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ABSTRACT

The interplay between total synthesis and methodology is a driver of innovation in
organic synthesis. Challenging bond formations in complex systems necessitate the
development ever more robust new reactions, which intern can enable more efficient
syntheses. The need for powerful synthetic organic chemistry can’t be understated because
of its utility in applications such as medicine, petrochemicals, plastics, and agrichemicals.

Herein, we present how total synthesis drives innovation in organic chemistry.
First, a novel cyclization reaction between pyridine and glutaryl chloride is discussed,
which has enabled the synthesis of seven lupin alkaloids. Next, the development of a
convergent fragment coupling tactic based upon the semi-pinacol rearrangement is
evaluated for its generality inspired by the total synthesis of several C19 diterpenoid
alkaloids. Lastly, a convergent fragment coupling approach is applied to the total synthesis

of falcatin A based upon a Mukaiyama Michael tandem Mukaiyama aldol reaction.
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Chapter 1 — Total Synthesis as a Driver of Innovation 1

Chapter 1

Total Synthesis as a Driver of Innovation*

1.1  INTRODUCTION

Total synthesis has been an important and impactful field of organic chemistry ever since
its conception in the mid-1800s, where Wohler’s synthesis of urea and Kolbe’s synthesis
of acetic led to the downfall of vitalism.' Often the targets of total synthesis are natural
products, which frequently have potent biological activity. Structure activity relationship
(SAR) studies of natural products can be enabled through total synthesis because it might
not be possible to modify the natural product directly.* In addition, total synthesis can be
used to help validate biosynthetic hypotheses, which often results in a concise and elegant
approach towards a natural product.> As a core area of organic chemistry, total synthesis
acts as a driver of innovation where it inspires the development of new reactions and

reagents.® Highlighted in this chapter are examples of the innovation that total synthesis

J. K. K. was supported by an NSERC PGS-D fellowship (PGSD3-532535-2019).
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has inspired and how it relates to the work presented in this thesis.

1.2 TOTAL SYNTHESIS AND INNOVATION

1.2.1 The Nozaki-Hiyama-Kishi Reaction

Kishi encountered difficulty in the total synthesis of palytoxin when attempts to couple
1 to 2 using traditional methodologies failed.” Inspiration for solving the problem was
derived from a paper that reported alkenyl chromium species could undergo 1,2-addition
into aldehydes.® However, the batch of chromium (1) chloride greatly influenced the yield
of the reaction, what Kishi referred to as a technical difficulty. It was eventually found that
traces of other metals in the chromium (II) chloride were required for success. Through the
addition of nickel or palladium salts the reproducibility issues were solved and the reaction
was rendered reproducible (Scheme 1.1).° This reaction is now known as the Nozaki-
Hiyama-Kishi (NHK) reaction and is a powerful tool regularly utilized in natural product
synthesis.!”

Scheme 1.1. Application of NHK reaction to the synthesis of palytoxin.

Me
Me’\ BnO,,
Bno..,
NG

Me
Me BnO, 0Bn NiCl, (0.1 mol %)
o " . CrCl, (6 equiv)
le)
\)\ o H DMSO
o 80% yield
OTBDPS
1 2 3

OTBDPS

1.2.2 Palau’chlor

The development of new reagents can also be inspired by total synthesis efforts. During

a mechanistic investigation of the chlorospirocyclization of 4 to 6 in the total synthesis of
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axinellamines, Baran hypothesized that N-chloroguanidine formation could be key for the
success of the reaction (Scheme 1.2A).!! Inspired by this hypothesis, Baran synthesized N-
chlorobis(Boc)guanidine and found that it was a highly effective chlorinating reagent in
the chlorospirocyclization of a model substrate. Optimization of this novel guanidinium
based chlorinating agent led to the discovery of Palau’chlor (9), which is a bench-stable,
commercially available chlorinating agent that showed improved yields when compared to
other known chlorinating agents. For example, imidazopyridine 7 underwent chlorination
in 5% yield with NCS while Palau’Chlor formed 8 in 90% yield under identical conditions
(Scheme 1.2B). In addition, the chlorination of arenes such as anisole (10) by Palau’chlor
was found to be high yielding and regioselective for para-chlorination (Scheme 1.2C).!?
Scheme 1.2. Development of Palau’chlor during the total synthesis of the
axinellamine alkaloids.

(A) N-chloroguanidine Intermediate

+BuOCI
TfNH, (cat).
4 proposed intermediate (5) 6
(B) Imidazopyridine Chlorination (C) Anisole Chlorination
al OMe
SN OMe Palau’chlor
5 ;\IC_SId Cl J\ HCI, Dioxane
% yiel —_—
(\N/\> el (\N/\g HN ~NH CHCly, 60 °C
-
NX N Palau’Chlor N§)§N MeO.C COMe quantitative
90% vyield s >32:1d.r cl
. 8 Palau’chlor (9) 10 1

