, 2H), 2.20 — 2.12 (m, 2H), 2.12 — 2.01 (m, 3H), 1.97
(br, 1H), 1.90 (dd, J = 15.8, 8.5 Hz, 2H), 1.77 (d, /= 13.3 Hz, 1H), 1.71 — 1.59 (m, 3H), 1.49
(dd,J=14.7,7.6 Hz, 1H), 1.38 (t, /= 14.8 Hz, 2H), 1.06 (t, /= 6.9 Hz, 3H).

C NMR (101 MHz, CDCl3) & 86.29, 79.31, 76.01, 66.20, 63.69, 59.50, 56.41, 53.14, 49.62,
49.39,46.42,46.30,45.82,45.56,42.83,41.50, 38.72, 32.79,29.69, 25.61, 24.95, 23.60, 13.69.

TLC (10% 7N NH; MeOH/92%CH,CL), Ry 0.3 (KMnO,)
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Preparation of B-methoxy ketone 239:

LiIHMDS

Me OMe ¢l MeO, OMe
(e} ~—NAc t'Bu‘N”S‘ph ~——NAc
233
_

THF, —78 to 21 °C
16 then MeOH, pyr

)
OMOM ©O  66% yield MoMO OMe O
232 239

Ketone 232 (11.2 mg, 25 umol, 1 equiv.) was dried by azeotroping with PhMe (3 x 5
mL) in a 2 dram vial. The vial was put under N,, THF (1.0 mL) was added, and the mixture
was cooled to — 78 °C. A solution of LIHMDS (1M in THF, 0.06 mL, 60 umol, 2.2 equiv.)
was added dropwise over 1 minute. The mixture was stirred at -78 °C for 15 minutes before a
solution of N-tert-butyl-phenylsulfinyl chloride (43.2 mg. 0.20 mmol, 8.0 equiv.) in THF (0.50
mL) was added dropwise over 5 minutes. The reaction was stirred at -78 °C for 15 minutes,
then warmed to 21 °C and stirred an additional 1 hour. Pyridine (0.05 mL) was added, followed
by freshly-distilled MeOH (0.25 mL) and the mixture was stirred for 60 hours. The reaction
was quenched with sat. aq. NaHCO3 (2 mL). The mixture was extracted with 3:1 CHCl3:'PrOH
(5 x 2 mL). The combined extracts were dried (NaySQOy), filtered and concentrated. The
reaction was purified by column chromatography (SiO,, 1-2-3-4-5-6-7% MeOH/CH,Cl,) to
give B-methoxy ketone 239 (7.9 mg, 17 umol, 66% yield) and B-hydroxy ketone 234 (3.5 mg,
7.5 umol, 30% yield)
'"H NMR (400 MHz, Chloroform-d): 3 4.77 (d, J = 6.8 Hz, 1H), 4.57 (d, J = 6.8 Hz, 1H),
4.13 (t,J=4.8 Hz, 1H), 3.91 (d, J=14.4 Hz, 1H), 3.74 (s, 1H), 3.33 (s, 3H), 3.30 (s, 3H), 3.22
—3.18 (m, 4H), 3.14 (dd, /= 9.8, 7.2 Hz, 1H), 3.10 (s, 3H), 3.05 — 2.96 (m, 2H), 2.78 (dd, J =

7.6,4.3 Hz, 1H), 2.61 —2.50 (m, 2H), 2.44 (t, /= 5.7 Hz, 1H), 2.39 (d, /= 18.3 Hz, 1H), 2.25
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(d, J=7.8 Hz, 1H), 2.10 — 2.02 (m, 7H), 1.88 (d, J = 7.4 Hz, 1H), 1.72 — 1.64 (m, 2H), 1.45
(tdd, J=13.2,4.5, 1.7 Hz, 1H), 1.37 — 1.26 (m, 1H).

3C NMR (101 MHz, CDCly): & 211.3, 169.7, 95.8, 82.5, 78.2, 77.7, 76.8, 59.5, 58.3, 55.7,
55.5,52.3,48.7 (2 overlapping peaks), 47.6, 45.4, 45.3, 442, 44.1,42.7,37.4,31.6,26.8, 25 4,
24.0,22.4.

FTIR (NaCl, thin film): 2930, 2890, 2825, 1710, 1639, 1430, 1151, 1114, 1092, 1048 cm™".
HRMS: (ESI-TOF) calc’d for C,6H4NO; [M + H]" 478.2799, found 478.2790

[a]3® =—-120° (c = 1.5, CHCLy).

TLC (5%MeOH/95%CH,ClL), Ry 0.5 (UV, yellow in p-anisaldehyde)

Preparation of enol triflate 247:

MeO OMe MeO OMe
~——NAc ~——NAc
LiIHMDS, THF, =78 °C

>

then Comins’ reagent

| |
(e} oTf
OMe OMe
MOMO 55% yield MOMO

239 247

A 50 mL, round-bottom flask was charged with ketone 239 (20 mg, 42 pmol, 1 equiv.),

and azeotroped with PhMe (from the solvent system, 2 x 3 mL) to remove H,O and put under
high vacuum for two hours. The flask was then equipped with a rubber septum, purged with
N, dissolved in THF (2 mL), and cooled to —78 °C in a dry ice/acetone bath. LiHMDS (1M in
THF, 84 uL, 84 umol, 2 equiv.) was added dropwise via syringe, causing the solution to turn
yellow. The LiIHMDS/239 solution was allowed to stir for 30 minutes at —78 °C, and then
Comins’ reagent (36.9 mg, 94 umol, 2.25 equiv.) solution in THF (1 mL) was added dropwise
via syringe. This was allowed to stir for an additional 5 minutes at —78 °C, the bath was then

removed, and this was allowed to stir for 20 minutes at room temperature. The reaction was
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quenched with 0.5 M NaOH (5 mL), and the biphasic mixture was transferred to a separatory
funnel with EtOAc (10 mL). The layers were separated, and the aqueous layer was extracted
EtOAc (4 x 10 mL). The combined organic extracts were dried over Na,SOy, filtered, and
concentrated in vacuo. The resulting crude residue was purified by preparative thin layer silica
gel chromatography (mobile phase: 100% ethyl acetate) to afford enol triflate 247 (14 mg, 23
umol, 55% yield) as a clear oil.

"H NMR (400 MHz, Chloroform-d): 6 5.85 (t,/=1.6 Hz, 1H), 4.71 (d,J= 6.9 Hz, 1H), 4.60
(d, J=6.9 Hz, 1H), 3.93 —3.85 (m, 3H), 3.36 (s, 3H), 3.30 (s, 3H), 3.21 (s, 3H), 3.19 - 3.17
(m, 4H), 3.14 - 3.10 (m, 1H), 3.02 (d, /= 9.1 Hz, 1H), 2.86 (dd, J=14.2, 5.3 Hz, 1H), 2.72 —
2.64 (m, 1H), 2.61 (d, /= 14.4 Hz, 1H), 2.34 (t,J = 5.5 Hz, 1H), 2.27 (d, J= 7.8 Hz, 1H), 2.09
—2.03 (m, 6H), 1.96 — 1.90 (m, 1H), 1.83 (d, /= 7.4 Hz, 1H), 1.76 — 1.68 (m, 2H), 1.43 (tdd,
J=13.2,4.5,1.8 Hz, 1H), 1.33 — 1.27 (m, 1H).

3C NMR (101 MHz, CDCL): § 170.5, 153.9,114.2, 96.0, 82.6, 78.4, 78.2, 77.2, 59.5, 59.1,
55.6, 55.5, 49.4, 48.0, 45.2, 45.1, 44.3, 43.9, 42.8, 42.6, 37.4, 32.0, 30.7, 25.4, 23.7, 22.5.
(Note: triflate carbon was not observed).

FTIR (NaCl, thin film): 2938, 2829, 1636, 1418, 1210, 1142, 1094 cm'".

HRMS: (ESI-TOF) calc’d for C27H39NF300S [M + H]™ 610.2292, found 610.2281

[a]3® =—-37.7° (¢ = 0.50, CHCl;).

TLC (100%EtOAc), Rs: 0.4 (yellow in p-anisaldehyde)
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Preparation of alkene 240:

MeO, OMe MeO OMe
© —_NAc Pd(OAc), PPhy © — _NAc
NEts, HCO,H
DMF, 60 °C
| |
oTt H
Momo  OMe 79% yield momo - O
247 240

A 50 mL, round-bottom flask was charged with enol triflate 247 (10 mg, 16.4 umol,
1.0 equiv.), PPh;s (3.4 mg, 12.96 umol, 0.80 equiv.), and Pd(OAc), (1.5 mg, 6.68 umol, 0.40
equiv.). The flask was equipped with a rubber septum, purged with N, and dissolved in DMF
(0.8 mL). Then, the reaction mixture was sparged with an Ar balloon for 5 minutes. NEt; (46
uL, 328 umol, 20 equiv.) was added followed by HCO,H (3 pL, 82.1 pmol, 5 equiv.)—a cloudy
gas was observed upon addition. The reaction was lowered into a 60 °C oil bath, and allowed
to continue to stir at that temperature for 20 minutes. The reaction turns black during this time
indicating its completion. The reaction was cooled to room temperature, diluted with sat.
NH4CI (5 mL), transferred to a separatory funnel and diluted with EtOAc (10 mL). The layers
were separated and the aqueous extracted with EtOAc (4 x 10 mL). The organic extracts were
dried over Na,SQ,, filtered, and concentrated in vacuo. The resulting crude residue was
purified by preparative thin layer silica gel chromatography (mobile phase: 100% ethyl acetate)
to afford olefin 240 (6.0 mg, 13.0 umol, 79% yield) as a clear oil.
"H NMR (400 MHz, Chloroform-d): 5 6.17 (ddd, J=9.8, 6.7, 1.1 Hz, 1H), 5.85 (dd, J=9.8,
1.9 Hz, 1H), 4.75 (d, J= 6.8 Hz, 1H), 4.59 (d, /= 6.8 Hz, 1H), 3.88 (d, /= 14.2 Hz, 1H), 3.84
(t, J=4.5 Hz, 1H), 3.79 (s, 1H), 3.36 (s, 3H), 3.30 (s, 3H), 3.23 — 3.18 (m, 4H), 3.17 (s, 3H),
3.11 (dd, J=10.3, 7.6 Hz, 1H), 3.04 (d, J = 9.1 Hz, 1H), 2.64 — 2.54 (m, 2H), 2.41 (dd, J =
13.9, 5.3 Hz, 1H), 2.33 (t, /= 5.5 Hz, 1H), 2.14 (d, /= 7.8 Hz, 1H), 2.08 — 1.98 (m, 6H), 1.88

—1.79 (m, 2H), 1.74 — 1.65 (m, 2H), 1.50 — 1.36 (m, 1H), 1.34 — 1.26 (m, 1H).
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3C NMR (101 MHz, CDCLy): § 169.9, 134.3, 125.3, 95.5, 82.9, 78.6, 77.2, 76.6, 59.5, 59.5,
55.6,55.5,49.2,48.0,45.6,45.2,44.3,44.2, 42.7,37.5,37.4, 32.0, 31.5, 25.5, 23.5, 22.5.
FTIR (NaCl, thin film): 2928, 2886, 2822, 1634, 1428, 1149, 1114, 1091, 1044 cm’".
HRMS: (ESI-TOF) calc’d for CosH4NOg [M + H]" 462.2850, found 462.2835

[a]3® =—78.2° (¢ =0.21, CHCL).

TLC (100%EtOAc), R 0.3 (grey/purple in p-anisaldehyde)

Preparation of (-)-liljestrandinine (3):

MeO. OMe MeO. OMe
1. LiAlH,
Et,0, 40 °C
—_—

2. H,SO, (aq)
. 110 °C .
MOMO OMe 60% yield QHHO
240 (2 steps) (-)-liljestrandinine
(3)

A 2-dram vial was charged with acetamide 240 (6 mg, 13 umol, 1 equiv.), azeotroped
with toluene (from the solvent system, 2 x 1 mL) and put under high vacuum for 1 hour. The
vial was then equipped with a rubber septum, purged with N,, and charged with Et,O (1 mL)
to dissolve the substrate, and LiAlH4 solution (I M in THF, 52 pL, 52 umol, 4 equiv.) was
added dropwise via microsyringe. The rubber septum was replaced with a vial cap, and heated
to 40 °C in a pre-heated heating block. The reaction was allowed to stir at 40 °C for 40 minutes,
and then was removed from the heating block and allowed to cool to room temperature. The
reaction was carefully quenched with aqueous 10% NaOH solution (4 mL), and diluted with
Et,0O (4 mL). The layers were separated, and the aqueous layer was extracted with

20%IPA/80%CHCI; (5 x 5 mL). The combined organic extracts were dried over Na;SOy,
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filtered, and concentrated in vacuo. The crude residue was then transferred to a new 2-dram
vial, and used in the next step without further purification.

The 2-dram vial containing the crude residue from the LiAlH4 reduction was dissolved
in aqueous 0.5 M H,SO4 (1.5 mL), sealed with a cap, and heated to 110 °C in a pre-heated
heating block. The reaction was allowed to stir at 110 °C for 3 hours, and then was cooled to
room temperature. Monitoring by LCMS indicated full conversion to the product. The reaction
as then carefully quenched with aqueous 10% NaOH solution (2 mL), and diluted with
20%IPA/80%CHCI; (4 mL). The layers were separated, and the aqueous layer was extracted
with 20%IPA/80%CHCI; (8 x 4 mL). As an additional precaution, the aqueous layer was made
sure to be basic with pH paper, and an LCMS sample of the aqueous layer was taken to ensure
that no product was left behind. The combined organic extracts were dried over Na,;SOs,
filtered, and concentrated in vacuo. The crude residue was purified by preparative thin layer
chromatography (mobile phase: 10% 7 N NH; in MeOH/ 90% CH,Cl,) to furnish (—)-
liljestrandinine (3) (3 mg, 7.8 umol, 60% yield over 2 steps).

Notes:

(1) Due to rapid protonation and other dynamic effects, the ' H NMR and "C NMR spectra
in CDCL. are inconsistent and often display broadened and poorly resolved resonances and
extra peaks arising from the protonated material. Characterization data was therefore obtained
in benzene-d6, and was compared with synthetic liljestrandinine that had been characterized
in benzene-d6. Data collected in chloroform was only of satisfactory resolution and used only
to compare to the reported tabulated data for isolated liljestrandinine.*

"H NMR (400 MHz, Benzene-ds): 5 5.70 (ddd, J=9.5, 6.7, 1.1 Hz, 1H), 5.61 (dd, J=9.4, 1.8

Hz, 1H), 3.78 (q, J = 4.8 Hz, 1H), 3.12 (s, 3H), 3.10 — 3.08 (m, 1H), 3.05 (s, 3H), 2.96 (d, J =
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8.8 Hz, 1H), 2.90 — 2.82 (m, 2H), 2.60 — 2.50 (m, 3H), 2.49 — 2.43 (m, 1H), 2.43 — 2.35 (m,
1H), 2.29 (dq, J=12.0, 7.1 Hz, 1H), 2.19 — 2.11 (m, 2H), 2.10 — 2.07 (m, 1H), 2.05 — 1.97 (m,
2H), 1.97 — 1.88 (m, 2H), 1.76 — 1.72 (m, 1H), 1.64 — 1.47 (m, 5H), 1.04 (t, J= 7.2 Hz, 3H).
BC NMR (101 MHz, CDCLy): 3 131.9, 129.8, 85.8, 79.6, 74.6, 74.3, 63.2, 59.5, 56.3, 53.2,
49.5,48.4,46.4,45.8,45.6,42.4,39.0, 38.5, 33.1, 32.7, 23.5,22.7, 13.5.

3C NMR (101 MHz, C¢Dg): 5 132.5, 129.7, 85.6, 80.0, 75.0, 74.5, 63.0, 59.2, 55.7, 53.9, 49.6,
48.6, 46.8,46.3, 46.0, 42.7,39.6, 38.9, 33.4, 33.3, 26.7, 24.2, 13.7.

TLC (10%7N NH; in MeOH/90%CH,Cl,), R;: 0.5 (ninhydrin)

FTIR (NaCl, thin film): 3332, 2921, 2823, 1642, 1462, 1095 cm™.

HRMS: (ESI-TOF) calc’d for Co3H3sNO4 [M + H]" 390.2639, found 390.2622

[a]3® =—-17.6° (¢ = 0.21, CHCL;).

The following carbon numbering system is used in the line list comparisons:

MeO OMe

|
oH OH

(-)-liljestrandinine (3)
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authentic liljestrandinine synthetic liljestrandinine
Wang, 2003 (ref. 18) this report chemical shift
(100 MHz, CHCly) (101 MHz, CHCly) difference
[alp=—10 ° (c =0.5, CHCl5) [a]p=—17.6 ° (c =0.21, CHCly)
iy 13C (5) ppm 13C (5) ppm 13G (A5) ppr

1d 85.7 85.8 +0.1
2t 22.6 22.7 +0.1
3t 32.6 32.7 +0.1

4s 38.5 38.5 0

5d 45.6 45.6 0
6t 23.4 23.5 +0.1
7d 42.3 42.4 +0.1

8s 74.3 74.3 0
9d 46.3 46.4 +0.1

i0d 45.8 45.8 0
11s 48.2 48.4 +0.2
12t 33.0 33.1 +0.1
13d 38.9 39.0 +0.1
14d 74.5 74.6 +0.2
15t 131.7 131.9 +0.2

16 d 129.8 129.8 0
17d 63.2 63.2 +0.1

18t 79.6 79.6 0
19t 53.1 53.2 +0.1
N CH2 49.4 49.5 +0.1
NCH2CH3 13.4 13.5 +0.1
1’ 56.2 56.3 +0.1
18’ 59.4 59.5 +0.1

Table $2.5.6. Comparison of C NMR data for Authentic (ref. 18) vs. synthetic (-)-

liljestrandinine.
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synthetic liljestrandinine
this report chemical shift
(101 MHz, CgDg) difference
[a]lp=—17.6 ° (c =0.21, CHCly)

synthetic liljestrandinine
Sarpong, 2015 (ref. 17)
(151 MHz, CgDg)

13C (3) ppm 13C (3) ppm 13C (A8) ppm
132.4 1325 +0.1
129.7 129.7 0
85.6 85.6 0
80.0 80.0 0
74.9 75.0 +0.1
74.5 74.5 0
63.0 63.0 0
59.1 59.2 +0.1
55.6 55.7 +0.1
53.9 53.9 0
49.5 49.6 +0.1
48.6 48.6 0
46.8 46.8 0
46.3 46.3 0
46.0 46.0 0
42.7 42.7 0
39.6 39.6 0
38.9 38.9 0
33.4 33.4 0
33.2 33.3 +0.1
26.7 26.7 0
24.2 24.2 0
13.7 13.7 0

Table $2.5.7. Comparison of *C NMR data in C,D, of Synthetic (ref. 17) vs. Synthetic

(-)-liljestrandinine (this report).
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Spectra Relevant to Chapter 2:
Convergent Approach to C,4-Diterpenoid Alkaloids via 1,2-
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Appendix 2

Spectra Relevant to Chapter 3:
Towards C,4-Diterpenoid Alkaloids: Approaches to the C4 Chiral

Quaternary Center
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Appendix 3

Spectra Relevant to Chapter 4:
Completion of Aconitine Core and Synthesis of (=)-Talatisamine,

(—)-Liljestrandisine, and (-)-Liljestrandinine



328

Appendix 3 — Spectra Relevant to Chapter 4

g0- 00 S0 o'l gl 0¢ G'¢ 0€ g€ oy & 0'g G'G 09 g9 02 A 0’8 G'8 0'6 ég6 00L GO0L O

1 1 1 Le, CV — ZVCL,C&FCULVZ 1 LCV 1 Olflr,lrr L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
No N © co0ooo0oow® o © woooo
- © = OO0 20O ™ [N N2 RS 3
W ol At v W b o hododh A

—
M Ejij [ j gj

9€599 9zIg |esjoadg

89/2€ 8zIS palinboy

HL snajonN

2'SpSh- Aouanbai 1semo]

8'clo8 UIPIM [e10eds

€1'00y Aouanbai4 Jsjowol0ads

62:81:€0L.L1-¥0-8102 ajeQ uonisinboy

j: A 680 awl] uonisinboy

3.”_._._Jr ng-j 000L°LL UYIPIM 8sind

o- = o 0000"+ feja@ uonexejey

(WrAS uley Janeoay

4% SUBDS JO JaquinN

S

at Juswadxy

ocbz aousnbag as|nd

SHN"— Qe 2's62 ainyesadwa)

5 €10ad juaAjos

WO 100ds juswinsuj

Hqwo uidgolg Jeynig uibuo

Pu’L'PayselS £92-AMYY sL

Pl /1 /PBYSEl 292-AMYEY /WU /Buomie /Z-erepiwu /SaWN|OA / aweN 9|4 ejeqg

anjep J9jWered

[ INSSS T A || I
HE R E NNNRONWWW B o111 o
Qo ~ o whuiNONUTU NS NAOO
—= N (o] B H WO NN WDO© == NO b~ OWU




329

0cL 0€L O¥k 0SL 09 OZL 08l
N I T NI I PR -

|
)
\
X
99'99Z

P1°ST
59°0¢
€C'1C
€8'T¢
T2°€¢
8¢'8¢
68'8¢
4433
0S'vv
¢0'9%
€19
9
06°Lv—
€S TIS—
20728~
YAS WA
£9°8S
79/
69°2L7

Appendix 3 — Spectra Relevant to Chapter 4

9£559

89/2¢

ogl

2'Ly0e-

8'€2292

29°001

¥£:91:901/ 1-¥0-8102

9Ll 96v2' L
ngs, el 00000}
o-'S=g 0000'L
182

¥20lk

ar

0ebd6z

2F0eN 1'562
€10a0

10ads

Hawo uidsolg Jexnig
PY"9'PaYSBY L9Z-AMHY
92-AMHYV /iwu \mCOEm /Z-elepiwu /sawn|oA /

3HN
Sl

PY /9 /PBYSE]

=
~

anjep

EET—

N
=
w
vl
(o))
o

I8°611—
6T°8CT~
80°TET~
S€

S9¥9T—
¥6'9/T1—

9zIg |eljoadg
8zIS palinboy
snajonN
Aouanbai 1samoT
UIPIM [e10eds

Aouanbai4 1a1owoioadg

ajeq uoisinboy
awil] uomsinboy
UIPIM 8sind
Aejoq uonexejoy
uley Janeoay
SUBDS JO JaquinN
Juswadxy
aouanbag as|nd
alnjelsadwsa|
JUBA|0S
juawinisu|
ulbuo
sL
swen 9|l eleq
J9joWeled

LADOMY



330

Appendix 3 — Spectra Relevant to Chapter 4

o
-

<

¢, 08 G8 06

5e9
ve'6 [
ifgs's -2

— =00'}|

850~
€6°0~
€0'T~
S9'v

LIl
5310

13HN—|£-0°08W
e

ﬁ E00°L |
L

9£559
89/2¢

HL

L'GYS1-

82108

€1L°00¥

£2:60:G1120-G0-8102

¥680°Y

000Z'LL

0000

v'L61

¥9

at

0ebz

2'562

€10a0

10ads

Hawyo uidsolg Jaxnig

Py L-opai~ O 1deud y62-AMYY

Pl /1 /opas— 0T 1deid y62-AMHY /Jwu /Buomie /eyepiwiu /Sswn|op /

0SS

LES—
9/'S—
96°'G—

¥6'9—

anfep

9zIg |eljoadg
8zIS palinboy
snajonN
Aouanbai 1samoT
UIPIM [e10eds
Aouanbai4 1a1owoioadg
ajeq uoisinboy
awil] uomsinboy
UIPIM 8sind
Aejoq uonexejoy
uley Janeoay
SUBDS JO JaquinN
Juswadxy
aouanbag as|nd
alnjelsadwsa|
JUBA|0S
juawinisu|
ulbuo
sL
swen 9|l eleq
J9joWeled



331

9V~

19—
pT'ST—
16722~
26227
16'v€—
vS vy
6S°SY
16°LY
9I'817>
12157
9125
zs'zs?
ZS'SS/
2029
ST 8.
09’8 —

Appendix 3 — Spectra Relevant to Chapter 4

wdd
[0]0] 0135 oclL ocl orlL (0] 091 01 08l 06l 00¢ 0]%4
RN U ST S IS S S S I IS N AU T NN S SN S T SN [N S SN NI SN S ST S NS |
9€G659 9zIS |esoads
89/¢¢ 9zIS palinboy
ogl snajonN
6°9%02- Aousnbai 1semo]
8'€22c92 YIPIM [es10ads
29°00L Aouanbaid selowonoadsg
¢2'1€:90120-90-8102C ajeq uonisinboy
96v2 L awl uonisinboy
00000} YIpPIM 8sind
LLl 0000° L Rejog uonexeloy
5310 g'ge uler) JoA1eo8Yy
0 0S8 SUBOS JO JaquinN
—_— ar awadx3
o0ebdbz aouanbag as|nd
1’562 ainjesadwa]
1aHN—]-£- 00N £1000 wenos
N0 10ads juswnysu|
Hawy uidgolg Jaxnig uibuo
Py 071 Lded y62-AMEY oL
PY /¥ /0711deId 62-AMEY /IWu /Buomie /eyepiwu /SSWN|oA / swen 9|4 ejeq
anfep Ja)ewered
\ _ _ _ _
NN W W N o 3 ©
(SN INEN © = o o
RN & © & 3



332

Appendix 3 — Spectra Relevant to Chapter 4

S0 oM_‘ H_\ oH me oHn mHn okw me okm mkm o..w_\ m.@_\ 0

T oow woao T , , , ,

NREx 858 o
F T T TS .
_ ﬂ%ﬁjz [
l

9€599 9zIg |eljoadg

89/2€ 8zIS palinboy

HE snajonN

€'GySL- Aousnbai4 1samon

8208 YIPIM [en108ds

€1'00% Aouanbai4 Jsjowol0ads

G2:2v:61150-50-8102 ajeq uonisinboy

680 awil] uomsinboy

8Ll 000L'LE WIPIM osind

S310 0000' L Kejaq uonexejoy

. V.61 uren JaAledey

— ce SUeOS JO JaquinN

ar Juswadxy

12 oebz aousnbag as|nd

mm.z\.. ofoen 1'G62 ainyesodwal

ano €000 JUETTTES

100ds juswinsuj

Hqwo uidgolg Jeynig uibuo

py L O1Ldesd G62-AMEY oL

pY /1 /0711deId"GEZ-AMYEY /WU /Buomie /eyepiwiu /SBWN|OA / aweN 9|4 ejeq

anfeA J9)owered

N /72 20N _ A7 TN NN N |
QOorE  mpEE N Nwmwww P o1 oo o
xhe %38 & So®s3 & AR &



333

0cL 0€L  Ovk
N I T NI I

\

0297
0821~
v 8p—
0 T5—
ogz2”/
T6 /.=
6578

LTSE—
0€°LS

69'v—
or'ee”
98°'SH
26°LY
9€°09

¥0°29

VELS

Appendix 3 — Spectra Relevant to Chapter 4
0€°2Z~

9£559

89/2¢

ogl

[WA7

8'€2292

29'001
L€:€¥:02150-G0-8102
96v2’L
0000°0}
0000'L
0eL
000}
at
o0gbdbz
1'G62
€1000
10ads
Hqwo uidgolg Jeynig

Py OT1de1dG62-AMEY

PY /€ /0711de1d"G62-AMHY /Jwu /Buomie /eyepiwu /SSWN|OA /

N

IO

A

85°0¢1
297921~
9/'T€T
€0°€EET
0C¢'T9T—
€6°9LT—

9z|S |esoads
9zIS palinboy
snajonN
Aouanbalg 1samo
UIPIM [e}oads
Aousanba.4 Jsjpwonoadg
aleq uolsinboy
awli] uomisinboy
UIPIM 8sind
Aejog uonexejoy
uren) Janleoay
SUBDS JO JaquinN
wswiadxgy
aouanbag as|nd
alnjesadwa]
JUBA|0S
juswinisy|
uibuo
SL
aweN a4 eleqg
JeloWeled

¢6'96T—



334

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L}

cl

€l 1%

17Z'Z§
]
A
|
7

LWwe—-

LG¢
L9¢
06'¢
LLe
9/.'€

65°0—
6.0
90'L"
or'l~
€0¢
€Le
alLe
oce
8c’¢t
va'e
8LV
681

R
_
o O
h's
v ﬁ_
9€959 923 |esoads
¥8€91 921 palinboy
HL SnajonN
2'e6LL- Aousanbai4 1semo]
G'€656 YIpIM [ed1oeds
85665 Aouanbaiy tejpwonoads
G€:11:00120-70-1202 )eQ uonesyipoy
60:11:00L20-70- 1202 ayeq uonisinboy
8L0L°} awi] uoisinboy
00592 UIPIM 9SInd
0000+ Kejaq uonexejay
oy uren) JaAI8oey
_U 8 SUBOS JO JaquinN
BLL ejuad aqoid
=R at ewnadx3
& Indgs ouanbag asing
0'se ainjesadwa)]
HHN = Umn...wm—:_ €1opo JUBAI0S
eaoul juswiniisu|
2Ho uelep ubuo
10" NOLOHd oL
\ f enep JoeWeey
[Ge)
NN
o o
€0-S-4d'N
LO NOLOyd



335

(wdd) L}
OL 0Z 0¢ O 0OS 09 0L 08 06 OOL OLL OZL OEL OvL OSL 09L O/ZL 08L 06L 00Z OLZ

Appendix 3 — Spectra Relevant to Chapter 4

9€659 0zIg [esoadg
89/2¢ 921 palinboy
o€l snajonN
0’1961~ Aousnbai4 1semo]
§'8e0ve YIpIM [esoads
29°00L Aousnbai4 1e1owonoads
1#:80:80L110-¥0-1202 8jeQ uUoRedIPON
1%:80:80L10-70- 202 ajeq uonisinboy
LE9E' L awi) uosinboy
00000k YIpIM 8sind
0000+ Kejeq uonexejoy
8'/8 uren) JaAIeoey
(8] LIIEL SUBOS JO JaquinN
641 (z 50-Q-43H-88 +S00¥ 088 ddD) §Y00 €29221Z aqoid
m m.._- ak uswpadxy
& 0gbdbz @ouanbag asing
c'L62 ainjesedws)
13HN— 2F0an €000 wenos
ano j00ds JUETTLRET]
Hawp uidsolg Jexnig uibuo
PY'1'€£0-G-4rN SNL
PY /L /€L0-G-4MN /WU /EONISBIU /BJePIWU /SBWNIOA / aweN 3|4 ejeg
anfen Jejowesed
(N N el = I [N I 1
33 BLb pEsfsgszgERs ST R
@0 SNB Lol 8YocqBoaRoe 3 3% N 2 @

Py €L0-9-d(N



336

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L

e o 3
08L- R B
1
091 . . 3
°
(8702 ‘8¥02) ozIS [esoads s
] (002 ‘6EV L) 82| paunboy —
o L (01 ‘HI) snejonN
¢k (1 19g2- 'e'6611-) Kouenba.4 1s9m0]
° N .
1 (£'2819€ ‘5'€656) YIPIM [enoedg
(827051 ‘85°665) Aouenbai seyowonoadsg
oo _\I 8€:1¥:61120-v0-+202 aeq uonedyIipoN
J 00:62:£1120-¥0-1202
00S+0
08 )" 000€'S WpIM 8sind
% o 0000+ Kejaq uonexejay
. - . oy V=TS PENELEE
O@l @ o ot SUBOS J0 Jequiny
°g o ejuad 2qoid
4 0 —
1 ° °o O8NH Juewadx3
o.v ce avognHb aouanbag asind ——
’ 0'se ainesedwa)
. L ———
) ‘ °° €19p2 JuanjoS E_
° BAOU! juswnisu| -—
ONI ueuep ubuo
| . 10" avOgaNHB opiL
n@a & anfep Jeloweled ——
o 1-6£0-G-4PN |
. o
GLL
s3L
]
0

JHN = ofoam
amo



337

(wdd) L

g'0-

00 S0 Ol

gl

(wdd) z4

0¢ &6¢ 0¢ ¢g¢ OoOv Sgv 09 G99 09 99 0L G/Z 08

(¥201 ‘v2ol) 82zI§ [eoadg
(824 ‘018) 2215 painboy

(HE ‘HL) snajonN
(1599~ ‘1'59%-) Kouanbai4 jsemo

(1'86€G ‘1'86€S)
(85'66 ‘85'665)
£6:25:61120-v0- 1202
OY:+:6+120-70-1202

UIPIM [en0ads
Aousnbai4 Jejowonoadg
aje@ UONEDLIPON

ajeq uonisinboy

L0SHO awi uomisinboy

000€°S ~ YIPIA\ 8sind

0000+ Aejo@ uonexejoy

o uren Jonieday

14 SUBOS JO JaquInN

ejuad aqoid

ASOO Juswuadxy

AS00b aousnbag asind

0'Ge ainjesedwa)

€1op2 JUBA|0S

eAOU Juawnisul

uBLEBA uibuo

10 ASO0B oL
anfeA Jsjeweled

Appendix 3 — Spectra Relevant to Chapter 4

L-££0-G-4rN
LO”ASODb

61

| ,
r €3 r g3l
0

FHN— ofoan

ot




338

Appendix 3 — Spectra Relevant to Chapter 4

wdd
¢- G1l-01-60 00 S0 OV G 0¢ G¢ 0¢€ G¢€ Ov Sgv 06 GG 09 69 0. G 08 68 06 G6 00LSO0LOLLGLLOCLSCLOELSEL O
L L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L 1
O© O-_WUooO OO = o
N oo hNar WNDN o
B L v

96959
V8E9L
HL
8021~
61196
09°665
0059¢
0000+
9€

t44

ak
Indgs

0se

€10po

eAoUl

UBLEBA

pausely 8. L-AMYY
anfep

SL €
£9°S

0zIg [esoads
aziS paisinboy
SnajonN
Aousnbai4 1s9mo]
UIPIM [esjoads
Aouenbai4 sepwonoadsg
UIPIM 8sind
Kejeq uonexejoy
ures) JoAeoaY
SUBDS JO JaqUINN
yuswpadxy
@ouanbag as|nd
ainjesadws)
uaAl0S
JUETTLIET]
ubuo
SlL

Jelowesed



339

Appendix 3 — Spectra Relevant to Chapter 4

¢e€ ve 9¢€ 8¢ 0Ov ¢v vv 9V 8y 09 ¢S vS 99 8§

(wdd) L}

09 ¢9 v9 99 89 0L CL VL 9L

o

©
®
L

i

9€'¢e

w

o

o
L

voe—

e

w o =
o © o
N © o
[ 1 " <
9€659 a2IS [enoads
¥8€91 9215 paJinboy
HE SnajonN
202} Aousnbai4 1semo
61196 UPIM [e0eds
09'66G Aousnbai4 1e1owoinoads
0059°2 UIPIM osing
o1 0000+ Aejaq uonexejoy
ve uren) JaA1808Yy
8 SUBOS JO JaquinN
Oll at wiewnadx3
e, I
m.—:_m_UU. 20N Indgs aouanbag asing
m—__c-_-o 0'Se ainjesadwa)
€1op2 JUBA|0S
eAoUl Juswinsu|
UBLBA uibuo
PaYSel 6L L-AMHY oL
anjep Jejowered
g & o 9|joid - IAHISI0 HL QUVANVLS
~N w w .
® N N paysely 6/L-AMYY



340

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) 13
w- m.k_\- o.k_\- m.b- oHo mHo oH_\ mM_\ oHN mHN on mHm omv mHv on mmm on mHQ omn mHn on mmw on ﬁ@ o.wv m.@_\ o.k_\_\ m.k_\_\ o.w_\ m.wr o.m_\ m.m_\ o.d
SO =N o o
O =200V -0 o (] © o
GO 0ON N N - S o
TV e ! i h
] % [ : ‘
| | _
|
|
9€459 0zIg [esoads
¥8€91 921 palinboy
HL snajonN
'802 1~ fouenbai4 1semon
6'L196 YIPIM [enoads
09'665 Aouenbaig Jejewoioads
00592 UIPIM 8sind
0000+ Aejoq uonexejoy
o uren JaAieday
29 SUBDS JO JaquinN
ak uswpadxy
Indgs @ouanbag as|nd
0'se ainyelsodwa)
€1op2 JUBA|0S
eAoUl JuswinAsu|
of0am vetien ubuo
paysels 08 L-AMEY oL
anjep Joyowered
AOINS _
HENNNN W o Y 3|gold - JAYISA0 HT QUVANVLS
SENRRE & & g o Paysely 08 T-AMYIV