1.2.3 Biomimetic Synthesis

While total synthesis can inspire the development of novel methods and reagents,
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total synthesis strategies can alternatively be inspired by biosynthetic hypotheses.
Bioinspired or biomimetic total synthesis can be used to validate biosynthetic hypotheses,
providing evidence that specific transformations can occur in biological systems.
Bioinspired syntheses can be highly efficient due to following the innate reactivity of a
natural product. A highlighted example of total synthesis being used to validate a
biosynthetic hypothesis is in the synthesis of the endiandric acids by Nicolaou (Scheme
1.3B)". Endiandric acid (15) is a potent antimicrobial compound that is formed as a
racemate.'* It was hypothesized that instead of an enzymatic cyclization, polyene 12 could
first undergo an 8w conrotatory electrocyclic cyclization to yield 13, which could undergo
a 6m disrotatory electrocyclic cyclization to form 14, followed by a [4+2] cycloaddition to
reach endiandric acid C (15) (Scheme 1.3A)". Nicolaou synthesized ene-yne 16, and
performed a partial hydrogenation using Lindlar’s catalyst.!* Presumably polyene 17 was
produced from the hydrogenation, which spontaneously underwent an 8 conrotatory and
6m disrotatory cyclization cascade to yield diene 18. While diene 18 could be isolated,
direct heating of the reaction mixture promoted the [4+2] cycloaddition to yield a mixture
of endiandric acid methyl esters B (19) and C (20) in a 4.5 : 1 ratio in 28% yield. The
production of a natural product scaffold from a linear precursor (16) in a single step is an
elegant approach towards these natural products and helped to validate the biosynthetic
hypothesis for their formation.

Scheme 1.3. Bio- and total synthesis of the endiandric acids.
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(A) Biosynthetic Hypothesis

G
"V

HO,C
8 61 [4+2]
J/~COH —> J~COH —> —
) ) y ~——=—Ph

— — —~—

Ph Ph

Ph

12 13 14 Endiandric Acid C (15)

(B) Total Synthesis

7 N
H,, Lindlars Catalyst N\ /
Quinoline
> J~CoMe | ——>
CH,Cly, 25 °C /
—
Ph
17
then PhMe, 100 °C MeOZC% é]\
+
28% vyield Ph
45:1B:C = ==
Ph
- 18 _ Endiandric Acid B Methyl Ester (19) Endiandric Acid C Methyl Ester (20)

1.2.4 Summary

As highlighted in the previous examples, the innovation that total synthesis inspires is a
central theme in organic chemistry and to the work presented in this thesis. The
biosynthesis of the lupin alkaloids inspired our retrosynthetic analysis, which led to the
discovery of a novel cascade cyclization reaction between pyridine and glutaryl chloride
to form the entire carbocyclic scaffold of the natural products in a single step. We
developed a 1,2-addition semi-pinacol rearrangement sequence to form quaternary
stereocenters via a convergent fragment coupling approach motivated by our total synthesis

of the C19 diterpenoid alkaloids. Progress towards the total synthesis of falcatin A has been
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enabled by methodologies such as the TASF(Me) mediated Mukaiyama-Michael addition,
and NHK reaction, showcasing that innovative methods and reagents can help to produce

innovative syntheses.

1.3 THESIS OUTLINE

1.3.1 Total Synthesis of Lupin Alkaloids

The second chapter of this thesis is focused on the total synthesis of the matrine-type
lupin alkaloids (25-29) (Scheme 1.4).!° Select members from this family of alkaloids have
been shown to possess anti-cancer activity (matrine (26), sophoridine (28)),""-!° while other
members of these alkaloids (isomatrine (25), isosophoridine (29)) have not yet had their
biological activity evaluated because they are not readily available from natural sources.
The lack of availability of all the matrine-type lupin alkaloids motivated us to synthesize
previously inaccessible members of this family of natural products.!”-8

Our proposed synthesis was inspired by the biosynthesis of the lupin alkaloids leading us
to design a cascade cyclization between glutaryl chloride (22) and pyridine (21). We found
that this cyclization occurred in good yields to produce the entire carbon scaffold of
isomatrine (23), including three of the four stereocenters present in the natural product. We
were able to synthesize isomatrine (25) with this route, and isomerize isomatrine into an
additional five alkaloids, four of which are known natural products. In summary, the
biosynthesis of the matrine type-lupin alkaloids inspired us to develop novel chemistry to
access this family of natural products, including isomatrine (25) and sophoridine (28),
which have not yet been synthesized to date.

Scheme 1.4. Total synthesis of matrine-type lupin alkaloids.
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1) Rh/C (1 mol %) BF4-OEty, Et,0 then

X
O )J\/\/U\ (22) HINY o He0am) #BUOK, +BuLi
Z EtOH, 21 °C TMEDA, 55 °C
DCM N 2) LiAIH,, AICl then MeOBz, —55 °C
-50 °Cto 21 °C o THF, 0 °C [ then O (1 atm), 21 °C
(5 equiv) 67% yield o) 60% yield, 2 steps  resolved to 90% ee  26% Yield (600 mg scale)
160 g scale [X-Ray] 20 g scale 24% recovery 18% yield (3.12 g scale)  (+)-isomatrine (25)
& [X-Ray] [X-Ray]

23

24

Hp
(1 atm)
conditions
H,O
H
H H H H\ﬂ ol =
0, N o Y;
N7 H @L N ™l
N i
N H
(+)-isomatrine (25) (+)-matrine (26) (+)-allomatrine (27) (-)-sophoridine (28) (+)-isosophoridine (29) (-)-unnatural product (30)
conditions 10 mol% Rh/C 10 mol% Pd/C 110 mol% PtO, 10 mol% Pt/C 110 mol% PtO,
98°C,1h 98°C,2h 98 °C, 15 min 98 °C, 15 min 80°C,24 h
32% yield 83% yield 10% yield 55% yield 40% yield
[X-Ray] [X-Ray] [X-Ray] [X-Ray]

1.3.2 Convergent  Fragment Coupling via the Semi-Pinacol

Rearrangement

The third chapter of this thesis focuses on the development of the semi-pinacol reaction
in the context of our C19 diterpenoid alkaloid syntheses (Scheme 1.5).% In our key strategic
disconnection, we coupled 31 and 32 by a 1,2-addition semi-pinacol rearrangement
sequence to convergently form a quaternary stereocenter (33) in high yield. Our total
synthesis inspired us to investigate the generality of this transformation towards forming
quaternary stereocenters in polycyclic systems.?! We found that the reaction could tolerate
a variety of functional groups including enol ethers, allylic silyl ethers, alkenyl and aryl
bromides, esters, and aryl triflates. The yields for the semi-pinacol rearrangement were
uniformly high and this strategy is currently being leveraged for the total synthesis of
additional diterpenoid alkaloids in our lab.