341

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) 13
w- m.k_\- o.k_\- ﬁo- oHo mHo oH_\ er oHN mHN on mﬁm oHv mwv omm mHm on ﬁo oHn mHN on me oHQ ﬁm o.@_\ m.@_\ o.k_\_\ m.k_\_\ o.wr m.wv o.m_\ m.m_\ o.u
- T T T arpapsa=s=s v~ o020 o o4—/4
MNa2omooo © =) ©ow©
~N O © © 0w - o W wN
S hd— 2 FSIe
T
[ |
9€659 0zIg [esjoads
¥8€91 921 palinboy
HE snajPnN
202 k- Aouenbai4 1semo
61196 UIpIM [esoads
09'66G Aousnbai4 1e1owonoads
00592 UIPIM 8sind
0000" Kejeq uonexejey
oy uren) 1aA1808y
Ve SUBOS JO JaquINN
ak wewuadxgy
Indgs @ouanbag as|nd
0'Ge ainjesedwa)
€1op2 JUBA|0S
eAoUl Juswinsu|
uBLEBA uibuo
h ._I. —ﬁ_/..Z/. N er_/f.t p_t N c.._\. r_\.__/r.: Paysely”S8L-AMHY aniL
LoNwWh OO o0 N SRV N anjep Jejowesed
R OO0 OO0 VI = o = O

9|yoid - IAYISI0 HT A¥VANVLS
payseld SYT-AMUY



342

Appendix 3 — Spectra Relevant to Chapter 4

OL-

0

oL

0c 0 O 05 09 0L

(wdd) 1y

08 06 OOL OLL OcL O€L OvL 0SL 09L O/ZL 08L 0O6L 00C OlC

T Y L N

e AN
NNNOWWw A coa
“NhOoONwWw W wWwo
™ 0o w = o=

6899%? % €L~V:

261 a 96559
89/2¢

Ho ﬁ ogl
L'Ov6L-

5'880¥2

29'004
8v:61:02L¥2-¥0-2202
L

ok

L

08¢

2is

(z S0-a-4'8H-89 +S00¥ 088 ddO) §#00 €29221Z
ak

0gbdbz

zL62

€000

109ds

Hawyo uidsolg Jexnig

P2 L02-G-4rN

PY /2 /202-G-4MN /1WU /EONISEBJU /BJEPIWIU /SBWN|OA /

anjep

| N\ | [ A
5 32 8 3 & 53
w oo © © o © ©
w © © N ¢

o g 2 88 S8

9z|g [eloads

9z|g palinboy

snajonN

Aousanbai4 1somo]
UIPIM [e2108dS
Aousnbai4 Jejowonoeds

awi] uonisinboy
UIPIM 8sind
Aejag uonexe|ay

uren JoAi9oay

SUBDS JO JaqunN

agold

juswiadx3y

aousnbag as|nd

alnjesadwa]

Juanj0S

juswinisu|

ulbuQ

SWL

aweN 9|4 eleq
Jaleweled

Py'C £0C-S-4rN



343

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) 1}
7" €- - L- 4 € v 9 6 oL LL 4’ €l 14" Gl oL
1 1 1 1 1 " 1 " " 1 1 1 1 1 1 1 1 1
o020 w o oo
=N o ~ o
S8e8 X & &80
il iy il b b
| |
1
€61 q
HZ = z
o, D09
9€G59 az|g [eloads
89/2¢ 8z|g painboy
HL snejonN
12691~ Aouanbai4 1samoT
L9618 UIPIM [es100dS
G100y Aouanbai4 Jeyowoinoads
9G 118l LIe-¥0-2cc0e ajeq uonisinboy
12 awi| uonisinboy
ol YIPIM 8sind
1 Aejaq uonexejoy
0’ Lo} uren) JaAIeoey
9l SUBDS JO JoquinN
(dS Z-0°'5-Q /H /498-1S-00¥-HH Id) 6000 68L£9+Z aqoid
at juswiadxy
ogbz @ouanbag as|nd
2’862 ainjesadwa)
€10a0 jusnjos
BoUBAY juswnisu|
Hawy uidsolg Jexnig ubuo
Py 168 L-AMIB-g02-S-4N SL
Py /1 /S8 L-AMIB-Z02-G-4N /ILUU /BONISEJU /E1BPILI /SBWN|OA / aweN o|i4 eleq
anjep Jolpweled
NN 0 p oao
w O o ~N (S )] o
a = S ob® pPyL'G8L-AMIE-C0C-G-dN




344

(wdd) 1y
O- 0 oL 0¢ 0e Or 09 09 0L 08 06 O00L OLL OcL O€L OvL 0SL 09L 0OZL 08L 06L 00C Olc

Appendix 3 — Spectra Relevant to Chapter 4

T " [ (4 ) VY
1
1

9€959 az|g [eJoads

89/¢2¢ 9z|g palinboy

o€l snajonN

L'9v6}- Aouanbai4 1samoT

G'8E0¥¢ YIpIM [es0ads

29001 Aouanbai4 Jeyowoinoadsg

Ge'vS:eelie-¥0-¢c0e ajeq uonisinboy

I awl] Eo_u_m_:_uo(

ol YIPIM 8sind

£61 q 1 Aejaq uonexejoy

02l uren) JaAI908Y

H .@ z 8y02 SuBdS JO JOqUINN

o J0eN (z 50-a-4'9H-89 1S00¥ 089 ddD) S¥00 €2922+Z agoid

ak juswiadxy

ogbdbz aousnbag as|nd

c'L62 ainjesadwa)

€10a0 JUETY[eIS

ﬂownw juswnisu|

Hawy uidsolg Jesnig ubuo

Py 1°20e-G-4MN SpL

PY4 /1 /202-G-4rN /1Wu /edniseju /ejeplulu /SaWn|oA / SweN 3|l ered

anjep Jojpweled
INS SSS 1 IS ) |~ AN
NOSSKEER BRE o N ®® = NN
OO DON® ./_.Om o mmw .nO: w%
coEaraN N ° 388 % 33 PY'L'Z02-G-41N




345

Appendix 3 — Spectra Relevant to Chapter 4

—

=00'€
80°g|
80°LF N

r
K

€8l
380°C~
62—
oz’
Gz e—
/Q° ¢

G6'E~
ov'S~
6v'g"
809~
29—

51 q
ﬁ 9e559

3HN-L JF0am 89/2€
HO HL

2'LE91-

L9618

G100

02:¥2:8}L12-#0-2202

14

ok

s

0 L0k

9l

(dS Z-0°'5-Q /H /498-1S-00%-HH Id) 6000 6€LE9LZ

ak

o0ebz

2862

€000

BoUBAY

Hqwp uidsolg Jaxnig

Py 1'98L-AMIB-£02-G-4"N

P /1 /98 1-AMIB-E0Z-G-4N /ILUU /BONISEJU /|-BIEPILUU /SBWUN|OA /
anjep

pI’L98L-

a9z [eloads
9z|g paJinboy
snajonN
Aouanbai 1semoT
UIPIM [e2100dS
Aousnbai4 Jejowolnoads
aleq uonisinboy
awi] uoisinboy
YIPIW 8sind
Kejaq uonexejoy
uren) JaA1909y
SUBDS JO JaquINN
agold
juswiiadxg
aousnbag as|nd
ainjesadwa)
Juanj0S
juawinsu|
ulblo
el
SweN 9|4 ered
Jojoweled

AMIE-E0C-G-4IN



346

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) 1}
O.- O OL O¢Cc 0 Or 09 09 0L 08 06 OOL OLL OcL o€L OovL OSL 09L OZL 08L O6L 00C Olc
" 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
)
' I | |
|
I
| I
9€559 923 [eloads
89/2¢ 9z|g palinboy
o€l shajonN
6l q 8'G6L- Kouanbai4 1s9M0T]
S'8E0V2 UIPIM [e2108dS
ﬁ 29°00+ Aouanbai4 Jejowoljoads
m__._z..kr..h FEoew cli1giL0Llee-¥0-¢e0e ajeQ@ uonisinboy
3 awi| uonisinboy
HO ot UIPIM 8sind
1 Aejag uonexejay
0cL ules) JaA1998Y
8102 SUBDS JO JaquinN
(Z 50-a-4'H-99 +S00Y 0gd ddD) S¥00 €2922+Z 9qo.d
at Juswadxg
ogbdbz aousnbag as|nd
c'L6c alnjesadwa]
€10ad JUBA|0S
10ads juswinisu|
Hawo uidsolg Jexnig uibuo
Py 1°€02-G-4MPN ML
Pl /1 /€02-G-4N /AWU /EONISEBJU /EJepIWU /SBWN|OA / SWeN @4 Bled
anjep Jsjpweled
CEOEahbn LAgah & Lo Lo
POWOAO®ORO ONON N I 5 2 3
2BHARRES HIIS B L e « S 2 .-
2 ®b ) R PYL'€0C-S-4dN



347

Appendix 3 — Spectra Relevant to Chapter 4

L 4 € v 8 6 45 €l 14" 1"
1 " 1 " 1 " 1 " " 1 " 1 1 " 1 1 " 1
WL WO~ W _—_~=_0
SN o~ ooO: oo
RSREFEERS ~ %33
TS = T H g W
1 ﬁ
|
9€559 9z|S [eJoadg
89/2¢ 9z|g palinboy
Hi snajonN
L'GPGL- Aouanbai4 1samoT
82108 UIPIM [e108ds
£1:18 €100 Aousnbaig Jojowonoads
Evi g8l Lye-v0-c20e areq uomisinboy
ﬁ ¥ awi| uonisinbay
EHN - 2F0eN 2k UIPIM 8sind
L Kejoq uonexejey
8
o €09 urey) JaAleoay
9l Suedg JO JaquinN
(z S0-a-4'9H-g9 +S00¥ 088 ddD) S¥00 €29221Z aqoid
ak swiedx3y
oebz 9@ouanbag as|nd
c'l6c ainjesadwal
€10ad JuaA0S
108ds juswinsu|
Hawy uidsolg Jexnig ubuo
Py 1°802-G-4MN SML
PY /1 /802-G-4MN /1WU /edniseju /ejepluiu /SaWwn|oA / BweN 94 ered
anjep Joleweled
== N www aooo
O TN ®ND O whoo= .
OB ®OEN D ® WV Lo pP'L'80¢-S-4rN



348

(wdd) 1y
O- 0 oL O0¢c 0e Or 09 09 0L 08 06 O00L OLL OcL O€L OvL 0SL 09L OZL 08L 06L 00C Olc

M

._.ﬂ: A W

SL L~
56'61
A
z5€7-
€52
peze\
(8'VETF
2roe]
2E LN
8 ZS\
9025\
orss/
[v'8L=
oLvzL”
18°0EL~.

9EVEL~.

Appendix 3 — Spectra Relevant to Chapter 4
86'G9

9€959
89/¢€
o€l
9'L¥61-
G'8€0v¢
29°00}
2G:€¥:0C1ve-¥0-cc0e
3

[o13

L

0cL
(42}

(z S0-a-4'8H-89 +S00F 088 ddO) §¥00 €29221Z

ak

0ebdbz

zL62

€10a0

10ads

Hawy uidsolg Jexnig
PYZ'802-G-4rN

PY /2 /802-G-4IN /iU /eONISEJU /eIepilU /SSWN|OA /

anjep

898Vl —
€ee9l—
LLVIL—

a9z [eloads
9z|g paJinboy
snajonN
Aousnbai4 }semo]
UIPIM [e2100dS
Aousnbai4 Jejowolnoads
aleq uonisinboy
awi] uoisinboy
YIPIW 8sind
Kejaq uonexejoy
uren) JaA1909y
SUBDS JO JaquINN
agold
juswiiadxg
aousnbag as|nd
ainjeladwa|
Juanj0S
juawinsu|
ulblo
el
SweN 9|4 ered
Jojoweled

PY'Z'80¢-S-4rN



349

(wdd) 1y

880]

=060
A 00LE

7T
80°¢
LL'e
9g'e
69°¢
GG~
G9'G—

Appendix 3 — Spectra Relevant to Chapter 4

€8'6”

9£959
89.2€
HE
961 v'oESh-
82108
€1°00%
1N — |00 95:06:40192-50-2202
MO 4
4!
I
89/t
9l
(z S0-a-4'8H-89 +S00F 089 ddO) §¥00 €29221Z
ak
ochz
1262
9090
10ads
Hawyo uidsolg Jexnig
Py 1'022-G-4MN
PY /1 /022-G-4MN /iU /EONISEBJU /BJEPIWIU /SBLUN|OA /
anjep

923 [eloads
9z|g palinboy
snsjonN
Aouanbai4 1somo
UIPIM [es108dS
Aouanbai4 1e1owonoads
ajeQ uonisinboy
awi| uonisinboy
YIPIW 8sind
Kejaq uonexejoy
uren) JoAleoay
SUBDS JO JaqunN
agold
juswiadx3y
aousnbag as|nd
ainjeladwa|
JUEVNTIS
juawinisu|
ulblQ
oL
SweN 9|4 ered
Jojoweled

Py’L'0CC-S-4IN



350

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) 1}
O.- O OL OC 0t Or 09 09 0L 08 06 OOL OLL OCcL O€L ObL OSL 0O9L 0ZL 0O8L O6L 0O0C Olc
. 1 . 1 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
I
I
9€559 az|g [eloads
89/2¢ 82|15 painboy
961 ogl snajonN
8’1261 Aouanbai4 1samoT
S'8E0Y2 WPIM [enoads
1SN Umoﬁ_.a 29001 Aouanbai4 Jeyowoinoadsg
o €5'¥1:90192-50-¢20C ajeq uonisinboy
L awi] uonisinboy
(o]8 UIPIM 8sind
L Aejaq uonexejoy
L'EY ulen Jan19oay
8¥0c SUBDS JO JaquinN
(Z 50-a-4'8H-ad 1S00¥ 0gd ddO) S¥00 €29221Z 9qo.d
atk juswiadxy
0ebdbz a@ouanbag as|nd
1'.62 ainjesadwa
9090 juanjos
j0ads Juswinisu|
Hawo uidsolg Jexnig ubuo
pyg0ge-g-4rN SpL
PY /2 /022-G-drN /iwu /eoniseju /ejepiiu /Sswn|oA / awenN 8|l ereg
anjep Jejoweled
Lot e irudsn 4 SILe L X
TOWOOWABR®0SNNO © N g 3 S
BENQEE82N8oa3 8 oo i g o o
|| w w ) P 0CC-S-4rN



351

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) 1y

G'0-

00 S0 01

gl

(wdd) zy
0¢ &6¢ 0¢ g¢ O g% 09 G99 09 699

0L G/ 08

Be
LY

(¥20l ‘¥2oL)

(824 ‘veol)

(HE‘HE)

(8'0LE- ‘8°04E")

(2'€29¢ ‘2'€29€)

(€1°00¥ ‘€1°00%)

9€:02:90192-50-2202

0

4

4

82t

v o e L

(Z 50-Q-4'8H-99 LS00 089 ddD) S¥00 €29221Z

ASOD

jbdddbAsoo

1°262

9090

10ads

Hqw uidsolg Jaxnig

J198°€°022-6-4rN

18S /€ /022-G-4MN /iWwu /edoniseju /eyepiwu /SaWn|oA /
anep

N,
—

az|g |esjoads

9215 paJinboy
snajonN
Aousnbai4 1samon

UIPIM [es0ads

Aouanbai4 1eyowoioads

ajeq uonsinboy

aLu] uomsinboy

- WipIMm 8sind

Aejoq uonexejoy

ules) JanIeoay

SUBOS JO JoquinN

aqoid

yswadxy

aouanbag as|nd

SIML

aweN a|l4 ereq

Jejoweled

188°€°0¢C-S-4MN

uswinisu|

ainjesadwa]
wanos
uibuo
Y V a6l
13N — |- 070
FND



352

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) 1y

0SlL+
ov_\..
om_\..
ON_\..
o_‘_\..
oo_‘..

(wdd) z4
O'L- 00 ol 0¢ o€ ov 0's 09 0L 08 06 ool
1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 1 " 1 " 1 " 1
[
6 T
@ @ S
(v2ol ‘vz2ol) 82|15 [enoedg k
(08} ‘v2ot) 82i5 painboy
(O€L ‘HL) snajonN
@ (6982 }- ‘L'L1S-) Aouanbai4 1samoT
(€11L991 ‘¥'S6LY) UIPIM [es108dS =
(29°001 ‘€1°00%) Aousnbai Jajowonoadg
L¥'2¥:90192-G0-¢202 areq uomisinboy
0 awi] uonsinboy
o0 (] 4! WPIM 8sind  ——
2 Aejag uonexejay
ﬁ v'L61 uler) JaAle0aY
@ ) v SUBOS JO JaquinN =
(z S0-a-4'9H-g9 +S00¥ 088 ddD) S¥00 €29221Z agoid
@ ] a311a3-00SH Juswiedx3y
"gdsisdblepaobsy aousnbag as|nd 2
1262 ainjeladwa]
@b o o
9090 JUaA|0S
6 108ds uswnsuy| 2
Haws uidsolg Jexnig ubuo
188'4°022-G-4MN SML 1
18S /¥ /022-G-4MN /AWu /ednjseju /ejepiulu /SaWn|oA / aweN 9|14 eleg
anjeA Jslpweled
[] . . —C—
. 18s%°02C-S-4IN
' _ (Y 961
1auN — |- 070N
FND



353

cl

€l

|
%

Appendix 3 — Spectra Relevant to Chapter 4

3

all
09'Lk

€6'C
0oL~
vl
LLLy
oLl
zogr N

&
\
\
\
o7

8/l
ve'L
GL'e
vee
vae
98¢
v6'¢
00€e—
oC C©
LS°E
0L'€
6€'S
1478

L6L

12
13N 2F0eI

no

9€959
000ve
HL
°'0€0}-
0°0008
19’661
00S9'S
00002
8¢
9l
at
Indgs
o€
£opo
eAoul
ueueA
LONOLOHd
anfep

021 [enoadg
921 palinboy
SnajonN
Aousnbai4 1semo]
UIPIM [esjoads
Aouenbai4 Jejpwonoadsg
UIPIM 8sind
Aejo@ uonexejoy
uren JaAeoaY
SUBDS JO JaqUINN
uswipadxy
aouanbag as|nd
ainjesedwa)
JuaAl0S
JuswinAsu|
uibuo
SNL

Jejowesed

0£0-v-4rN
LONOLOYd



354

L

\

eg‘zi
cLe
Iavalel

]
]
\

£0'L
3¢l
vS'L
0Ll
06'L
Le'z
SP'C
L5'G—
L1157
629~

Appendix 3 — Spectra Relevant to Chapter 4

661

9€559 22IS [esnoads
89/2€ 9213 pasinboy
HL snajonN
£'2eS k- Aouenbai4 1semo
[N DFoB 8108 WP [es100dS
@Eo =18 o.ov Aousnbalg Jejowonoadg
00052 UIPIM 8sind
0000+ Kejeq uonexejoy
v'L61 ures) JaAIeo8y
ce SUBOS JO JaquinN
ak wewuedxgy
ogbz souanbeg asind
1’262 ainjesadwa)
9090 Juanos
j09ds JUETTLET]
Hawy uidsorg sexnig ubuo
Py 1 110dS-£20-p-4 N apiL
Pl /1 /110dS-£20-p-4PN /AWU /EONISEU /EJePAWU /SBWN|OA / awen a|i4 eleq

anjep Jelowesed

pIyL'L10ds-£/0-17-4MN



355

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L

0S1LA
OS‘..
(01 _‘..
0¢ _\..
o_\_\..
oo_‘..

08+
0/

05+
Ot

0¢-
Ol

OL-+

(¥201 ‘¥2ot)
(081 ‘v20k)

(o€t ‘HY)
(0'192}- ‘0¥ 1G-)
(€'11991 'v'S6LY)
(29°001 ‘€}007)
v'L61

14

(Z 50-a-4'9H-g9 1S00¥ 084 ddD) S¥00 €2922+Z

a31103-00SH

" gdsisdBiepacbsy
L°.62

9a90

1oads

188°g" PaXIW-LL0-7-4MN

19S /2 /POXIW-//0-p-4PN /iWU /EONISBIU /EIBPIWU /SOWIN|OA /

anfep

19s g paXxiw-£/0-7-4N

az1g [eloads
9zIS palinboy
snajonN
Aousnbai4 1semo]
WpIM [e0eds
Aousnbai 1s1owonoadg
ulen Jonieosy
SUBOS JO JaquinN
agoid

Juswiiadx3y
@ouanbag as|nd
aimesadwa)
JusAl0S

uawnisul

aus
omL
aweN o|i4 eleq

Jeleweled

BRI

661

an—]-£ofo=n



356

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L

(wdd) z4

co0r090800LCLYLOLB8LOCCCYCOC8COECEVYEIQEREOYCYYYOVYB8VYO0GCSVS

(=] (~1

(¥201 ‘v2oL)

= (82} ‘veol)
(HEHY)

(9°082- ‘9'082-)
(5'929¢ ‘G'929€)
(e1°00% ‘€100%)
8zl

4

(z 50-Q-8H-849 +S00Y 088 ddO) S¥00 €2922+Z
ASOD
JbdddbAsoo

0
0

L6
9090
10ads

.

19s°2'110ds-£20-F-4N

188 /g /110dS-2£0-p-4N /4WU /EONISEJU /BJEPIWU /SBWN|OA /
anjep

Aousnbaig 1semo]

UIPIM [es0ads
Kousnbai4 Jejowol0ads
uren JanRoaY

SuBdS JO JaquInN

agoid

Juswadxy

ouanbag as|nd
ainjesadwa)

1UaAI0S

Juswnasu|

22IS [esoads
9z1S paiinboy
snajonN

s

BpLL
awen a|i4 eleq
Jolowesed
661
les'z'110ds-//0--4rN

I A

aN—]|-£-0%oen
SO



357

/
/
€Tr—
e

7

0£Z~
Lyt~

Bll—
'L
09'L
682~
(6T
cee
6ze
yASES
A4 DN
G9'G~
/8'G—
097

Lo’L

Appendix 3 — Spectra Relevant to Chapter 4

9€859 22IS [esnoads
89/2¢ 9213 paiinboy
HI snajonN
2'SPSh- Aouenbai4 1semo
L0z 82108 UIPIM [e00ds
€£1'00 Aousnbai4 1elowonoads
ng<. ng- gerl ures Joneoey
S 9L SUBdS JO JaquINN
0-5~0 L erasm .
(Z 50-Q-4'%H-84 1S00¥ 088 ddD) §¥00 €2922+Z 8qoid
ak swpadxy
— ogbz 9ousanbag asjnd
W4 ainyelodwa)
€10ad JUBA|0S
! "N 18ds Juawinisu|
3N o
a0 O°W als
PY 1'S80-¥-4PN EDTIN
PY /1 /S80-7-4MN /iU /EONISBJU /EJEPILIU /SBWNIOA / SweN 9|l eleq
anfep Jojowesed

pPYL'G80-7-4rN



358

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L

1 (¥20+ ‘veot) azIg [el0ads
O@l & (081 ‘¥201) 2215 paiinboy
¢ (D€L ‘HI) snajonN

] e (25921~ ‘6°925-) Kousnbaig 1semo
ONn ° (€199t ‘¥'S6LY) UIPIM [enoeds
] i ‘ (2900} ‘€1°00%) Aouenbeu Jejewonoeds
O@l m 0 & 6k uren JanLosY
1 v 2 SUBOS JO JaquINN
oml (Z 50-a-4'9H-g9 1S00¥ O8d ddD) §¥00 €2922+Z 9qold
6 d311a3-00SH Juswyedx3

1 a ' gdsisdBiepaobsy @ouanbag asind
O.QI 2'L62 ainesadwa)
. ! e €10a0 JuanjoS

Oml 3 10ads juawnisu|
0¢+ aus

198°¢°G80-¥-drN oL
] 185 /2 /S80--4MN /AU /BONISBJU /EJepIWU /SSWNIOA / awen 9|4 ele@
o _\l anjep Jejowelred

Ol 188°2°G80-%-4rN

B

Ty

102
_-_muhﬁ \_u_muu
0-'S~o

10
1
BN

3|
SO Q3



359

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L

o'l gl 0¢

Gg'¢

(wdd) z4
0 9¢ OV Sv 09 GG

09 g9

G°CA

0°¢H

Gl

Ol

G0+

0°0-

W o
¢ wmb

&5
[}

=2
=23

(¥20} ‘¥20t)
O (821 ‘v20l)

(HL'HL)
@ ) (0'el-‘0'el-)
@@w& ‘v'29L2)
K (€1-:007 ‘€1-00)

0zIg [esoadg
9215 palinboy

snajonN m
Aousnbai4 1semo]

UIPIM [esj0ads
\Gr_wgvmi J9jpwolpads

2v9 uren JaAeoaY
L SUBOS JO JaqUINN
(z 50-a-4'%H-g4 +1S00¥ 08d ddD) G700 €2922+Z 8qoid
ASOO uawadx3
JbdddBAsoo @ouanbag as|ng
1’262 ainjesadwa)]
T v €000 1uanos
j109ds Juawnisul
als
18s°€°680-¥-4'N SNL
195 /€ /S80--4PN /AWU /BONISBJU /EJBPIWU /SBWN|OA / aweN 3|14 eleq Loz
anjen Jejowesed
ng- ng+
A4
‘A 15
198°¢'G80-7-4rN o-"==0
—
10
.- e
13N 09N
MO

Ty



360

(wdd) L}
09 0/ 08 06 00L OLL 0OZL OEL OFL 0OSL 09L 0ZL 08L 06L 00Z OLZ

O,- 0 OL 0C 0€ Ovr O0S

Appendix 3 — Spectra Relevant to Chapter 4

_f_{‘;: e I T
]

9€559 22IS [esnoads

89/2¢ 9z palinboy

Log ogl snejnN

6vP6L- Aouenbai4 1semo

_.__m.ﬁ. ‘__jm.H 5'880v2 WPIM [e10eds

Ol_mfo 29°00L Aousnbai4 1slowoinoads

G'eS uren Janieoey

cls SUBOS JO JaquinN

— (z 50-a-4'3H-89 1S00¥ 099 ddD) S¥00 €29221Z aqoid

at wewuadx3

12 0gbdbz @ousnbag asing

#mf — 2’62 ainjesodwa)

O2R €1000 1uenj0s

&EO 10ads Juawiniisu|

s

PY¥'580-7-4rN SBL

Pl /7 /S80-%-4FN /IWU /EONISEJU /EjepiUU /SOWN|OA /

suieN o4 ejeq

anjea Jsyeweled
ST SN NG P g DR LIS I
WOS>BOWOOOROIOINNOODOANO © %wm% %
NORPOROOVUIWANWWOIWWD © o (
R0 30N="NOOTOODWOMAaNDD L %/_ZW % P 1°S80-1-4rN



Appendix 3 — Spectra Relevant to Chapter 4 361

UV L
80L1
6L
0071 -
10z
0ZZ
122 -
A
YA
2T |-
6681 o
€6
zuer
L9 _
————— oz
oLL}
90'L|
goL[
el
_ 6L
_ Ay
96|
00°'L
grel <
- gl
00'L
00l 10
960
46607 z
/60
- ©
ool © &
=
3 -~
2
- 00
2 55 - o
= = |
[ il
o ‘, l’ !,ﬁ"-'. g
i “‘5 N Ne]
o @ -
e
= S
L N
N
Lo
™
pe: -
s
Q
- -0
N
w
z -9




362

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L

08
G’/
0/
GO
09
GG+
0°G+
G
Ot
G'€-
0°€A
G
0°¢+
Gl
Ol
G0+

00

g0

oL

(wdd) z4
GL 0¢ SC 0¢€ 9¢ 0¥ gV

0'S

GG

09 99 0/

G/

08

00+

oy ]

&

(Z 50-Q-4%H-88 LS00 084 ddD) S¥00 €29221Z

@
[=]
(v20l ‘veot)
(821 ‘v2ok)
(HE'HL)
(0%5- ‘0%5")
(e'hiEE ‘e 1IEE)
(e1°00¥ ‘€1'00%)
Y6y 1182216102
6€:0€71182-21-6102
260€°0
00052+
@ 8188’k
8'9LL
4
ASOO
JbdddBAsoo
1’262
€1000
109ds

Hawy uidsorg sexnig
108°€°02 k-b-4rN

19 /€ /02 h-b-4MN /ALIU /BONISBJU /EYEPILIL /SUINIOA /

anfep

198°¢'0CL-v-4I'N

0zIS [esoadg

921 palinboy

SnajonN

Aousnbai4 1semo]
UIPIM [esjoads
Aouenbai4 Jejpwonoadsg
9)eQ UOHEOUIPON

ajeq uonisinboy

awi| uonisinboy

UIPIM 3sind
Aejo@ uonexejoy
uren JaneoaY
SuBdS JO JaqUINN
aqoid
Juswpadxgy
aouanbag asing
ainjesadwa)
uaA0S
JUETTLRET]

ubuo

SnlL

SweN a4 ejeq

Jsjeweled

I

r

£02
_l_muu_f .xjmuw
o-'S-o

13,

ZIII.

Y

Q3



363

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L

0LZ-
002
061-
08l
0LLA
09l
051
ovL
ocL
0zl
oLL
00L-

08-
0/
09-
0%-

omm
0z
oL-

(wdd) z4

00 oL 0¢ o€ ov 0§ 09 0¢L 08 06

oL--

e o
M B J
° ) d B v ] v (]
0 .
[ e
o
0 ' @
- ¢ 8 #0000 0
o b o (4] o
(]
4
o b
@4.%@“_ of
M&\ o . v

18s8°/°0CL-7-4IN

£02

ngd  Ng-
_mf,.._mw

[y



364

Appendix 3 — Spectra Relevant to Chapter 4

€- c- L- L 4 € 1% S 9 6 oL LL 45 €l 14” Gl oL
1 1 1 8..Ln_bz..lf—/_qZA.I'.L_.LZoo_ALLL_OO..L.VO. 1 s 1 1 1 s 1 s s 1 1
22888235 8828889828%y
e e m TR e
A y
|
I
9€459 2zIg [esoads
89/2¢ 9215 pasinboy
HL snajonN
LGS Aouenbai4 1semo
82108 YIpIM [enoads
€1°00 Aousnbai4 selowonoads
0G:GE'02LyL-L1-6102 e uonedyIPON
LrZ 0G:G€'0eLyL-L1-61L02 ajeq uonisinboy
¥680°% awi) uonisinboy
HO  HO 00052k wPIM 9sind
0000 L Kejaq uonexejay
8CHE uren Janeoay
9L SUBDS JO JaquinN
(z 50-a-43H-88 1S00¥ 099 ddD) G¥00™ £29221Z aqoid
ak wewuadxgy
13HN ogbz 9ouanbag as|ng
m_—_._-_U 2'.62 ainjesadwa)
€10a0 juan0s
uomnw juswnisu|
Hawy uidsorg Jexnig ubuo
PY'2'S60-7-4rN SmL
PY /2 /S60-7-4MN /iU /EONISBJU /EJEPIWIU /SBWNIOA / SweN 9|l eleq
onjeA Jejoweled
=
SRUNERBIRGRBICELYESEY PYZ'S960-7-4rN




365

Appendix 3 — Spectra Relevant to Chapter 4

OlL-

0

oL

0c 0 OFr 09 09 0L 08 06 OOL OLL OcL O€EL OvlL OSL 09L O0O/L

(wdd) L}

08L 06L 00C¢ Olc

Ge'gL—

1612~
[VvT~

Sr'SE~C

8€'6E~
vLvy
66'7Y

8L Ly
¢L99
£6°99

j

G069

o199’/
8L~

LG9/~

9g'LL

08'6L

vL'ocL—
veecl
8G'LEL
crcelL
LEVEL

\
>
v

96559

e gos2e
o8l
HO HO 95v6L-

§'8€0¥C

92zIg [esoads
9z1S palinboy

SnajonN

Kousnbaig 1s8M07

UIPIM [esjoads

29001 Aousenbai4 sepwonoads

50:8G:02LY +-1+-6102
S0:8G:02 LY +-1+-6102
LE9E'L
00000+
0000k
g'ss
2ls

(z S0-a-43H-98 1S00¥ 088 ddO) §¥00” €2922}+Z
ak
0gbdbz
2'L62
€100
108ds

I3HN

=T e oan

Howo uidgoig Jevnig

PIE'GE0-b-PN
Pl /€ /960-p-4PN /5 /eoniSeyu /eepiwu /Sawniop /
enep

0'99L—

P'EG60--4I'N

9jeQ UONEOUIPON
aleq uonisinboy
awi) uonisinboy
UIPIM 8sind
Aejo@ uonexejoy
uren JaAeoaY
SUBDS JO JaqUINN
aqoid
Juswuadxy
aouanbag asing
ainjesadwa)
uaA0S
JUETTLET]

uibuo

SlL

aweN 8|4 eleq

Jelowesed



366

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) 14
€ 1% 9 L 8 6 oL LL 45 €l 1%
s 1 s 1 s s 1 1 1 1 1 1 1 1 1
NON=SRNOWW= = o= b
ov=aNvNn= o 00O o
FH=oR8%x~ © B8 S S
S S il T th
4 1<J al T
I
9€559 0zIS [enoadg
¥8€91 921 palinboy
HL SNajoNN
g 2'e6LL- fouanbai4 1semon
6'L196 YIPIM [enoadg
O 5310 65'665 Aouenbai Jejewoioads
0059'¢ YIPIW 8sind
00002 Kejoqg uonexejoy
—
9€ uren Janleoay
8 SUBDS JO JaquinN
J_ ak uswpadx3
BN Indzs 9ousnbag asind
210 8] _UM.E 0'se ainyesodwa)]
€1op2 JUBA|0S
eAoul JuswinAsu|
ueLeA ubuo
LLL-p-dPN NN
N 2N AASS— | l 21N | . .
o 9 2 NN W W w A o1 01 01 O1 o © reA IojoweIeg
[6]Ne)] WO = =NN w ]
SN No 5328 aNRI 3 R8>R % N
9|joid - IAHISI0 HL QUVANVLS
LLL-p=4rN



367

860

LGS0
7&'0
0C'L~
09'L
(A
6C'€
€G°¢€
Q9 —
7€'~
99'G~
8L'G—
€6'G"
69—

Appendix 3 — Spectra Relevant to Chapter 4

9€959

¥8€91

HL

82641~

61196

65669
0%:62:201€1-20-0202
L¥'82:20.1€1-20-0202
9V0L'}

00592

00002

o

9

ejuad

502
5310

ak
Indgs

2
B3N
N0

0'se
€IopP0

eAOUl

Q3

ueueA
YLL-7-dPN
anjep

8|joud - IAYISIO HL QYVANVLS
V/LL-V-d(N

0zIS [esoadg
921 palinboy
SnajonN
Aousnbai4 1semo]
UIPIM [esjoads
Aouanbai4 Jejpwoinoads
a1eQ UOHEOUIPON
ajeq uonisinboy
awi] uonisinboy
YIPIM 8sind
Keje@ uonexejoy
uren JaALoaY
SUBOS JO JaqUINN
aqoid
swpadxy
@ouanbag as|nd
ainjesedws)]
JuaA0S
JUETTLIETT]
ubuo
SNL

Jelowesed



368

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L}
Il Il Il " Il " Il " Il Il Il Il " Il Il
N SENO S S SO S cooo =
Sw ©O0 VOOV NWO O o o © o
N o N ONROONNOOOOO R R ) =
‘< g
I
I I
9559 82|g [enoads
¥8E91 921 palinboy
HL snajonN
'908- Aousnbai4 1semo]
€09 YIPIM [enoadg
08'66€ Aouenbaig Jejewoidads
£2:/2:511/1-20-0202 e uonedyIpoN
01:£2:S11/1-20-0202 areq uonisinboy
6G55C awi] uoisinboy
0000°'S UIPIM 8sind
0000" Kejaq uonexejay
oe uren Janleoay
002 SUBJG JO JaquinN
HWNBUO aqoid
ak wewuadxgy
0O,
Indgs ouanbag asing
o€ ainjesedwa)
= €1op2 JUSA|0S
SIWUA JuswinAsu|
uelep ulbuo
=
N 2100s-9/1-p-4rN SBL
Q= ane, Jojowese
aw [eA lowesed

(50—
¢6'0~
(0]

£8'lq

90°L

(zH) £'8€ yipm :(wdd) 9z :181u8d pueq SAOSIeS
(zH) ¥'6€ :UipIm (wdd) 9G'{ :Ja1Uad pueq SAIXd8jeS
qleo dewbpz
210ds-9/L--4rN



369

=y0°L |
VLS

\
7

10'T
/0T
L€
SE'€
0cv—
IS'v—

Appendix 3 — Spectra Relevant to Chapter 4

SY'S—
L9°S—
19—

g'q 09 G9 0L * A 08 *°] 0’6 g6 00L S0L O
.m .L, 1 L L 1 L 1 1 1 L 1 1 1 L 1 L 1 L
83 3
" i
9€£G99 9z|S |esoads
89/¢c¢€ 82|15 palinboy
HI snajonN
€'G¥SL- Aousnbal4 1somo
82108 UIPIM lesoads
€1°'00% Aouanbai4 Je1owoinoads
6G-1€:0¢10}-Cct-8102 ajeq uonisinboy
Lez ¥680°t awi| uonisinboy
ned, e 000241 WPIM 8sind
o-5~g 0000’ feja@ uonexejay
29 urer) JaAI998Y
e 9l SUBOS JO JaquinN
atk wswiadxgy
ogbz aouanbag as|nd
N 1'562 ainpesadwal
apo osn €10ad0 judAjos
10ads Juawinisu|
Hqwo uidgolg Jeynig uiblo
Py’ Lreyo paysely | LZ-IAMYY SL
Pl /1 /1eYD paysely” LL2-IAMYY /iwu /BuomIe /erepiwu /Sawn|op / SweN 9|4 ejeqg
onjep Jojoweled