Scheme 1.5. Convergent fragment coupling approach to quaternary stereocenters.
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1. +BuLi, -78 °C OTMS
Br then g
epoxyketone, THF MeO,C COMe
) then TMSCI
0 = 72% yield
MeO,C N o ¥ —
MeO,CH Omeel 2. TMSNTY,
‘/Si\’ 2,6-t-Buy-4-MePy
tBu tBu 969 peld O~si°
°yie tBu t+Bu
31 32 33a
Quaternary Stereocenters via Convergent Fragment Coupling
OTMS
Me Me MGOZC 'Cone
“10 1. 1,2-addition 0
MeO,C \ + Me
MeO,C 1y o 4 2. semi-pinacol A\ e
Li” Me B stereospecific
W generates quaternary Me
31 35 centers 33k

W 17 examples

1.3.3 Progress Towards the Total Synthesis of Falcatin A.

o]

19 steps

MeO OMe
~——NEt

]
oHHO Ome

talatisamine (34)

The fourth chapter of this thesis focuses on work towards the total synthesis of falcatin

A (43), a highly oxygenated myrsinane diterpene (Scheme 1.6B).??> The central seven-

membered ring was a key strategic challenge and major focus for our proposed synthesis.

We found that a three-component coupling between enone 37, silyl enol ether 38, and

aldehyde 39 could rapidly incorporate all the required carbons for the natural product.

These precursor building blocks are all readily accessible in two steps or less from

commercial materials allowing us to rapidly generate molecular complexity. Focus has

now shifted towards the formation of the central seven membered ring through an NHK

reaction or lithiation 1,2-addition. Enabling methodologies such as the NHK reaction and

Mukaiyama aldol addition are helping to create an efficient synthesis of falcatin A, which

showcases the importance that new methodologies hold in synthesis.

Figure 1.6. Progress towards the total synthesis of falcatin A.
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1.4 CONCLUDING REMARKS

The desire to synthesize complex molecules ever more efficiently has driven innovation
in organic chemistry. The NHK reaction was borne out of a need to perform a 1,2-addition
into a complex aldehyde in the synthesis of palytoxin when standard reactions failed.’
Since the NHK reaction was first showcased as a high yielding and selective reaction in
complex molecules, it has found use in total synthesis, especially in the synthesis of
medium-sized rings.”> A mechanistic investigation of a key step in the total synthesis of
axinellamines led to the discovery of Palau’Chlor, which is a first in class guanidinium-
based chlorinating reagent.'> Palau’Chlor has been shown to chlorinate arenes selectively
in high yields, and has been used in the total synthesis of natural products.?* Innovative

syntheses have also been driven by biosynthetic hypotheses. The total synthesis of
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endiandric acids represent a landmark accomplishment where an entire natural product
could be synthesized concisely from an acyclic precursor.'* The unique 8w, 6w, [4+2]
cyclization cascade helped to validate the biosynthetic hypothesis as well as provide strong
support for the Woodward-Hoffman rules.

The theme of total synthesis driving innovation in organic chemistry underlies the topics
presented in this thesis. The need for a concise route to the lupin alkaloids led to the
development of a novel cyclization cascade between pyridine and glutaryl chloride to
efficiently construct the carbon scaffold of these natural products in a single step. The
cyclization product was then concisely transformed into five alkaloids in five steps or less.
The total synthesis of the C19 diterpenoid alkaloids motivated the development of a
convergent fragment coupling methodology to form quaternary centers. It was found that
this strategy could form a variety of hindered quaternary stereocenters selectively in
complex substrates while tolerating a variety of different functional groups. The
development of more efficient synthetic methods has proven useful on route towards the
total synthesis of falcatin A. The NHK reaction and Mukaiyama-Michael addition are
examples of where practical robust methods help to create more efficient syntheses. In
summary, total synthesis is a driver of innovation and a critical aspect of modern organic
chemistry where it inspires reaction development, reagent invention, and can prove as a

testing ground for biosynthetic hypotheses.
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Chapter 2

A Pyridine Dearomatization Approach to the Matrine-type Lupin

Alkaloids!

2.1 INTRODUCTION

(+)-Matrine and (+)-isomatrine are tetracyclic alkaloids isolated from the plant
Sophora flavescens, the roots of which are used in traditional Chinese medicine.
Biosynthetically, these alkaloids are proposed to derive from three molecules of (-)-lysine

via the intermediacy of the unstable cyclic imine A!-piperidine. Inspired by the

Portions of this chapter have been reproduced from a published manuscript.! J. K. K was
supported by an NSERC PGS-D fellowship (PGSD3-532535-2019). A. R. W and V. W.
M were supported by an NSF Graduate Research Fellowship (DGE-1144469). S. E. R.
acknowledges financial support from the NIH (R35GM118191).
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biosynthesis, a new dearomative annulation reaction has been developed that leverages
pyridine as a stable surrogate for A'-piperidine. In this key transformation, two molecules
of pyridine are joined with a molecule of glutaryl chloride to give the complete tetracyclic
framework of the matrine alkaloids in a single step. Using this dearomative annulation,
isomatrine is synthesized in four steps from inexpensive commercially available chemicals.
Isomatrine then serves as the precursor to additional lupin alkaloids, including matrine,