370

wdd

om:\ om\_\ ow_\ 0ch ow_‘ 0L 09 0ZL 08L 06} O@N (0]%4

Il Il

9€£G99 9z|S |esoads
89/2¢ 9zIS palinboy
ogl snajonN
8561~ Aousnbal4 1semon

G'8e0v¢ UIPIM [es10ads

: Aouanba. Jsjowosnoad
122 c9'001t ERC 1084

00:9€:€2101-¢1-8102

aleq uonisinboy

Appendix 3 — Spectra Relevant to Chapter 4

LE9E" awl) uonisinboy

0000°0L WPIM 8sind

0000+ Kejoq uonexejey

€05 urer) JaAI9o8Y

2ot SUBOS JO JaquinN

atk wswiadxgy

N=—""

o3 0ebdbz aousanbaeg asind

WO 1’562 ainjesadwa|

€10a0 JUBA|0S

100ds juswinsu|

Hawo uidsolg Jaxnig uibuo

Py 2 Jeyo payseyl LLe-IANMEY oL

Pl /L /4eyd  payse|” | Lg-IANMYY /Awu /Buomie /ejepiwu /Sswn|op / sweN 9|14 eleg

anjep Jejeweled
NN A _

[ =
NN W o)}
W oo N
00 0 © u
O b Ui =



371

Appendix 3 — Spectra Relevant to Chapter 4

wdd

0'l-

L

wdd

Gg0- 00 GO0 OV GIL 0¢ G¢ 0t ¢g¢ OoO¥ Gv 09 69 09 G9 0. G, 08 G8
L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il

06 66 00L GO0l
L Il L Il L Il L Il

0S 1+

U4d%

0€1

0Z1+

0Ll

66

(veol ‘veol)

(081 ‘¥e2ol)

(O€L ‘HI)

(8'2921-‘1°L1G-)

(€711991 ‘v'S6LY)

(29001 ‘€1°00%)

81:80:12101-21-8102

6 122 GEILZ0

ng  ngd 000" LL

D.._,_ marc 0005'1

/61

4

— a311a3-O0SH

'gdsisdbjepaobsy

1662

€10a0

108ds

HawH uidgolg Jaxnig

las'gueyd payseyy” LLg-INMEY

19S /€ /Jeyd” payse|)” | Lg-IANMYY /Jwu /Buomie /eyepiwiu /SSWN|oA /
anjep

Z-l-.-j.

o3
SN0

9zIg [es0adg
9zIS palinboy
shajonN
Aousnbal4 1semon]
UIPIM [es0ads
Aouanbai Je1owoinoadg
ajeq uonsinboy
awi] uomsinboy
WPIM 8sind
Aejoq uonexejey
ulen Janleoay
SUBDS JO JaquinN
juswiiadxy
@ouanbag as|ng
ainyesadwa|
uaA0S
uswiniisu|
uibuo
sL
swe 9|l eleq
Ja)oweled

e

WWWUV 17T “JV




372

=00°L |

€0'1T

90'v—
I¢v—
S9'P~
17824
I2°S—
LT°9—

Appendix 3 — Spectra Relevant to Chapter 4

Pl /2 /PaUSEl 2.2 IAMEY /iWu /Buomie /ejepiuu /Sawn|op /

anjep

0L G, 0’8 G'8 0'6 é6 00L GOL O
1 L 1 1 L 1 1 1 L 1 L 1 L
9€G99 9z|g [esjoadg
89/2¢ 9zIg palinboy
HL snajonN
0SSk Aouenbai4 1samoT
8'¢108 UIPIM [es0eds
€1°00% Aouanbai4 Ja1owoinoads
61:20'vLLI-CL-8L02C 8jeQ uonisinboy
4Tz 6801 auwil] uomsinboy
ng?  ngd 000Z' L1 YIpPIM 8sind
Ot_r_m\.uo 0000 1 Aejog uonexejoy
0cL urer) JaAI9o8y
9l SUBdS JO JaquinN
—
g at awiadxg
ogbz aouanbag as|nd
oN— 1'G62 ainjesadwa|
O3 €10a0 Juan|0S
NG 100ds juswinisu|
Hqwo uidgolg Jeynig uibLo
ply'g'pausel) ¢e-IANMHY L

aweN 9|4 ereq
J9)oWered



373

oLl
PR -

ow_\ 0ct ow_‘ 0sL 091 0ZL 08}

Il

7
/

80°8Z
0908

Appendix 3 — Spectra Relevant to Chapter 4

9€G99

89/¢¢

ogl

61961

G'8€0ve

29'00t

2s9k:ecli-cl-81L0¢e

LE9E

:m.MNN ne 00000}
;_m._. 0000’k
O="==0 8L
0002

— atk
0ebdbz

¢'S6¢

WNT 05N £10a0

ANO 100ds

Hqws uidsolg Jeynig

Py’ L 1eyd paysel) gL2g-IANMHY

Pl /1 /1eyd” paysel g/Zg-|AMYY /WU /Buomie feyepiwiu /SaWn|oA /
anjen

g

88'v¢T—
02'8¢T—
T6'SET—
Y0691 —

9zIg |esjoadg
9zIS palinboy
snajonN
Aousanbai4 1samon
UIPIM [e10ads

Aouanbai4 Je1owolioadg

ajeq uoisinboy
awi] uomnisinboy
UIPIM 8sind
Aejog uonexeloy
ulen Janeoay
SUBDG JO JaquinN
juswiadxy
aouanbag as|nd
alnjesadwsa|
JUBA|0S
juawinisu|
uibuo
L
aweN a4 eleg
JejWeled



374

Appendix 3 — Spectra Relevant to Chapter 4

wdd
l- G0 00 S0 o'l gl 0¢ G'¢ 0€ g€ oy GV 0'g G'G 09 g9 0L G, 0’8 G'8 0'6 é6 00L GOL O

1 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 1 1 L 1 L 1 L
O W OO, 0OWW - N =
VOO0 WOWOWANON2OVOD OW© © o o
OCOPOONDI_NOWRHW®O=2=20 WA w S o
T EET AT TR Ry A v IP—"

T 1
l

9€G99 9z|g [esjoadg

89/2¢ 9zIg palinboy

HL snajonN

'G5 Aousnbai4 1semo

8'¢108 UIPIM [es0eds

€1°00% Aouanbai4 Ja1owoinoads

v¥:01:20LEL-CL-8102 ajeq uonisinboy

680 awli] uomnsinboy

BET 000L' kL UIPIM 8sind

HO HO 0000+ Aejpq uonexejey

8'CHh urer) JaAI9o8y

9l SUBDS JO JaquinN

18 at wawadxgy

ogbz aouanbag as|nd

N ¢'S6¢ aineladwial

Q= USA|O

ano €10ad jusAjos

100ds juswinisu|

Hqwo uidgolg Jeynig uibuo

PY’ L'Paysel) v2-IANMHY L

Pl /1 /PBYSEY 1 /2-IAMYY /AWu /BUOMIE /| -BJepIWU /SBWN|OA / sweN 9l eleg

anjep J9joWelred

— e S ~=— /N I
PR ENMDNONRDNNDWWWWWWHS > oo
WRANORNWUINOOORKENN OO o)) ® =
WO ORWOORUILRNWWOORWOOWUV (o)) oS o




375

ow_\ 0ch ow_\ 0L 09 0ZL 08L 06} O@N (034

9€G99 9z|g [esjoadg
89/2¢ 8zIg palinboy
ogl snajonN
9'2961- Aousnbai4 1semo
G'8€0vC YIPIM [en0eds

29°001 Aouanbai4 Je1owonoads
9¢:61L:G01€1L-2L-81L0C ajeq uoisinboy

bSpT—
v0'827,
58087

Appendix 3 — Spectra Relevant to Chapter 4
S8'T¢~

LE9E" L awl] uonisinboy

6ce 000001 YIPIM 8sind

HO HO 0000+ Kejoq uonexejay
1'8L uler) Jan1eoay

g 0002 SUBOS JO JoaquinN
at eswedxg

0gbdbz aouanbaeg as|nd

N o 1’562 ainjesadwa|
Ly ) €10a0 JUBA|0S
100ds juswnsu|

Hqwo uidgolg Jeynig uibuo

PI9'PauselS v/2-IANMYEY SlL

Pl /9 /PBYSEY 1 /2-IAMYY /AWu /BUOMIE /| -BJepIIU /SBWN|OA /
anfep

€T°9CT—
70621 —
€V CET—
0T'69T—

aweN 9|4 ereq
J9)oWered



376

Appendix 3 — Spectra Relevant to Chapter 4

wdd

0o ¢0 OV GV 0O0cCc S¢ 0¢ G6¢ Ov SG¥ 06 GG 09 G¢9 0L G/, 08 S8 06 G6 00l GOL OLL G
L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L 1

wdd

.o
(oA~ 1]

%

e ® a
B . g
:%° &

8RR © o

VW - DD

o

(¥2ol ‘8+v02)

(9g2 ‘8v02)

(OEL ‘HY)

(r'9LLL- ‘LEglL-)
(v'1eeee ‘L L08Y)
(29001 ‘€1°00%)
0v:62:201€1-21-8102
0920

000L" L1

00002

¥'.61

¥

OdNH
pugidbleoquy

1662

€10a0

100ds

Hqwo uidgolg Jeynig
1os'y'paysel v .- INMUY

18S /¥ /PAYSBY ¥22-IANMYY /Awu /BUOMIE /| -BIEepIWU /SSWN|OA /

anjep

622
HO  HO

YN oo
ANO
9z|g [esj0adg
921G palinboy
shajonN
Aousnbal4 1semo]
UIPIM [edjoads
Aouanbai Je1owoinoads
aleq uonisinboy
awi| uonisinboy
UIpIM 8sind
Kejog uonexejoy
uren) Janieoay
SUedS Jo JaquinN
wswuadxgy
aouanbag as|nd
ainjesadwa]
JUaA|0S
uswinisu|
ulbuo
oL
SweN 9l ered
Ja)oweled

o




377

Appendix 3 — Spectra Relevant to Chapter 4

wdd
- G0 00 S0 o'l m l o 4 m 4 o € m € o 14 [*i% 0'S g'q (0} G9 0L * A 08 *°] 0’6 g6 00L g0l
1 1 L 1 L 1 L L L L L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 1
ZLLCOLLLZ LLELZLLZ - - N -
SOLZZOLL o P S B G o R G o RN o o o o
AORN_2O0O2—=20 OOWOoOOUoO O @ B~ s =]
PLTRETETTERT i ThvErE e i vl it i
_ LN
I
l
9£G659 azIg |esyoadg
89/2€ 8zIg painboy
HL snajonN
9'GHSL- Aousanbai4 1samon
8'¢l08 UIPIM [e10eds
€1°00% Aouanbai4 Jo1owonoadg
€1:2H:02LSI-c-810¢2 ajeq uolsinboy
680 awl uonisinboy
000Z"F1 UIPIM 8sind
HO 0000°L Aejog uonexejoy
0O g'cvl uley) Janleoey
e 9l SUBOS JO JaquinN
T,
8 ar juswiadxy
0ebz aousnbag as|nd
TN 2's6e ainjesadwa)
El
amo O €10a0 jusAjoS
100ds juswinsu|
Hqws uidsolg Jeynig uiblo
pYy LAjundargze-IAMYY BIL
Pl /1 /AInde) G2 2- AMHY /iwu /6uomie /eiepiwu /SsWn|op / swenN 9|l eled
anfep JojWelred
/NN IS | _ _ [
PRENNUNUNND WWwwwwewhk ko n o N
ANNONNWDAO OFRNNNWDRNMO ~N L [(e) =
EFNRFRFROORO AR DhOWOO = B w o



378

Appendix 3 — Spectra Relevant to Chapter 4

wdd
L= 0l 0c¢ (01 oy 0S 09 0L 08 06 (00] (0177 oclL oct orlL (0] 091 0L 08l 061 00¢ (0174
L NN T S I N S I IS T S N S S )Y N NI Y I S A Y ENI N RN IS Y S Y A I A IS N I NS ST S NS S U N
Y | ( v ‘ U Lt | ! |
l | l
i ! !
| __ I I
_ I
9€£G99 9z|S |esoads
89/¢2¢€ 9zIS palinboy
oglL snajonN
6°1961- Aouanbalg 1somo
§'8€0Ve UIPIM [en0ads
29°001 Aouanbai4 Jeyowoinoads
61:1€:¢cLlSl-cl-810C ajeq uonisinboy
1E9€E"L auwil] uomsinboy
e 0000°0} UIpPIM asind
9'/GL G'8GL ¥'6SL €091 L9l 129l HO ] )
AN AN AN AN AN AN fs) 0000° L >m_mn_ uolexe|ay
Zve 02l urer) JaA1908Y
I = 802 SUBOS 4O JaquinN
ak wswadxgy
o0gbdbz aouanbag as|nd
_ N . ainjesadwa
= 08N 1'G6¢ il 18
a BIND £10a0 1anjos
- 10ads juswinysu|
(%}
Hawo uidsolg Jaxnig uibuo
pyg-Aundar—G/g-IAMYY apL
Py /€ /ANdal™G/Z-| AMPY /Jwu /Buomie /eyepiwu /SSWN|OA / sweN 8Jl4 ereg
anep Jajoweled
[N 2N 7270 DSNSSN I/ /A _ _ _ _
NN WWwhADDMDhUTUTUTIO O N 00 0o = = = = =
EA SEAUVNANNNNOOG NN O N a2 9 ©
Ol ONBDNDEBNOR DN o © © o o e ® b
NO NOONOOUVTWhAUINN =V0c._ o w © = © =
[e) OV} = (9, (o] N



379

wdd

l- G0- 00 G0 O} mﬂ_\ oHN mHN on me omv mHv on g¢ 09 69 O ¢, 08 ¢G8 06 &6

P WL, WW=aaN a0

N W=a N - o
O—-_2=20-=_20NO0OO0O OO w
M

=00} "\

N T T TITY

Appendix 3 — Spectra Relevant to Chapter 4

l
9€G99 9zIS |esoads
89/2¢ 9zIg palinboy

HL snajonN
0'S¥S1- Aousnbai4 1semo
8'¢108 UIPIM [es0eds
€1°00% Aouanbai4 Ja1owoinoads
9v:62:€LLLL-CL-8102 ajeq uonisinboy
680 awli] uomnsinboy
000L' kL UIPIM 8sind
0 Wowo 0000+ Aejaq uonexejoy
0EZ €0¢e urer) JaAI9o8y
ig == 9l SUBOS JO JsaquinN
at eswedxg

6z aouanbag as|n
N o€ S 8sind
o9 ¢'G6¢ ainjesadwa|

N0

€10d0 JUBAI0S
100ds juswnsu|
Hqwo uidgolg Jeynig uibuo
PY’ L'Paysel)” 6.2-IANMHY L
Pl /1 /PBYSEl 6.2-IAMYY /IWu /BUOMIE /ERepIWU /SSWN|OA / sweN 9l eleg

EEIN Jeleweled
\ 7 ISSS——~ /NN I _
HENRONNN WWwWwwwww s &S5 o o ~
WNONNWUT OFFEFNNWWDMNO ON O o O L
O ORFRONOO WWOWNNWOWKo VION = U =



380

Appendix 3 — Spectra Relevant to Chapter 4

wdd

¥'8GL 689l ¥'6SL 665l +'09L 6091 VL9l

Wit

_

—_

[e)]

o

o

w
[N 2N NSNS
NN WWwwhbDhDMpbhuiuiuiun
HA BN NNUUNO
O ONPODPHEHUVIOROW
NGO ROWOOONONNW

£5°06—
0T'96—

6'LL—
/6'18—

9€559

89/2¢

ogl

G'G961-

5’88072

29001

€2:65:G11.1-21-8102

LE9E" L

000001

WOWO 0000+
0z v

= 20l
at

o0gbdbz

IFN=" L'g62

3
aNO o €10a0

100ds
Hqwo uidgolg Jeynig
Py 9" PauUsel” 6.2-IAMYY
Pl /9 /PBYSEl 6.2-IAMYY /IWu /BUOMIE /ERepIWU /SBWN|OA /
/N orlen |
=

3

¥6'€CT
4 4T4!
€0°091
76891 —

09°0S

9z|g [esjoadg
8zIg palinboy
snajonN
Aousnbai4 1semo
WIPIM [ed1oeds

Aouanba. Jsjowoinoads

aleq uonisinboy
awli] uomnsinboy
UIPIM 8sind
Aejaq uonexejoy
ulen) Janeoay
SUBDS JO JaquinN
swadxy
aouanbag as|nd
alnjesadwa]
JUBA|0S
juawinisu|
ulbuo
L
sweN 9l eleg
lorowesey
—

29°S6



381

Appendix 3 — Spectra Relevant to Chapter 4

wdd
- G0 00 S0 o'l gl 0'¢ G'¢ o¢ g'¢c (084 [*i% 0'S g'q 09 G9 0L * A 08 *°] 0’6 g6 00L S0L O
1 1 L 1 1 L 1 L 1 L 1 L 1 1 L 1 L 1 L 1 L 1 L 1 1 1 1 1 L 1 1 1 1 L 1 L
SN2 0IW NO=2NNWON=2O =2 2N -
NNOO=2NDN OO0 200000©O ON o
COWNOU NOXNNARNODS = © =]
T g P T T P e L o m  I" h
l
l
l
9€599 8z|S [eJ0eds
89/2€ 82|15 painboy
HL snajonN
L'G¥GL- Aouanbai4 1semoT
82108 UIPIM [e2108dS
€100 Aouanbaid Jejpwoloads
LSy v1L181L-CL-8L02 ajeQ@ uonisinboy
680 awli] uonisinboy
000L'HE UIpPIM 8sind
o WOWO 0000°L Kejag uonexejoy
: urer) Ian1909
LEZ c'v9 1en 19039y
2e SUBDS JO JaquinN
ak swiadxgy
o0gbz aouanbag as|nd
YN : aineJadwa
0 1'g62 ! L
NG €000 juenjos
1o08ds wawnisu|
Hawyo uidgolg Jaxnig uibuo
Py L'paysely 08e-IAMYY SpL
Pl /1 /PBYSElS082-IAMHY /AWu /BUOMIE /erepIwU /SSWN|OA / sweN ajl4 ereg
anfep J9joWweled
N 2 A A SSS=S _
EER RN NNWWWWWW Wk A o
WRANYNORN OOVONNWWUNO DO o]
NRAWNHOWO OFRWHOONAN 0D w




382

0cL o€l owv 0S1L omw_\ o*_‘ 081

Il

Appendix 3 — Spectra Relevant to Chapter 4
T€°96

9£G59

89/2¢

ocl

9'6%02-

8'€2292

29'001
9L:E¥:91181-21-8102
96v2’ L

0000°01

0005°0

LEE 29
201

at

0ebd6z

(o1} 1’562
€1000

10ads

Hqwo uidgolg Jeynig
Py 9" paysely” 082-IANMYY

Pl /9 /PBYSEY 082-IAMHY /JWU /BuomIe /erepiwiu /SSWn|oA /

o, WOWO

N
SND

anjep
_ _ _
= = =
N w1 o
= w o
N w ol
N ~N o

9zIg |esjoadg
9z1g palinboy
snajonN
Aousanbai4 1samon
UIPIM [e10eds

Aouanbai4 Ja1owoloadg

aleq uonisinboy
awi] uomnsinboy
UIPIM 8sind
Aejog uonexejoy
uley Janeoay
SUBDS JO JaquinN
Juswadxgy
aouanbag as|nd
alnjelsadwsa|
JUBA|0S
juawinisu|
ulbuo
sL
swenN 9|i4 eleq
J9jWelred

¥9'v0C¢—



383

Appendix 3 — Spectra Relevant to Chapter 4

wdd

0'l-

0G 1+

Ud%

0€1

0Z1+

0Ll

L

Gg0- 00 GO0 OV G 0¢ G¢ 0t ¢g¢ OoO¥ Gv 09 69 09 G9 0. ¢, 08 G8 06 G6 00l SOl
L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il

wdd

E [

=

@ (v201 ‘v2o1)
(081 ‘v2ol)

(O€L ‘HI)

(8'2921- ‘5'925-)

0 (€11991 ‘v'S6L1)
(29001 ‘€1°00%)

60:92:71181-2}-8102

. seleo
000L°LL

000S"L

v'L61

LEE 2
a3.11a3-O0SH

' gdsisdbjepaobsy

o, WOWo

N 1’662

N0’ O=N €10a0

10ads

Hawp uidsolg Jexnig

les'g'paysel) 082-IANMHY

188 /g /PAYSEY082-IANMYY /iU /BUOMIE /ejepiwu /SBwn|oA /
anfep

9zIS |eJyoadg
9zIS palinboy
snajonN
Kousnbaid }semo]
YIPIM [ed1oads

AKouanbai Je1pwoinoadg

ajeq uonisinboy
awi] uomsinboy
UIPIM 8sind
Aejaq uonexejay
ulen) Jan1eoay
SUBOS JO JaquinN
juswiiadxgy
aouanbag asind
ainyesadwa|
JUBAI0S
uawinJisu|
uibuo
spL
aweN 9|i4 eleg
Jajpweled




384

wdd

wdd

QO le

<

Appendix 3 — Spectra Relevant to Chapter 4

=] 6

1T ]

©

-] pm
@B bm -]
%o

(¢] b

(v2ol ‘8v02)
(952 ‘8v02)
(O€L ‘HI)
(L'8LLL-‘0eLL-)
(v"12eee ‘L L08Y)
(29001 ‘€1°00%)
L /E71181-21-8102
° 09270
000Z'LL
00002
v'261
34 14
6 OdNH
pug|dBisoquiy
e o @ SyN— 2562
aNO o2 €10a0
o 10ads
HawH uidsolg Jaxnig
l1es"g"paysel; 082-IAMYY
1S /€ /paysely—082-IAMYY /iwu /Buomie /eyepiuiu /SSWN|oA /
anean

Y

&
o
L]

o wWowo

@
o ©c

(=}

0o G0 O} G} 0¢c G¢ 0¢ G6¢ OoO¥ G¥ 06 69 09 G9 0. G/ 08 S8 06 G6 00L GOL OLL G
L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il

9zIg [es0adg
9z|g palinboy
shajonN
Aouanbal4 1samon]
UIPIM [es0ads
Aouanbai Jejowoinoadg
ajeq uonisinboy
awi] uomisinboy
UIPIM 8sind
Aejog uonexejay
urey Janeoay
SUBDG JO JoquinN
juswiiadxy
aouanbag as|nd
alnjesadwsa]
uanjos
juawinisu|
uibuo
L
aweN a4 eleg
Jajoweled




385

Appendix 3 — Spectra Relevant to Chapter 4

wdd

¥0-
L

Il

0

L

wdd

‘0 ¥0 80 ¢t 91 0¢ ve¢c 8¢ ¢¢ 9¢ 0Oy vv 8v ¢9 9G 09 ¥9 89 ¢/. 9. 08 ¥8 88 (6
) S I I I I O SO N A S A S S S S T S N N [ S N N I N N B |

ml

w0

(veol ‘veol)
0 h% (952 “¥2ot)
©r (HL*HL)
- e (8'991- ‘5°'891-)
(0°000% ‘0°000%)
(EL"00¥ ‘€1°00%)
GG:/2:S1181-21-8102
s 09520
000Z'LL
0008'L
282
LE2 v
AS3ON
szyddbAsaou
2562
€1000
10ads
Hawo uidsolg Jaxnig
18s°G"paysel; 082-IAMYY
189S /G /paysely 082-IAMUY /Jwu /Buomie /ejlepiuiu /SaWwn|op /

' anjepn

e o

WOWO

YN

3N
SNO

9zIg [esoads

9zIg palinboy
shajonN
Aousanbal4 1samon]
UIPIM [ed10eds

Aouanbai Je1owoinoadsg

ajeq uonsinboy
awi] uomsinboy
UipIM 8sind
Aejoq uonexejoy
urey Janleoay
SUBDS JO JaquinN
juswiiadxy
aouanbag as|nd
alnjeladwa]
uan0S
Juswinisu|
ulbuo
sL
swen 9|i4 eleq
Jajoweled




386

Appendix 3 — Spectra Relevant to Chapter 4

wdd

¥0- 00 ¥0 80 ¢ 91 0¢ ¥¢ 8¢ ¢¢ 9¢ 0Ov ¥v 8% ¢S 96 09 ¥9 89 ¢/ 9/, 08 ¥8 88 ¢6 96 00}
) ST T T I N Y S N I I S S S S [ S N S T S N N N S i |

0l

wdd

o, WOWo

=

YN
SN0

=

(v2oL ‘veoL

(821 ‘veol

(HE ‘HE

(Lvoe- ‘0’802~
(52616 ‘G265
(e1L°00v ‘€1L°00%
61:12:51181-21-8102
0610

0002 LL

00002

LEZ €0€

L

ASOD

jbdddbAsoo

n il 1's62
€10a0

100ds

Hawy uidsolg Jexnig

195" PaYSE~08Z-IAMYY
185 /i [POUSE|J082-IAMHY /WU /BUOMIE /EJEPILIU /SOWN|OA /

anjep

9zIS |eJi0adg
9zIS palinboy
snajonN
Aouanbai 1semo]
YIPIMW [ej0eds

Aouanbai Jejpwoioadg

areq uonisinboy
awl| uonsinboy
UIPIM 8sind
Aejag uonexejay
Uler) JanIeoay
SUBDS JO JaquinN
juswadxy
aouanbag as|nd
ainjesadwa]
JUBA|0S
uswinJsu|
ubluo
ENN
sweN 9ji4 ejeq
Jsjpweled

B




387

Appendix 3 — Spectra Relevant to Chapter 4

wdd
l- G0~ 00 G0 o'l gl g¢ 0%¢ g€ oy v 09 GG 09 G9 0. G, 08 g8 0'6 0oL golL
1 1 L 1 ,.L. Zk/_LLL,LVLLLkLﬁW_OOkZ,erO, .|r, 1 L 1 1 1 1 L 1 1 L 1 1 1 1
3 NNNoNIINIVISEZIL 8
e AT e ek b h
_ %éj %i
l
l
9€G99 9z|S |esoads
89/¢€ 9zIS palinboy
HI snajonN
0°GPS k- Kousnbai4 1samon
8'¢L08 YIPIAA [es10ads
€100 Aouanbaid Jejpwoloads
OLcl:vilel-cl-8L0C ajeQ uonisinboy
6801 awli] uonisinboy
000Z" 1 UIpIM 8sind
0000°L Kejaq uonexejoy
o, Wona £0¢ uren) Janeoay
) ZET 2e SueOS JO JaquinN
ak swiadxgy
J H 0ebz sousnbag asing
1’562 ainjesadwsa]
N
02N €10ad0 jusAjoS
SN0 100ds juawinsu|
Hawyo uidgolg Jaxnig uibuo
Pl L pausel 282 IAMYY oL
Pl /1 /PBYSEl282-IAMHY /AWu /BUOMIE /erepiwu /SSWN|OA / sweN 94 ejeg
anjep Jeloweled

ey

IIIIZZZZZZ
Z.Vgooort-VC._C._/_

o w

OO w

N oo O

N
/_
(o2}

-
Z
©
(o]

/
E
o
O

w
N
o

w

N
(o]

w
w
[

&

0]
[e)]

E~

66

Ty

09'v—



388

696/
008~

Appendix 3 — Spectra Relevant to Chapter 4
8T8/~

/6756

wdd
(0[0] oLl (4% ocl ovl 0SL 091 041 08l 061 00¢ oLe
RN U ST S IS S S S I IS N AU T NN S SN S T SN [N S SN NI SN S ST S NS |
U \ U

9€£G99 9z|S |esoads
89/¢2¢€ 9zIS palinboy
ot snajonN
L"1S02- Aouenbalg 1samo
8'€2292 UIPIM [e0eds
29'00L Aouanbai4 Jsjpwonoads
70:1€:91161-21-8102 a1eq uonisinboy
96¥2’ | awli] uomnisinboy
0000°0F UIPIM 8sind
0005°0 Aejaq uonexejoy
Q woma G'GS uren) JoAleoay
9 ZET 201 SueOg Jo JaquinN
atk wswiadxg
a H 0gbdbz aousnbaeg as|nd
1’562 ainjesadwa|

Bl L
(ol €10a0 JUBA|0S
SO 108ds wawnisuy|
Hqwo uidgolg Jeynig ubuo
Pl 9" PaUSEl 282 IAMYY anL
PY /9 /PBYSElS 282-IAMYY /i /Buomie /erepiwu /SaWn|oA / aweN a4 eleqg

anjep Jajowered

_
= N
[} =
© N
N [Ce}
» o



389

Appendix 3 — Spectra Relevant to Chapter 4

el
suL|
ozl
£60| —
26'0
8Ll
818
20| o
860
6LL|
Lo'L

260| m

F8L9

7

A5
ge'e
06'€—
va
Lz’
(97—

86'¢

=

vET

O HO

9€959
¥8E9L
Hi
EE6LL-
S'€656

22IS [esnoads
9z paiinboy
snajonN

Aousnbaig 1semo]

UIPIM [e0ads

85'66G Aousnbai4 1ejowoioads

80:21:91162-60-0202
81111191 162-60-0202
8L0L°L
00592
0000+
OWow 9
[o]3
ejuad
at
Indgs
0'Ge
Elopo
O3 enou
uBlEA
88¢-v-dr'N
anjep

a1eQ UONEOUIPO
ajeq uonisinboy
awi uonisinboy
UIPIM 9sind
Keje@ uonexejoy
uren JanLoaY
SuBdS JO JaquInN
aqoid
Juswpadxy
@ouanbag as|nd
ainjesadwa)
1uaAl0S
Juswinsu|
uibuo
oML

Jejowesed

88¢--dI'N



390

0cl
I

oerL  Oovk 091 091 0L 081
| I NI I I PR -

Appendix 3 — Spectra Relevant to Chapter 4

_:( B T Her

_—

———— e INSS=— /7
NNNNNWWDADMDAMDMDUTUITUTUTUTIUTIUTIN N OO
NONOENERNNRO RNV 00WNON
UVEFWOOPRWANUIWONRFRFUOUIADMNOUN
NUVRAODDRANWOOOPRMOOUIUINNEFEA~AUD

92’96

9€G659

89/¢2€

o1 %

6'810¢-

8'€229¢

29’00t
G0-¥5:€21¥0-10-61L0c
96v2C’ L

00000}

OWOW 00050
a HO 0zL

00S}

akr

o0gbdbz

oyN— 1'g62

=l e} O3 €10a0

10ads

Hawo uidsorg Jexnig

Pl9°Paysel~S82-IAMHY

PY /9 /PAYSElSS82-IAMHY /iWu /Buom.e /erepiwu /Sawn|oA /
anfep

vEe

T2°69T—

9zIS |esjoads
9zIS palinboy
snajonN
Aouanbai4 1semo
UIPIM [e1oads
Aouanbai4 Jajpwonoads
a1eq uonisinboy
awi] uonisinboy
UIPIM 8sind
Aejag uonexejoy
uren) Janleoay
SUBDS JO JaquinN
Jswadx3
aouanbag as|nd
alnjesadwa]
JUBA|0S
juawinisu|
uibuo
apLL
sweN 9l ejeg
Jeloweled |

9€'0T¢



391

Appendix 3 — Spectra Relevant to Chapter 4

i

€0’
ve'l
95'l
88’
96'L
80°C
vz'T
e
1Sz
897
08'C
/8T
162
L0°€
L0°€
s
8L'e
1z's
6L€—
e’
£eh~

9€959
¥8€91
HL
Leeh-
€656
85669
€€'52:02161-¢1-020c
81:¥2:02161-¢L-0202
8L0L°}
S¥e 00592
HO gy OWOW ~ %0%¢
I oge
8
ejuad
ak
Indgs
IN— 0'se
@EO (=] €1op2
eAOUl
ueueA
9092-5€0-G-4MN
anjep

9d90-G€0-G-4IN

0zIg [esoadg
921 palinboy
SnajonN
Aousnbai4 1semo]
UIPIM [esjoads
Aouanbai4 Jejpwoinoads
a)eQ UOHEOUIPON
ajeq uonisinboy
awi] uonisinboy
UIPIM 3sind
Keje@ uonexejoy
uren JanLoaY
SUBOS JO JaquINN
aqoid
yuswpadxy
@ouanbag as|nd
ainjesadws)
JuaA0S
JUETTLIET]
ubuo
SlL

Jelowesed



392

(wdd) L}
O OL O0Z 0c Oy 0S5 09 0L 08 06 OOL OLL 0OZL OEL OFL OSL 09L 0ZL 08L 06L 00Z OLZ

lséségiagi%z?ziﬁ;%zi ™ jzzéé_%_ é;?é%%gé é%%ﬁig%z%{%%g%%

Appendix 3 — Spectra Relevant to Chapter 4

9€459 92zIg [esoads

89/2€ 9z1S palinboy

SHE oglL snajonN

L'0E61- Aousnbai4 1semo

HO gy QWOW 58072 WPIM [e0eds

I 29001 Aousenbai4 sepwonoads

1:61:€2161-¢1-0202 e UoHEdHIPON

v1:61:€2161-C1-0202 areQ uonisinboy

1E9€ awi] uoisinboy

0000°0} YIPIA 8sind

IAN— al 0000 L Kejaq uonexejay

@EO ._U r_.c L'8L uren IaAeoay

8v02 SUBDSG JO JaquinN

(z 50-a-43H-88 1S00¥ 099 ddD) §¥00™ £29221Z agoid

ak wewuedxgy

0ebdbz aouanbag asing

c'Leeg ainjesadwa)

€10a0 Juanos

108ds juswinisu|

Hawy uidsorg sexnig ubuo

A S N A NN | Pl 1'9090-E0-G-4N i

SNNNOOADMNDIMEEDRDDIDMNOOOOOOGOONNN OO (o) PY /1 /9090-G€0-G-4IN /IWU /edNISeju /ejepiwiu /SSWnjoA / SweN 9|l eleq

%99888“?999986899%Z“W6“9 w onfeA Jejewered

CEHEEEcETIRILTITZaEN2E8SR I PY1'9090-5€0-G-4rN



393

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L

061
081
0L
09l
051
ovL
0€L-
0zl
oLl
00l

(v20t ‘8v0e)

(96 ‘6EV 1)

(081 *HL)

(9°00G1- ‘0°994+-)

(S'7S10€ ‘5'€656)

(8205} '85°665)

9Y6€:02.L6}-21-0202

81:1€:02L6}-21-0202

00510

000€'S

0000k

43

4

ejuad

Q3LIa3-00SH

QvODSH

0'se

9p92

‘eAoul

uelep

10~ QVODSH
anfep

9z1g [esjoadg
9215 palinboy
snajonN
Aousnbai4 1semo]
YIPIMW [esjoads
fouanba.4 seoworoadsg
aleQ UONEOIPON
aeqg uonisinboy
awi) uonisinboy
UIPIM 8sind
Aejpg uonexejay
ulen Jonieosy
SUBOS JO JaquInN
agoid
Juswiadxgy
aouanbag esind
aunjesadwa)
jusn0S
Juswnsul
ubuo
apL

JoeWered

90d90-G€0-G-4IN

L0 QvOOSsH

T

5¥2
i HO oy OWow
|

HW—
N0 o3



394

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L

08+
2
ON..
m.@..
o.w..
m.m..
o.m..
m.#..
o.v..
5'e
o.m..
34
O.N..
m._\..
01
50
o.o..