allomatrine, isosophoridine, and sophoridine.
2.2 MATRINE TYPE LUPIN ALKALOIDS

2.2.1 Biosynthesis and Bioinspired Synthesis

The lupin alkaloids are a structurally diverse class of quinolizidine-containing
natural products isolated from plants in the Lupinus genus (Figure 2.1A).? (+)-Matrine (26),
the primary component of Chinese Kushen injection, inhibits proliferation in metastatic
cancer cell lines and has also been investigated as a therapeutic agent against
encephalomyelitis, asthma, arthritis, and osteoporosis.** (—)-Sophoridine (28) is an
approved chemotherapeutic in China, which has also demonstrated antibiotic activity.’
Little is known about the pharmacological properties of (+)-isomatrine (25) and (+)-
isosophoridine (29), which likely reflects their limited accessibility from commercial
vendors.’ Although the detailed enzymatic pathway has not been fully annotated, the
biosynthesis of matrine is proposed to initiate with the enzymatic conversion of (-)-lysine
(60) to A'-piperidine (61) (Figure 2.1B).%” Subsequent dimerization of 61 followed by
oxidation and isomerization is proposed to yield quinolizidine 62, a shared biosynthetic

precursor to several lupin alkaloids.®® Mannich addition of 62 to a third equivalent of 61
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and cyclization with the pendant aldehyde is proposed to generate the oxidized tetracycle
63, which upon reduction gives (+)-matridine (64). Seminal studies by Abdusalamov
demonstrated that feeding “C-labeled (+)-64 to Goebelia Pachycarpa resulted in the
isolation of radio-labelled (+)-26, suggesting that the final step in the biosynthesis of 26 is

a site-selective C—H oxidation.!o!!

Figure 2.1. (A) Chemical structures of matrine-type lupin alkaloids. (B) Proposed

biosynthesis of matrine (C) Retrosynthetic analysis of isomatrine.

(A) Matrine-type lupin alkaloids

(+)-isomatrine (25) (+)-matrine (26) (+)-allomatrine (27) (—)-sophoridine (28) (+)-isosophoridine (29)
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(B) Matrine Biosynthesis
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Reduction ~ Ol o N 0 y ,@\l@ (0] Cyclization = c °
— — I ' — I+ ¢
N @%/\j @\l
H (o]
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We sought to devise a unified synthesis that could provide access to the series of
matrine-type alkaloids shown in Figure 2.1A. Inspired by the proposed biosynthesis, it was

envisioned that pyridine (21) could serve as a stable, inexpensive synthon for A!-piperidine
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(61), and the remaining five carbons of the tetracyclic matrine framework could derive
from glutaryl chloride (22, Figure 2.1C). In the key step, we proposed a dearomative
annulation via bis-acyl pyridinium salt 65 to form tetracycle 23, a molecule that contains
all the carbon and nitrogen atoms of 25.12 Tetracycle 23 could be elaborated to 25 by global
reduction followed by a site-selective oxidation of isomatridine (24) reminiscent of the
proposed biosynthesis of matrine (26). Isomatrine (25) is the least thermodynamically
stable lupin alkaloid and its isomerization to both 26 and 27 has been previously reported.!?
We therefore anticipated that access to 25 could enable the synthesis of additional lupin
alkaloids.'"* This type of late-stage isomerization strategy was also deployed in the 2022

Sherburn synthesis of several matrine alkaloids.!
2.2.2 Previous Syntheses

Synthetically, most of the work prior to 2022 had focused on matrine (26), with
four reported total syntheses (Figure 2.2). The first total synthesis of matinre was
accomplished by Mandell in 1963 utilizing a key dual reductive amination approach of 66
to access both the A and B rings of matrine stereoselectively in a single step.!®!
Subsequently, Tsuda published a lengthy route to the matrine alkaloids dependant upon
hydrogenation of pyridine 67 and classical resolution.!® In 1986 Chen demonstrated that a
biomimetic intramolecular Mannich approach of 68 to forge the C ring of matrine was a
viable strategy."” Zard designed an intriguing radical cascade cyclization between enamide
69 and xanthate 70 to forge both the A and C rings of matrine simultaneously.?> While
these syntheses all targeted matrine, synthetic access to the minor congeners is far more
limited with only two syntheses of allomatrine appearing, until a recent report by Sherburn

and coworkers, which outlined a diene-transmissive Diels-Alder based approach to the
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lupin alkaloids.'>:'"-2° In addition, there was a single total synthesis each of allomatrine (27)
and isosophoridine (29), and no reported total syntheses of isomatrine (25) or sophoridine

(28) .21 22

Figure 2.2. Previous total syntheses of the matrine-type lupin alkaloids.
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2.3 KEY CYCLIZATION STEP

2.3.1 Initial Reaction Hit

Our studies commenced with the investigation of the dearomative annulation
(Scheme 2.1). Addition of glutaryl chloride (22) to pyridine (21) in dichloromethane at —

50 °C followed by warming to 20 °C resulted in clean formation of (+)-tetracycle 23 in
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62% yield (10 g scale). The reaction was highly robust and could be carried out on one

mole scale to produce over 160 grams (67% yield) of (+)-tetracycle 23 in a single batch.

Scheme 2.1. Cyclization of pyridine and glutaryl chloride.

A
H |l H !
9 0 pyridine (5 equiv) o =z 0
Cl)l\/\/u\g DCM, -50°Ct021°C W _N
67% yield 0 H
22 23
[X-Ray]

The product was isolated by precipitation from the crude reaction mixture,
alleviating the need for a workup or column chromatography. Given the cost of pyridine
($7/mol, Millipore-Sigma, 2022), glutaryl chloride ($211/mol, Oakwood Chemical, 2022),
and all solvents ($31/mol, Fischer Scientific, 2022), the raw materials cost $398/mol of
product formed. Recrystallization of (+)-23 enabled single crystal X-ray diffraction, which

confirmed the syn-syn relative stereochemistry.
2.3.2 Mechanistic Investigation of the Cyclization Cascade

To elucidate the reaction pathway, mechanistic and computational studies were
undertaken. Monitoring the reaction between 21 and 22 by 'H NMR determined that the
initially formed species at —40 °C was bis-acyl pyridinium salt 72 (Scheme 2.2). After
warming to 25 °C, acid chloride 73 resulting from mono-cyclization was observed.
Presumably the acyl pyridinium salt Intla and acyl chloride 73 are in equilibrium, but the
acyl chloride is the major species at 25 °C. A second, minor species assigned as the acid
chloride resulting from Intlb (vide infra, same as Intla with trans stereochemistry) was

also observed; this species was consumed as the reaction progressed to full conversion.
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Although deprotonation and elimination of acyl pyridinium salts or acyl chlorides can give
rise to ketene intermediates,?* no such species was detected by 'H NMR or by reactIR.
Attempts to calculate a pathway involving ketene intermediates failed to locate a transition
state (TS) for a concerted [2+2] cycloaddition. Similarly, no TS for the concerted [4+2]

cycloaddition of bis-acyl pyridinium salt 65 could be located.

Scheme 2.2. Mechanistic proposal for the cyclization of pyridine and glutaryl

chloride.
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Investigation of a stepwise pathway determined that the lowest-energy TS for the
first cyclization involves a boat-like conformation to form the syn product (TS1a, AGys =
7.3 kcal/mol) (Figure 2.3). Attempts to find the analogous chair-like TS were unsuccessful
and led instead to conversion to the boat-like TS. The pathways leading to the anti mono-
cyclization product (Intlb) are higher in energy (see TS1b and TS1c). The preference for
the syn boat compared to the anti boat TS is likely due to favorable dispersive interactions
between the heteroaryl ring and the oxygen-bearing carbon of the enolate, as well as

minimization of the dipole moment in the syn TS. In order to test the importance of
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dispersive interactions in these TSs, the TSs were recomputed with B3LYP, a functional
known to lack dispersion. Indeed, with this functional, the difference between the two
transition states was only 0.1 kcal/mol, insufficient to account for the observed
selectivity. Inclusion of dispersion with Grimme’s D3 correction restored the energy
difference to 1.4 kcal/mol in favor of the syn boat transition state.>* These TSs lead to two
intermediates: syn intermediate Intla (—12.6 kcal/mol) and anti intermediate Intlb (—10.7
kcal/mol). The TS for the second C—C bond formation (TS2a) is most favorable for the
syn-syn intermediate (Int2a), with a barrier of 20.2 kcal/mol. The second lowest-energy
pathway proceeds via TS2b leading to Int2b, which gives rise to the anti-syn-anti
configuration at the ring fusions. The transition states leading to the other four potential
diastereomers are higher in energy. Formation of Int2a and Int2b is followed by
deprotonation by pyridine. While Int2b is lower in energy than Int2a, the deprotonation
of Int2a to give syn-syn (x)-23 follows the lowest-energy pathway. Thus, the selectivity-
determining step is the final deprotonation (TS3a) and syn-syn (x)-23 is favored, even
though it is thermodynamically less stable than anti-anti 74. These results are consistent
with the experimentally observed formation of product (+)-23 as a single diastereomer,

despite the initial mixture of monocyclization products.
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Figure 2.3. Computational investigation of the cyclization of pyridine and glutaryl

chloride.
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2.3.3 Attempted Enantioselective Cyclization

Attempts to render the cyclization reaction between pyridine and glutaryl chloride
enantioselective were met without success. Various additives for the cyclization reaction
including PyBOX ligands, chiral bases, and anion binding catalysts all exerted no effect.
Interestingly, when enantiopure (R)-2-methylpentandioyl chloride was employed, C3-
methyl tetracycle (+)-76 was obtained in 66% yield as a single diastereomer and in >99%
ee (Figure 2.4). This stereochemical outcome is consistent with the calculations, where the

pathway initiating with a syn boat transition state bearing the methyl group in a pseudo-
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equatorial position is favored. When ($)-2-phthaloyl glutaryl chloride was employed,
product was formed in a 27% yield; however, significant erosion of the enantiomeric
excess occurred. Attempts to use methoxyprolinol to ring open glutaric anhydride (80) in
situ followed by amide and carboxylic acid activation with triflic anhydride allowed the
cyclization to occur in 94% ee, but extensive optimization efforts were never able to help
improve the yield of 81 above 12%. The 24% material recovery from the resolution of

isomatridine (24) led us to favor the classical resolution approach.