00

G0

oL g1 O

¢ §¢

(wdd) z4

o0e g€ 0oy &Sv 09 g9

09 99 0L 69¢

08

N

[ 3

(¥20L ‘v2oL) 821G [enoads
(821 ‘gvL) 02|15 painboy =
(HL ‘HL) snajonN - e
(2'9g1- ‘2'9€1-) Aouanbai4 jsamoT
e (L°Lv6Y ‘L Lv6Y) UipIM [eoeds T
‘ (85'665 ‘85'665) Aousnbaid Jsjowoinosds
v1:1€:02161-21-0202 ayeq u

85:/2:02161-2}1-0c0C ored a

00S}+0 awi] uonisinboy w

000€'S UIPIW 8sind a
0000' L Aeja@ uonexejoy
2e ulen) IoAI909Yy
L SUBDS JO JaquInN
ejuad agoid
ASOO Juswiadxgy
ASO0B sousnbag asind
0'se ainjesadwa)
9pP9o JUSA|0S
eAoul JuswnAsu|
uelep ubuo
10 AS00B aNIL

mouens - 9090-GE0-G-4MN 52
LO"ASOOP HO oy OWOW
|
<<)~<‘ \Al
BHN—"
Ele] o3



395

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L

0Lz
002
061
08l
0LLA
09l
oG
ovL-
€A
0zl
oLl
00L-

00 oL 0¢ o€ oY

(wdd) z4
0S 09 0L

08 06 ooL o'LL

S¥2
HO gy OWOW
|
1AN—
ap0 (oL

(¥20l ‘8v02) 9zIS [esoads
(952 ‘8v02) 82Ig paunboy
(0€L ‘HE) snejonN

(7" 1601~ ‘L'G6L-) AKouanbai4 1samo
(v'1eeee ‘L'L08Y) YIpIM [e108ds
(29001 ‘€1°00%) Aousnbai Jejewonoads

9 6 v ¢ 90:2}:1211e-21-02c0e ajeQ uonedlipoN
92've0eL1e-g1-0202
© e on @ 09200 awiL uonsinboy
o 90 @ 6 - 000524 WPIM 8sind
e]c (e = @ (<] 00002 Kejoq uonexejoy
v'L61 V=TS PENELEE
6o 0eo0 o 14 SUBDS JO JaquinN
WQM %. e (Z 50-a-4'8H-89 1S00¥ 084 ddD) §¥00 €2922+Z aqoid
o - @%@@ O9NH Juawiadxg
% (=3
m m& © » 0 S m o pugidbleoquiy aouanbag asind
© v )
(&) a@@ 6 oo 162 ainjesadwe)
© o e €10a0 JUENTIS
© e ads Juswnsu|
e Hawp uidsorg Jesinig ubuo
198°€'9090-5€0-G-4MN oL
3 0 @@

188 /€ /9090-5€0-G-4MN /AU /eon}SejU /efepilu /SSWN|oA /

swieN |4 eleq

anfeA Jaloweled

198°¢'9090-5€0-G-4N

Y

I




396

Appendix 3 — Spectra Relevant to Chapter 4

—

N
- M

76|

S S S S S SRS WoNSOS S S SORN
L8999V79%V%0%LL€98%
N R B

90'L

o€l

+ /60
ool
00'L

14

9€959
¥8E9L
HL
ce6lL-
G'€696
85°66S
62:22:€2180-€0-1202
1G'12:€2180-€0-+202
8L0L°}
00592
PRsmal 0000k
(geg) auisipuensaljy-(-) o
8
HO va HO awed
at
Indzs
0'Ge
£opo
N eAoUl
Hwﬂc 0 D3 uelep
10" NOLOHd
anjep

22IS [esnoads
9z palinboy
snajonN
Aousnbai4 1s9mo]
UIPIM [e100ds
Aousnbalg Jeowonoadg
aje@ uoneolIPoN
ajeq uonisinboy
awi| uonisinboy
UIPIM 9sind
Keje@ uonexejoy
uren JanLoay
SuBdS JO JaquINN
aqoid
uswuadxy
@ouanbag as|nd
ainjesodwa)
uaA0S
JuswinAsu|
uibuo
oL

Jejoweled

990-S-4rN
L0 NOLO¥d



397

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L}

O OL O0¢c 0t OF 09 09 OL 08 06 OOL OLL OCL O€L OPL OSL 09L OZL 08L 06L O0C OlLCc 0c¢c¢ 0€cC

\
|

297z
£9'8Y~
aG'6Y—
oLeg
ve95
05'65
60°€9

€8'a¢
LL7CE

69°€L
é6'Le
89'8¢
68°0v
sy
vLSy
80°9v
LYoV
LS9V
€9CL
69°CL

=20 9L
14T
ZZ'98f

9€959

89/¢€

ogl

2'ssee-

G§'289.€

8L°0Sk
92:00:80160-€0- 202
2€'87:20160-€0-+202
96980

S/8v°9

pasmai
(ge2) awsipuensaljy-(-)
HO va HO

1aN— .
L) o=

0000+
og
0000+
ejuad
at
Indgs
0'Ge
€19pd
eAoul

ueleA

10" NOgHVO

azIS [esnoads

971 palinboy

snajonN

Aousnbai4 1semo]
UIPIM [e00ds
Aousnbaly Jejowonoadg
21eQ UOHEOUIPON

ajeq uonisinboy

awi] uonisinboy
UIPIM 8sind
Keje@ uonexejey
uren Janeoay
SuedS JO JaquINN
aqoid
uswuadxy
@ouanbag as|nd
ainjesedwa)
uaA0S
Juswinasu|
uibuo
SNL

Jejowesed

990-S-4rN
LO NOgdvO



398

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L

(¥201 ‘8¥0e)
(96 ‘6EV1)
(0€1 ‘HY)
(0°20G1- ‘2'E6HE)
(5¥S10€ ‘5'€656)
(8205} ‘85°665)
L¥142:00L60-€0-+202
2€:22:€2180-€0- 1202
00540
000€'S
PRSI 0000°L
(gez) auwsipuensalj-(-) oy
9l
HO ﬁ_z._ HO o
Q311a3-00SH
QvOOsH
0'se
€lopo
Fm 2 —| eAoul
awo Q2w uelep
10~ AVODSH
anfep

azIS [esoads

92IS paiinboy

snajonN

Aousnbai 1somo]
YpIM [enoeds
AKousnbai4 1ejowo.0ads

a]eQ UoIEOIPON

awi] uonisinboy

UIPIM 8sind
Kejo@ uonexejey
ulen Jonvosy
SUBDS JO JaquinN
agoid
Juswadx3y
@ouanbag as|nd
ainjesadwa)
Juan0S
JuswnAsu|
wbuo
opL

Joewered

990-G-4rN
L0 QvOOSsH




399

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L

(wdd) z4

g0- 00 90 OL &L 0¢ G¢ 0€¢ g¢ OoOv g¥ 09 S99 09 G9 0L S/ 08

(¥201 ‘¥2ot)
(821 “208)
(HEHY)
(92yy-‘9ery-)
(128G “V2L88)
(8566 ‘85'665)
£1:89:20160-€0-+202
§2:2€:20160-€0-+202
1050
pasia 0008
(gez) auwisipuensalj-(-) 0000°L
oy
HO o HO ’
_ ejuad
ASOO
ASO0B
0'se
€lopo
Q3n enoul
ueuep
10”ASOOB
anjep

N
SN0

00
.

azIg [eljoads

9215 paJinboy

snajonN

Aousnbai4 1somo]
UIPIM [es100ds

Aousnbai 1sjowonoads m

a1eQ UOKEOYIPON

awi] uo

UIPIM 8sind
Kejo@ uonexejey
ulen Jonieosy
SUEDS JO JaquInN
aqoid
Juswiadx3y
@ousnbag asind
ainjesadwa)
JusAl0S
awnisu|
ubuo
oL

J9ewered

990-G-4rN
LO”ASODD




400

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L

0¢¢+

00¢+

08l

091+

Ovl-

0¢l+

00LA

L]
ve C]
Y3
]
oo o
od
o ©® cocd
[} 0o
00
‘e
ve

(8v0Z ‘8¥02)
(00Z ‘6EVH)

(o€t ‘HY)
(9°'6522- ‘2'€611-)
(2°2819€ ‘5°€656)

az1g [eloads
9zIS palinboy
snajonN
Aousnbai4 1semo]

pIM [e30eds

(820G ‘85'665) Aouenbai tejewondedg

22:,£:20160-€0- 1202

v¥:¥2:00.160-€0-120C

00S+0

000€°S

0000+

o

9l

ejuad

pasiasd O9H

(gez) auisipuensalj-(-) QvOaNHE

0'se

HO OH HO glopo

_ ‘BeAoul

uelep

10”QvOgNHB
anfeA

HN=—" o

ajeQ UoNeOIPON
ajeq uonisinboy
awi) uonisinboy
UIPIM 8sind
Kejo@ uonexejey
ulen Jonieosy
SUBDS JO JaquInN
agoid
Juswiiadx3y
@ouanbag asind
ainjesadwa)
JusAl0S
uawnsu|
ubuo
L

19eWered

990-G-4rN
LO"avOgINHD




401

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L
L- 0 L Z € S 9 8 6 oL LL zL €l 1%
I E T
990-G-4rN
L0 NOLOY¥d
(zH) €°Z€ uipim :(wdd) 98¢ :181Udd pueq dSAIO9|eS
990-G-4rN
LO ALAS3ION
BIMINIE pasiAal

(wdd) L}
G/l 08L S81L 06l G661l

%gi

(8e2 auisipuesisalj

(zH) €°Z€ :uipim :(wdd) 98¢ :181Udd pueq dAI}O9|eS
990-G-4rN
LO ALAS3ION



402

L- 0 ) 4 € 4 S 9 8 6 oL Ll 4 el
1 _—KVSLL_LEZSMVLT.VO_OJZ.OL_OS. 1 L 1 1 1 1 1 1 1
REIRNSNSBRENERBYIQN
N

|
i{

S0l
el
15L
o'l
06l
LG'L\
L[0T
9L'Zk
leT~
05—
18T~
s6z—

JAORS:

LL'e
EL'e
cce

9€599 azIS [esnoads
¥8€91 971 paJinboy
HL snajonN
92911~ Aouenbai4 1semo
56656 YIpIM [enoads

85669
82:92-€2161-€0-120C
V1:G2'€2164-€0- 1202

Aousnbalg 1ejowonoadg
a1eQ UOHEOUIPON

ajeq uonisinboy

840L°} awi] uomisinboy
9tz 00592 UIPIM 8sind
0000+ Aejo@ uonexejoy
_|_ Au.\_ —20—2 14 uren Jonieoay
nm 8L SUBDS JO JaquINN
HO - ejuad 8qoid
ar wswnadx3
Indgs 2ouanbag asind
0'se ainjesodwa)
U.Q_Z — 9p9d JUBA|0S
Q2N eAOUl Juawnisul
N0 uBlieA ubuo
YLE-LLEY-$20-G-APN SNL
anfeA Jejoweled

Appendix 3 — Spectra Relevant to Chapter 4

990-S-4rN
PLL-LLLY-7/£0-G-d(N



403

(wdd) L}
Ol- O OL 0Z 0¢f Or 09 09 0L 08 06 O0O0OL OLL 0OZL OEL OFWL OSL 09L 0ZL 08L 06L 00Z OLZ

Appendix 3 — Spectra Relevant to Chapter 4

! SRS A A B I A \(
|
|
|
9€459 92zIg [esoads
WMN 89/2¢ 9z1S palinboy
oglL snajonN
.w._ O\EOE £ OV6L- fouenbai4 1semo
Q §'8€0¥C UIPIM [en0ads
IO 29001 Aousenbai4 sepwonoads
9€'15:80182-€0-1202 8jeq uoneoyIpPoN
9€15:80182-€0-120C areQ uonisinboy
1E9€ awi] uoisinboy
oM — 0000°0} UIPIM 8sind
e Q3n 0000 L Kejaq uonexejay
L'EY uren IaAeoay
00S.} SUBDS JO JaquinN
(z 50-a-4'H-g4 SO0 089 ddD) §¥00 €2922+Z 8qoid
ak wewuedxgy
0ebdbz aouanbag asing
1’262 ainjesadwa)
9090 Juanos
j00ds JUETTLET]
Hawy uidsorg sexnig ubuo
e | S ]
SNNNNNOOEADDEADLEDMDDIOOOOCOCO O NN WO o PY /9 /#20-G-4MN /iU /EON}SBJU /EJEPIWU /SBWNIOA / SweN 9|l eleq
PRATOREONTNNOORANEXOINOOD O onen oo
SRESERBLIRERRNFEcEEREEIZ & PY'9'¥7£0-G-4rN



404

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L

0SG1LA
OoPLA
O€lLA
0ClA
OLL+
00LA

(v20t ‘veot)

¢] (081 ‘¥201)
(] ' (0gL ‘HL)
(8'2921- ‘0°€Ls-)

(11991 ‘v'S6LY)

(29001 ‘€1°00%)

0 - 4 60:€0:20L92-€0-+202
& 60:€0:20L92-€0-+202

geLeo

000SCH

0005+

V.61

9

(z 50-a-4'9H-g8 1S00¥ O8d ddD) S¥00 €2922+Z

d3La3-00sH

°gdsisdbjapacbsy

L'.62

9090

100ds

Hqwo uidsoig Jexnig

188°€'¥20-G-4FN

488 /€ /¢L0-G-d4lN /iWu /edniseju /ejepiuiu /SaWnjoA /
anfep

198°€'7/0-G-4I'N

9zIg [esoads

9215 palinboy

snajonN

AKousnbai4 1s8M07
YIpIM [esjoads
Aouanbai4 seewonoadsg
8leQ UONEOHIPON

UIPIM 8sind
Aejo@ uonexejey

ulen Janloay
SUBOS JO JaquInN
agoid
Juswiadxgy
oouanbaeg asind
ainjesadwa)
Jusn0S
Juawnsul

ubuo

SPL

aweN |4 eleq

190Wered

. | m

u{@/



405

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L

©

0@

¢

9ET ' (952 ‘8v02)

(0€1 ‘HY)

H \—20_2 (P'9LLE- “L'E9L)

ﬁ.w a (v"12€22 L' L08Y)

HO . (29001 ‘€1°00%)

. ¥EZH10192-€0-1202

2€:21:90192-€0-+202

09270

. 00052k

03 00002

ANO vL6L

2L

(Z 50-a-4'8H-89 1S00¥ 088 ddD) S¥00 €29221Z

O8WH

pug|dBleoquiy

1262

9090

100ds

Hawso uidsolg Jaxnig

188" £0-G-4PN

188 /¥ [¥#/0-G-4N /AWU /eoNn]Seju /ejepiwu /S8WN|oA /
anjep

b
€@ ¢ '
' (¥201 ‘8v02)

: 18s'y'y/0-G-4(N

azIg [eloads

0215 painboy

snajonN

AKousnbai 1somo]
UIPIM [el0ads
fousnbai4 Jejewonoeds

8jeq uoiedyIPON

awi| uon w_:co<
UIpIM esind
Aejo@ uonexejoy

uten Joneosy
SUBDS JO JaquIinN
agoid
EmE_._mnxm_
@ouanbdg es|ng
ainjesadwa)
Juan0S
Juswnsu|
ubuo

aL

awen 9|14 Ble@

Jejeweled

|
m



406

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L

(wdd) z4

¢g0- 00 g0 OL §L O0¢ G¢ 0€ g¢ Oov G¥ 09 S99 09 G9 0L G/ 08

(¥20L ‘v2oL)

(821 ‘veot)

(HE'HL)

(9°S22- ‘9'5227)
(11ese ‘1 rese)
(e1°00% ‘€}'00%)
£0:0€:10192-€0-+202
£0:0€:10192-€0-+202

[

22IS [esoads

9213 pasnboy

snajonN

Aouenbai4 1semo

M UIPIM [e10ads
Aousnbaig Jejowonoadg
[} o¥eq uoneoypoN

aleq uonisinboy

80620 - 8wl uonsinboy
00052k 0 UIPIM 8sind
2906'+ Aejoq uonexejoy
295} m ules JanI9oay
4 SUBOS JO JaquInN
(z 50-0-4'3H-99 1S00¥ 088 ddO) S¥00” €2922+Z v aqoid
ASOD o Juswyadxg
JbdddBAsoo o ©ouenbag esind
c¢'Lee f ainjesedwa)
9090 JUBA|0S
joads uswINAsy|
Hawy uidsolg sexnig ubuo
198°g'¥20-G-4'N ' oL
188 /g /¢L0-G-dlN /IWu /edniseju /ejepluwiu /Sawnjop / aweN 9|4 eleq
anfeA ' Jsjoweled
188'C’'v/0-G-4IN
]
Y I Y T

(T

Y

|
T

-

9Eg2

WO
oo
O
HO
YN
o2
)



407

6.'C
86'Lr
el
CLEF —
Lo'L
cocr
So’'L
86°CF N
80°¢
L'l
68l
0ccrm
G6°0
LULF
L6°S
V6 0r <
=/60
E00Lf

%

3

—

Appendix 3 — Spectra Relevant to Chapter 4

9€459 9zIg [esoads
891 9zIg paiinboy
HL snajonN
£'e6LL- Aousnbai4 1s9mo]
§'€696 YIpIM [enoads
85'665 Aousnbai4 selowonoads
90:62° 12150-70-+202 e uonedyIPo
G¥'¥212150-¥0-1202 ajeq uonisinboy
8L0L'} awi) uonisinboy
SIS pauodal s, _mrﬂm.\__u__ 00592 YpIM 8sind
ANH auisi ﬂcmﬁmm.—___u._—a_mulm L 00002 Kejoq uonexejay
14 ures Janeoay
OH HO 9 SUBDS JO JaquinN
ejuad aqoid
HO at wewnadx3
Indgs aouanbag asing
0'Se ainjesadwa)
€19p2 Juan0s
3N eAOUI JuswinAsu|
oD O ueleA uibuo
8£0-G-4rN SBL
anjep Jejowesed

€0-S-4d'N
8/0-G-4l'N



408

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L}

0O OL O0¢c 0 Or 05 09 OL 08 06 OOL OLL OcL O€L OvL OSL 09L 0ZL 08L 06L 00C Olc

N A A Y

rr

LSGL/
62'98—

aunponis papodar s Guen
(z) suisipuensaljysds-g1

oyHe
HO

13N 5

9€599

89/¢c€

oel

60964~

G'8€0v2

29°004
12:00:60.L£0-%0-+202
12:00:60.£0-%0-+202
LE9E' L

0000°0}

0000+

0eL

00991

(z S0-a-43H-98 1S00¥ 088 ddO) §¥00” €2922}+Z

at
0gbdbz
c'Leeg
€10a0
108ds

Howo uidgoig Jevnig

PYS'2/0-G-dPN

PY /S /LL0-G-4N /AU /eONISBJU /| -BIEPIU /SSWN|OA /

anep

Py'S//0-9-4(N

92zIg [esoads
9z1S palinboy
snajonN
Kousnbaig 1s8M07
UIPIM [esjoads
Kouenbai4 Jepwonoadg
9jeQ UONEOUIPON
ajeq uonisinboy
awi) uonisinboy
UIPIM 8sind
Kejeq@ uonexejey
ures) JaAIeday
SUBOS JO JaquINN
aqoid
Juswuadxy
aouanbag asing
ainjesadwa)
JUSA|0S
juswinisu|

uibuo

SlL

BweN 9|4 ejeq

Jelowesed



409

|
]
M

§9°L1

7

90°'L
LEL
8L
70 e~
80°¢
9ce
66'€~
SLv—
8

Appendix 3 — Spectra Relevant to Chapter 4

9€5999

V8E9L

HL

0°L9kL-

€696

85665
L0:¥2:L0LS}-10-120e
cligel01S1-10-1e0e
8L0L°}

00592

0000°S

o

8

ejuad

ak

Indgs

0'Ge

9P9O

eAOUI

(1) sunuesneje)
mzomIIo

HN—

aWO o=w

ueueA

9090-6€0-G-4MN
anjep

2zIg [esjoads
9215 paiinboy
snajonN
AKousnbai4 1s8M07
UIPIM [esjoads
Aouenbai4 sepwonoadsg
a1eQ UONEOUIPON
ajeq uonisinboy
awi uonisinboy
UIPIM 8sind
Aejpq uonexejoy
uren JaAloaY
SUBOS JO JaquINN
aqoid
Juswuadx3y
aouanbag as|ng
ainjesadwa]
anj0s
Juswnisul
uibuo
SPL