Figure 2.4. Attempted enantioselective cyclizations.
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2.3.4 Cyclization of Pyridine Derivatives
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Several pyridine analogues were tested in the cyclization reaction with limited
success. The cyclization of 3-methylpyridine gave 83 in a modest 18% yield and was
isolated as a single isomer (Figure 2.5). 4-Methylpyridine produced a mixture of isomers,
which were unstable and inseparable. DM AP failed to provide any products in the reaction,
and 4-methoxypyridine yielded a product that was too unstable to isolate. With 3-
dimethylaminopyridine (84), monocycle 85 was produced in 89% yield. It is suspected that
the first cyclization takes place, then the dimethylamino group is acylated by the adjacent
carboxy group, and lastly demethylation takes place to yield 85. It was found that the
cyclization could be interrupted with 4-methoxypyridine to produce the mixed cyclization
product 86. Interestingly, the mixed pyridine cyclization was quite high yielding. It is
hypothesized that pyridine substituents interefere with the first cyclization, but not the
second cyclization explaining the significantly higher yield in the mixed cyclization

example.
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Figure 2.5. Pyridine derivative cyclizations.
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2.4 COMPLETION OF THE SYNTHESIS

2.4.1 Global Reduction

At this stage, attention turned to elaborating (+)-23 to isomatrine (25).
Hydrogenation of tetraene 23 proceeded smoothly to yield bis-amide 87 (Figure 2.6). Initial
attempts to perform the reduction of 87 with lithium aluminum hydride led to partial
reduction to yield monoamide 88. Refluxing the reaction in LAH provided isomatridine
(24) in a modest yield. Switching to aluminum hydride gave isomatridine (24) in 68% yield,
or in a 60% yield over two steps alleviating the need to purify the intermediate bis-amide

87. Purification of isomatridine (24) was readily accomplished by generating its hydrogen
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oxalate salt followed by trituration in acetone, obviating the need for column
chromatography. Small quantities of hemi-aminal 89 were also produced during the alane
reduction of bis-amide 87. At this stage, resolution of isomatridine (+)-24 can be achieved
by recrystallization of the di-p-toluoyl tartaric acid salt to give 24% recovery (46%

theoretical yield) of (+)-isomatridine 24 in 90% ee.

Figure 2.6. Reduction of tetracycle 23 to isomatridine (24).
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X
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oH THF,0°C,1h E
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23 resolved to 90% ee, 24% recovery 24 89
[X-Ray] [X-Ray]
12% yield

Hemi-aminal 89 could be reduced with sodium borohydride in acetic acid to
quantitatively  yield diamine 91, which contains the stereochemistry of
tetrahydroneosoporamine (92) (THNS) (Scheme 2.2). Current efforts in collaboration with
the Narayan lab are underway to oxidize diamine 91 into THNS (92), the final lupin

alkaloid that has not yet been synthesized. Hemi-aminal 89 could also be transformed into
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a-cyanoamine 90 in 94% yield by treatment with a mixture of potassium cyanide and

trifluoroacetic acid in methanol.

Scheme 2.2. Access to other diamine diastereomers.

KCN, TFA NaBH,
94% yield 99% yield
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2.4.2 Isomatridine as a Ligand

It was hypothesized that isomatridine (24) could act as a novel bidendate ligand if
the scaffold could access a conformation in which both nitrogen atoms were pointed into
the concave face of the molecule. Gratifyingly, it was found that treatment of isomatridine
with anhydrous copper (II) chloride yielded the copper complex in 72% yield (Scheme 2.3).
It was hypothesized that this novel complex might possess catalytic activity; to that end it
was screened in the Henry reaction between benzaldehyde and nitromethane (Table 2.1).%
Modest yields and conversions were observed, likely due to the low solubility of copper
complex 93 in methanol. Future efforts will be directed towards studying the reaction using

enantiopure copper complex 93 and optimizing the reaction for both yield and ee.

Scheme 2.3. Synthesis of the copper (ll) chloride complex of isomatridine.

H
\4
HH N CuCl, H 7
= H ~al
HS MeOH, reflux ‘N—C‘U '
72% yield H Cl
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Table 2.1. Catalytic activity of copper complex 93.

OH

[¢]
|
Catalyst (93) (20 mol%)
+ O,N—Me _— >
additive NO,

solvent, 0 °C
94 (1.0 equiv) (4.0 equiv) 16 h
Entry solvent additive conversion 94 yield
1 MeOH NEt3 (3 mol%) 10% 5%
2 MeOH none 9% 4%
3 THF none 10% 7%
4 DMF none 14% 9%
5 DCM none 22% 14%

2.4.3 C15 Selective Oxidation

Inspired by the proposed biosynthesis,?® we initially investigated the enzymatic
oxidation of (+)-24 to give (+)-25. Unfortunately, a screen of >180 bacterially derived P450
enzymes (both wild type and mutants) failed to produce any promising leads. As a result,
our focus turned towards non-enzymatic methods for the selective oxidation of C15. It was
hypothesized that the oxidation of isomatridine (24) may be an aerobic oxidation, and not
an enzymatic process. Treatment of 24 with singlet oxygen in the presence of trimethylsilyl
cyanide led to o-aminonitrile 95 in 20% yield (Scheme 2.4).2” Analysis of the X-ray
structure of 24 revealed that N1 points into the cavity of the molecule while the N2 lone
pair points outwards. Photoredox conditions were attempted to oxidize the less hindered
lone pair, but led instead to epimerization of the stereocenters adjacent to the nitrogen
atoms to produce 96 and 97.2 An attempt at a direct oxidation of isomatridine with
molecular iodine under basic conditions produced conjugated iminium ion 98 in 29%
yield.?® Recently reported conditions for the cleavage of C-N bonds was found to be

unselective and low yielding, producing an inseparable mixture of 99 and 100.%°
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Scheme 2.4. C15 oxidation attempts on isomatridine.

Rose Bengal (3 mol %) [Ir(dF(Me)ppy)z(dt.bbpy)]PFe (2 mol %)

0,, TMSCN iPraSiSH, Hp0 N
~ ACN,21°C NMP (0.25 M), 21 °C
Blue LEDs Blue LEDs
o 20% yield 59% yield 26% yield
X-Ray] 96 97
Hy [X-Ray] [x-Ray]
H N
= Y A He
AN
17 N1
24
TMSCF,Br
NNl NaHCOg NHOAC
N THF, H,0, 21 °C DCE, 60 °C
® 29% yield* 13% yield
o b yie b yie
! OH 1:1.2 ratio
98
*gNMR Yield
[X-Ray]

Utilizing peracetic acid, the selective oxidation of N, was achieved to yield the
expected N-oxide 101 in a 54% yield (Scheme 2.5). However, attempts to advance 101 via
Polonovski reaction (acetic anhydride/di-tert-butyl-4-methyl pyridine (DTBMP)) led to
formation of the undesired enamine 102.3! In addition, the application of recently reported
conditions for a syn-Polonovski reaction also provided undesired enamine 102.3> Analysis
of the X-ray structure of 101 confirmed that antiperiplanar alignment of H17 with the N—

O bond is ideally suited to regioselectively form the undesired elimination product 102.
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Scheme 2.5. Attempted Polonovski oxidation of isomatridine.

H
—7
H
H N MH N AcOOH (1.1 equiv)
—>
H H
N N MeOH, 0 °C, 15 mins @N
H
24

54% yield

[X-Ray]
Ac,0
M N DTEMP O(acac),
- —>
H DCM, 21 °C, 18 h DCM, 0°C, 2h
N~ N /

20% yield 12% yield

We became interested in a report by Kessar and coworkers demonstrating that
amine-BF; adducts could undergo deprotonation using mixtures of fert-butyl lithium (z-
BuLi) and potassium terz-butoxide (-BuOK).** Consistent with the selectivity in the N-
oxide formation, treatment of diamine (+)-24 with BF;-OEt, quantitatively formed the
Lewis acid-base complex. Deprotonation of the BF; complex of (+)-24 with a mixture of
t-BuLi and -BuOK in N,N,N,N-tetramethylethylenediamine (TMEDA) occurred with
good selectivity for the less sterically encumbered C15 over C17 (10:1), as determined by
trapping with deuterated methanol (103, Scheme 2.6).® Unfortunately, trapping of this
anion with other electrophiles proved challenging. For example, deprotonation followed
by quenching with TMSCI provided silylated diamine 104 in only 35% yield, while
trapping with methyl benzoate gave unstable phenyl ketone 106 in 27% yield. The best

yield of C15-functionalized product was obtained when 24 was deprotonated and then
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trapped with trimethyl borate; oxidation with hydrogen peroxide and trapping of the

resultant enamine with HCN to give aminonitrile 105 in 55% yield.

Scheme 2.6. C15 selective functionalization.

BF5-OEty, Et,0 then

t-BUOK, t-BuLi
TMEDA, -55 °C
then electrophile

T™S
B(OMe)s
D20 TMSCI then H,0, then HCN MeOBz
) 103 104 105 106
*gNMR Yield 80% yield* 35% yield* 55% yield 27% yield*

Aerobic oxidation of 105 provided isomatrine in 46% yield (25% yield over three
steps from 24, Scheme 2.7).3* Alternatively, deprotonation of (+)-24, trapping with methyl
benzoate, and aerobic oxidation could be carried out in a single reaction flask to give (+)-
25 directly in 18-26% yield, depending on the scale (Scheme 2.8).% This route provides
access to (x)-isomatrine in four steps, and (+)-isomatrine can be easily accessed by
incorporating the resolution of diamine 24. To date, >1 gram of (+)-isomatrine has been

prepared via this route.

Scheme 2.7. Conversion of isomatridine into isomatrine via a-aminonitrile 105.

1) BF3-OEty, Et,O then
t-BuOK, t-BuLi
TMEDA, -55 °C

then B(OMe)3
O, (1 atm)
then H,0, -~ KHMDS (1.8 equiv)
2) TFA, KCN THF, =78 °C, to 21 °C
MeOH, 21 °C
H 55% yield over 2 steps CN 46% yield
24 105 (+)-isomatrine (25)

[X-Ray] 25% over 3 steps
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Scheme 2.8. Completion of the synthesis of isomatrine.

1) Rh/C (1 mol %) BF4-OEt,, Et,0 then

o o0 A
N MM\ o  Hp(60am) t+BuOK, +-BuLi
| cl 5 C  F EtOH, 21 °C TMEDA, -55 °C
g — _— >
N DCM N 2) LiAIH,, ACl3 then MeOBz, 55 °C
(5 equiv) 0 °Cto21°C H THF, 0 °C H then O, (1 atm), 21 °C
1%/0 Vs'cee'ﬁe o) 60% yield, 2 steps 26% yield (600 mg scale) O
21 9 (+)-23 20 g scale (£)-24 18% yield (3.12 g scale)  (+)-isomatrine (25)

resolved to 90% ee
with 24% recovery of (+)-24

2.4.4 Isomatrine Isomerization

Initial attempts to reproduce Okuda’s Pt-catalyzed isomerization of (+)-isomatrine
failed to provide the reported yields of (+)-matrine (26) and (+)-allomatrine (27), and
instead produced a mixture of five compounds in our hands.!"* To improve the yield of 26
and 27, while also broadening the synthetic access to other congeners, an investigation of
several isomerization catalysts was carried out. Use of Rh/C provided the best yields of
(+)-26 (32% yield, Figure 2.6), while (+)-27 could be obtained in 83% yield when Pd/C
was used. Isomerization with Pt/C provided (+)-isosophoridine (29) in 55% yield. Finally,
use of PtO, at 98 °C for 15 minutes furnished (-)-sophoridine (28) in 10% yield, together
with the other isomers.*®* When the reaction with PtO, was conducted at 80 °C for 24 hours,
(-)-isomer 30 was isolated in 40% yield. To our knowledge, 30 has not yet been isolated

from natural sources.