1ooWelRd

9090-G€0-G-4rN
9d99-6€0-G-4N



410

Appendix 3 — Spectra Relevant to Chapter 4

OL-

(wdd) L}

0O OL O¢c 0E OF 05 09 0L 08 06 OOL OLL OcCL O€EL OvL OSL 09L 0OZL 08L 0O6L 00C OLZ 0¢¢ O€C

il

SNNNNWWWWADMDDDD
WOODWOOONHION®O
QU W=22NCIO2NNDWOO O
WO -0 wWoOWN © ©

68°€S~
/'S99

80'99

yA
8L'69%
€8'¢9
V8L~

96'GL—
08'6L—
GLT8
G198

(1) sulwesneye)
%on_u_.__._o

3N—
Se) o=

9€399
89/¢¢
o€l
0'G6l2-
G'289LE
8L°0GL

9698°0
S/87°9
0000°L
o€
0000L
ejuad
aL
|ndzs
0°9¢
9p9d
enoul
ueLep
L0"NOgYVvO
anjep

9z1S |es1oads

9715 paJinboy
snajonN

Aousnbaiq 1samo
YIPIM [ea302ds
Aousnbai Ja)swouioads
62:£5:20192-10-1202C
81eQ uolleolIpoN
G€:9v:L¢15¢-10-Lc0cC
91eQ uonIsinboy
awi] uonisinboy
YipIm esind

KejaQg uonexejay
uleo JaAleday

suedg Jo JaquinN
aqoud

1uswiiadx3y

@ouanbag as|nd
ainjesedwa ]

SVEVN eI

juawiniisu|

uibluo

L

Jolaweled

6€0-G-4IN
LO NOgdvO



411

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L

061-
081
0L
0911
051
orL
<L
0zl
oLl
00l

os &

O@ D@QO

(v201 ‘8v0e)

(96 ‘6EV1)

(O€1 *HL)
(S1SP1-‘0°L9LL-)
(S'¥S10€ ‘S'€656)
(82°051 ‘85°66S)
6Y:£G:£1152-10- 1202
12:92:£1152-10- 1202
00510

000€'S

0000k

8e

8

ejuad

A—'”_ N_L__:_.._Nm m”—.m m.m— Q311d3-00sH
I (8] n_u H HO AvOOSH

0'Se
9P92
eAOUI
ueleA
10" AvODSH

anjep

BN—
anD (oLl

0zIg [esoadg

921 palinboy

snajonN

Aousanbai4 1semo
UIPIM [esjoads
fouenbai4 sejpwonoadsg

aleq uoeOIPON

awi| uomsinboy

UIPIM 8sind
Aejp@ uonexejoy
uren JaAloaY
SUBOS JO JaquINN
aqoid
swuadxgy
ouanbag asing
ainjesadwa]
Juanj0S
Juawnisu|
uibuo
apL

JojeWered

6€0-G-4IN
L0 QvOOSsH

TV




412

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L

00 S0 Ol

gl

0¢ 6¢

(wdd) z4
0 9t OV

gy 09 69 09 99 0L G/Z 08

oe

(v20t ‘veot)

° (] (82} ‘892)
(HL*HL)

(5°882- ‘5°'882")

e (£'0215 ‘2'021S)
(866G ‘8566S)

£1:92:21152-10-+202

Y2:G1iL1LS2-10- 1202

00540

000€'S

0000'}

8

¥

(1) sunwesnere; eived
ASOO

SN0 OH HO AS006
_ 0'se
9pgo
‘BAOUl
ueuep
10"ASOOB
anjep

HN—"

9zig [esjoadg

8215 palinboy

snajonN

AKousnbai4 1somo]
YIPIW [esjoads
fouanba.g seewoioads

81eQ UOKEIYIPON

awi) uonisinboy

UIPIM 8sind
KejoQ uo]

ulen Jonedsy
SUBOS JO JaquINN
agoid
Juswiadxgy
aouanbag asind
aunjesadwa)
Jusn0S
uawnsul
ubuQo
oL

Joeweled

6£0-G-4rN
LO”ASODD

Y V T Y Y IN” | M T




413

Appendix 3 — Spectra Relevant to Chapter 4

(wdd) L

0¢¢+

00¢+

08l

091+

OoPLA

4%

00LA

e (3 ]
eo =53 0%
oo ocoedp o
oo
@ eo ‘%' 6

983 5o &8
® goo@d ¢ oo
° ® &0 00

L] ° L] . °

oo

(

(8v02 ‘8v02)

(002 ‘6E¥ 1)

(081 *HY)

(9°1522- ‘0'L91}-)
(£'2819¢ ‘5'€656)
(8£°051 ‘85°66S)
0€:01:02L52-40-+202
26:2G:21152-10- 1202
00510

000€'S

0000k

8¢

9l

ejuad

O8WH

L) auwesneje} QvoaINHB

' 0'se

FNOD DIIO 9pgo

_ BAOUI

uelep

10~ avOgNHB
anjep

13IN—
a0 o=

UIPIM [e109ds
Aouenbai4 1ejpwoinoads

SleQ UOEOHIPON

WIPIM 8sind
Aejo@ uonexejoy

uren JaAeoay
SuBdS JO JaqUINN
aqoid
Juswedxgy
aouanbag asind
ainjesadwa)
uaA0S
JuswnAsu|
ubuo
SNLL

Jojowesed

6£0-G-4rN
LO"avOgINHD

14"
" Il
0zIS [esoeds
9215 palinboy
snajonN
Aousnbai4 1s9m0

W



414

Appendix 3 — Spectra Relevant to Chapter 4

wdd
l- G0 00 S0 o'l gl 0¢ G'¢ 0€ g€ oy v 0'g G'G 09 g9 0L G, 0’8 G'8 0'6 é6 00L GOL O

1 L 1 L 1 1 L 1 1 L 1 L 1 L 1 1 1 L 1 1 1 1 1 1 L 1 1 1 1 L 1 L
SAEN2AN2 2 AN AN, RAOwOoOo © o
N_2OOOONOO_NOWOO = WOWOO © ©
NWNAOOWONWWNON=2NNWO o ©
B 1w o i == i s AU e bk

v ]4%%3‘
i l

9€G59 ozIg [esoedg

89/¢2€ 9zIS palinboy

HI snajonN

Y'GySh- Aousnbai 1semo]

8'¢L08 UIPIAA [es10eds

€1'001 Aouanbai4 Jejpwoloads

9€:2¢S'v1101-10-6102 sjeQ uonisinboy

680 awi] uonisinboy

000 L1 YIPIM @sind

6£2 0000+ Kejaq uonexejoy

0.2N0 amon 686 uren) Janleoay

ce SUBOS JO JaquinN

akr juswadxy

o0gbz aouanbag as|nd

2’562 ainjesadwa]

VN €10ad jusAj0S

=[] o3

10ads juawinisu|

Hawy uidgolg Jaxnig uibuo

Py’ L'Paysel” L6 L-IAMYY oL

Pl /1 /PBYSEl L6 L-IAMEY /AWu /BUOMIE /erepiwu /SSWN|OA / sweN 9l ejeg

anfeA Jajoweled

e o |

HFFEFRFRFFRFNNNNNNDWW

w N
N v

o 00O
O o O

N
v

wWhuiNOH
O HhOKOO

w w
= N
» O

w w

w W
o w

Iy
W b
N O
D= w

LSV —

LLY—



415

wdd

om:\ om\_\ ow_\ 0ch ow_\ 0L 09 0ZL 08L 06} O@N (024

Il Il

Appendix 3 — Spectra Relevant to Chapter 4

9€G99 9zIS |esjoads

89/¢2€ 9zIS palinboy

ogl snajonN

G'2961- Aouanbai4 1semo

S'8e0ve UIPIM [es10ads

29'001 Aousnbai4 Jejowouioads

Ly v€'S1L10L-10-6102 a1eq uonisinboy

LE9E" awl uonisinboy

GET 0000°0F YIpIM 8s|nd

0.8N0 aron 00050 Keja@ uonexejoy

L'8L uren) JaA1909Y

00€l SueOS JO JaquinN

ak Jswadx3

0gbdbz sousanbag as|nd

O¥N 2’562 ainjesadwa]

ano o=

€10a0 JUBA|0S

100ds Juswnisu|

Haws uidsolg Jexnig ulblO

Pl g’ Pausel)” L6 L-IAMYY SpIL

PY /2 /PBUSElS” L6 L-IAMYY /il /Buomie /erepiwu /SaWn|oA / aweN 9|4 ereg

anfep | leloweiey |

te} — o
;] o ~
N © -
o /_ o
v ~



416

Appendix 3 — Spectra Relevant to Chapter 4

wdd
- G0 00 S0 o'l gl 0'¢ G'¢ o¢ g'¢c (084 [*i% 0'S g'q 09 G9 0L * A 08 *°] 0’6 g6 00L <S0L O

1 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
O NN, O, a b Wwww - -
wwihoo2r2oNNMNONMON=2 NN o
NDODOWWOAPRDININNOBROONOW N = o
e At 154 )

BT Y
| | I

l

9€559 8zig |esoads

89/¢2¢ 8zIS palinboy

HL snajonN

¥'GySL- Aousanbai4 1samon

8'¢l08 UIPIM [e10eds

€1'00% Aouanbai4 Jsjowoloads

GE H7:0018}-10-6102 ajeq uonisinboy

IvE 680 awl uonisinboy

000L Ht WPIM 8sind

ajo  OWOW 0000+ Aeja@ uonexejay

MO gyl uren Jenisosy

ce Suedg JO JaquinN

at Juswadxy

ocbz aousnbag as|nd

TN 1'G6¢2 ainyesodwal

2O O €10a0 wenjos

100ds juswinisuj

Hqwo uidgolg Jeynig uibuo

Py L'g-01.Ldesd 962 IAMYY BIL

P /1 /9~ 011de1d7962-IAMUY /iU /BUOMIB /g-BIepIWIU /SBUIN|OA / aweN 9|4 eleq

anfep Ja)owered

e e NS / _
PREEPEEEPENNNNNNDWWWWWWW e b
WANWOWOONWOANWO RN WW O N o]
QWNWWOAOANPDRHOOONNOORF OOV O w1




417

Appendix 3 — Spectra Relevant to Chapter 4

wdd
(0] % 0l (014 (01 (04 0S 09 0L 08 06 (00] 0oLl ocL 0€L oOovL O0SL 09L 0ZL 08L O06L 00C Olc
1 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
m s m v\, i A ! \ I A " T " " M

) ¥ A Y A (MITRI L ¥ L Lt e e U ___E;. A ‘ :

9€599 8z|S |eJoads

89/¢2€ 9zIS palinboy

ogl snajonN

G 1961- Aouanbai4 1semo

§'8€0%C UIPIM [es10ads

29'00L Aouanbai4 Jejpwonoadsg

9€:G1:¥0181-10-6102 areQ uonisinboy

¥R T4 LE9E" auwil] uomsinboy

00000} UIpPIM 8sind

Mo [alelY] 00050 Kejaq uonexejoy

tuﬁv 8/8 uleyn) JaAleday

000€ SUBDS JO JaquinN

ak Jswadx3

ogbdbz aousnbag as|nd

MM 1'S62 ainjesedwa]

a

2O O €10ad JuUdA|0S

10ads juswinysu|

Hawy uidgolg Jaxnig uibuo

py'9'g O1Ldeud 962 INMEY oL

Pl /9 /8~ 0711de1d"962-IAMYY /IWU /BUOMIE /Z-BJepiLU /SBWN|OA / sweN ajl4 ereg

———— I S~ NS | enep | | JojoWeIRd

NNNWWWADMDMDDAMDIMDMDMDAUITUTUIUININN O (o] = = =
NWUIORNNNWARAUIUIO WU UTOWONI[EO 0N wvi = (%] ~N
TNWNLOWoOowLwWwoONOWROONNINWGL © ey w ©
WAODAUVTONWORNAONUIANONONO|WO ® ~ N % P




418

o
©
0
©
o
N~

¢, 08 G8 06

=g60|
=00} |

Appendix 3 — Spectra Relevant to Chapter 4

Py /1L /0711ded” 262 IAMY

89—
LT°9—

9£559

89/2¢

HL

£'GYS1-

82108

€1L°00¥

01:20:22181-10-6102

¥680°Y

000Z'LL

0000"

v'L6L

ze

at

0ebz

1662

€10a0

100ds

Hawyo uidsolg Jaxnig

py L'OT11deId™ L62- I AMUEY

\/ /dwu /Buomie /ejepiuwiu /Sawn|op /
anjep

ore

L omo  OWOW

N

=T s O3

9zIg |esyoadg
8zIS palinboy
snajonN
Aousanbaid }semo]
UIPIM [e10eds

Aouanbai4 1e1owolioadsg

ajeq uolisinboy
awil] uomnsinboy
UIPIM 8sind
Aejog uonexejoy
uley Janeoay
SUBDS JO JoquinN
Juswadxy
aouanbag as|nd
alnjelsadwsa|
JUBA|0S
juawinisu|
ulbuo
L
swenN 9|l eleq
J9jWered



419

Appendix 3 — Spectra Relevant to Chapter 4

wdd
0l (014 0¢ oy 0S 09 0. 08 06 0oL OLL oCck o0€L ovL O0SL 09L 0L 08, 06L 00CZ OlC
) NTUN NN S S NN SN ST SN TSN AN S SN T SN AN SN TS SN SN NS T SN SN TS AN S NS NN SO SN S N SN SN SN NS SN SN SN S ST SN SN SN NS SN S NS NN S SN S TS SN SN TSN N SN ST S N SN SN SN NSNS ST SN S S |
]
[ i 4 o i | |
|
wdd
0v'9. S99. 069L GlL'LL OV'.L 9£G59 821 [e0ads
O
89/¢2¢ 8zIS palinboy
ogl snajonN
1 | 2'1961- Aousanbai4 1samon
5’88072 UIPIM [e0ads
WJ_ U_ 29001 Aousnbai4 Jejowonoeds
.ﬁ .M LLLY1L0161-10-6102 a1eq uolsinboy
: awli] uomisinbo
ovz 189€° L 11 uonisinboy
000001 UIPIM 8sind
wdd oWow 0000 Aejeq uonexeloy
616G 0£6S L¥'6S 2969 €969 H _BWO 0zL ures) JonIsosY
Lbaba bbbl bbb bbb bbb Db bbb b Ll Lo e bbb bbb L Ll L : N
000€ Suedg JO JaquinN
[(J_\I\[/ akr wewnadxg
0ebd6z aousnbag as|nd
/N YN 2's6e ainjesedway
vl o DM_E
0 © SNO €10a0 anj0s
f.W r_L_._ 108ds juswinIsu|
Hawyo uidsolg Jaxnig uibuo
P9 01Ldeid™L62-INMEY apL
Pl /9 /071 1deId™ 262-IAMHY /AU /Buomie /ejepiwiu /SeWwn|oA / aweN |l ereg
——— 7 NS5 ~N | | anep [ Jeloweled
N N 0 (e} = = =
N Co N (9] N w (o)}
SRR n v > o
> O O = N w o]
~N N (o]



420

Appendix 3 — Spectra Relevant to Chapter 4

wdd
- G0 00 S0 o'l gl 0'¢ G'¢ o¢ g'¢c (084 [*i% 0'S g'q 09 G9 0L * A 08 *°] 0’6 g6 00L g0l
L L 1 1 L 1 L 1 1 L 1 1 1 L 1 1 L 1 L 1 L 1 L 1 L 1 1 1 1 L 1 1 1 1 L 1
W OONN2AN22O0WON=AN=2N = oo
O NOOO_200 00 =20W0OWWO oo
0O ONONOOROWW®ON®®O®N S o
e e L e id
E éj%%\é%; ﬁé j (g) sumunpuensalj-(-)
Ho OH
|
8o QS
9€599 9zIg |esyoadg
89/¢2¢ 8zIS palinboy
HL snajonN
451 Aousanbai4 1samon
8'¢l08 YIPIM [es108ds
€1'00% Aouanbai4 Jsjowoloads
€L:¥1:00L62-10-6102 ajeQ uonisinboy
680 awl uonisinboy
000L Ht UIPIM @sind
0000'+ Keja@ uonexejay
v'L6} ures) JaAleoaYy
9 Suedg JO JaquinN
at Juswadxy
ocbz aousnbag as|nd
1'G62 ainyesadwa)
9d90 jusAjos
100ds juswinisuj
Hqwo uidgolg Jeynig uibuo
Py 1'9090 2011deid” 662 IANMYY L
Pl /1 /9090 201Ldeid 662-IAMEY /Iwu /Buomie /ejepiwu /Sawnjop / swenN 9|l eleq
anfea J9jWered
e A e e e 2\
PR EENNNNDNNNNDWWWW S
O UMITNOOOFFRNWAUIOOWOOO N [e) BN
AR OPWRHROUVTOLOOOUIO O UTON © = o




421

wdd
oLl owv ocl

I

00¢c O0l¢
R I N I

Appendix 3 — Spectra Relevant to Chapter 4

Pl /€ /9090 2J1L

9€G59
89/¢2¢€
o€l
c'le6l-
G'8€0v¢

9¢:G1:£L0162-10-6102
() suupuensalji-(-) 1E9E't
00000}
00050
8'/8
000€+
al
0ebd6z
1'66¢
9090
100ds
Hawo uidsolg Jaxnig
PI'€9090 201Ldeid 662-IANMHEY
21d7662-IAMYY /1wu /Buomie /ejepiwu /SaWn|op /
anjep

Im.._ OH

HN—"

30 o=

9zIg |esyoadg
8zIS palinboy
snajonN
Aousanbaid }semo]
UIPIM [e10eds

29°001 Aouanbai4 Je1owonoadsg

ajeq uolisinboy
awil] uomnsinboy
UIPIM 8sind
Aejog uonexejoy
uley Janeoay
SUBDS JO JoquinN
Juswadxy
aouanbag as|nd
alnjelsadwsa|
JUBA|0S
juawinisu|
ulbuo
L
swenN 9|l eleq
J9jWered



	1_NJF_Intro and TOC_V2_proofread
	2_aa_Chapter 1_V1_revised
	3_bb_Chapter 2_V4_revised
	4_cc_Chapter 3_V2_proofread
	5_dd_Chapter 4_V5_revised
	6_NJF_About the author
	7_appendix_1
	8_appendix_2_revised
	9_appendix_3_revised