The hypothesized mechanism is thought to occur via a series of metal mediated
dehydrogenations, and hydrogenations guided by the relative thermodynamic stabilities of
the natural products.'* First (+)-isomatrine can coordinate to the metal (Int4) followed by
dehydrogenation to yield iminium ion IntS, hydrogenation of which can yield (-)-unnatural

product 30. Isomerization if iminium ion IntS can yield enamine Int6, hydrogenation of
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which provides (-)-sophoridine (28). A subsequent dehydrogenation and isomerization
give rise to enamine Int7, which depending upon the face of hydrogenation can provide
either (+)-isosophoridine (29) or (+)-matrine (26). A final dehydrogenation can provide
Int8, which upon hydrogenation gives the thermodynamically most stable diastereomer

(+)-allomatrine (27).

Figure 2.6. Isomerization of isomatrine into other matrine-type lupin alkaloids.

(A) Metal mediated isomatrine isomerization

H2
(1 atm)
conditions
H,0
H HH
N
SRR
N
25 29 30
(+)-isomatrine conditions (+)-matrine (+)-allomatrine (=)-sophoridine (+)-isosophoridine  (—)-unnatural product
10 mol% Rh/C, 98 °C, 1 h 32% 60% 0% 0% 0%
10 mol% Pd/C, 98 °C, 2 h 15% 83% 0% 0% 0%
110 mol% PtO,, 98 °C, 15 min 6% 10% 10% 29% 14%
10 mol% Pt/C, 98 °C, 15 min 0% 1% 0% 55% 19%
110 mol% PtO,, 80 °C, 24 h 0% 18% 0% 33% 40%

(B) Hypothesized isomerization pathway

—1/5H,
—_—

(+)-isomatrine (25)
0 kcal/mol

(=)-unnatural product (30)
—3.0 kecal/mol

(-)-sophoridine (28)
—2.7 kcal/mol

=1/5H,
—_—

(+)-isosophoridine (29) (+)-matrine (26)

(+)-allomatrine (27)
—6.9 kcal/mol —8.3 kcal/mol —11.3 kcal/mol
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2.5 SPARTEINE AND LUPININE

2.5.1 Total Synthesis of Lupinine

The cyclization reaction between pyridine and glutaryl chloride goes through
intermediate monocyclized acid chloride 73, which we envisioned could be intercepted and
utilized to access additional lupin alkaloids. Methanol reacted with intermediate acid
chloride 73 to form the methyl ester, which had the enamide bond reduced with TFA and
triethylsilane allowing for the isolation of 107 (Scheme 2.9). Hydrogenation of 107
produced 108, which was reduced with LiAlH4 to provide the natural product lupinine

(109) in a total of three steps in a 35% overall yield from glutaryl chloride.?”

Scheme 2.9. Total synthesis of lupinine (109).

O, OMe O, OMe
Pyridine \/ \/ /OH
DCM, -78 °C to 21 °C H2 Pd/C LIA|H4 H
)j\/\/u\
then MeOH (2 equiv) EtOH 21°C THF reflux
22 TFA (15 equiv) N
Et3SiH (15 equiv)
3 ( a 71% yield 67% yield ( )—Iupinine (109)

72% yield

2.5.2 Total Synthesis of Sparteine

We reasoned that it could be possible to access sparteine (115) by taking advantage
of monocyclized compound 107. Epimerization of 107 was accomplished with potassium
t-butoxide to provide 110 as a 10:1 mixture of diastereomers, which was carried forward
as a mixture. Hydrogenation proceeded smoothly to yield 111 in 55% yield over 2 steps.
L-selectride was found to selectively reduce the methyl ester, which was trapped with tosyl
chloride to yield alkyl tosylate 112. An Sy2 reaction between tosylate 112 and glutarimide

occurred in high yields to produce 113. An intramolecular cyclization was accomplished
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by treatment of 113 with LDA to yield the carbon scaffold of sparteine.’® Lastly, LiAlH,

reduction of 114 yielded sparteine in 30% yield.

Scheme 2.10. Total synthesis of sparteine.

- O\/OMe
Pyridine H = L-Selectride
(0] o} DCM, -78 °C to 21 °C = tBuOK Pd/C 1 mol %) then TsClI
_—
cl Cl then MeOH (2 equiv) N tBuOH 21°C MeOH 21°C THF 0°C
TFA (15 equiv)
(0] 73% yield

EtySiH (15 equiv)

22 107 55% yield
o vi over 2 steps
72% yield 10 101 dr
OTs
H Glutarimide . H
tBuOK LiAIH, N
[———
N DMF, 100 c THF, -78 c THF, reflux N A
H
0 93% yield 56% yield 30% vyield
112 sparteine (115)
113

2.6 CONCLUDING REMARKS

The bioinspired dearomative annulation between pyridine and glutaryl chloride
developed here has enabled the first total synthesis of the lupin alkaloid (—)-sophoridine,
and the shortest syntheses of (+)-isomatrine, (+)-matrine, (+)-allomatrine, and (+)-
isosophoridine reported to date. The power of the pyridine dearomative cascade reaction
allows these syntheses to be highly concise due to forming the carbocyclic scaffold of these
natural products in a single step. The initially formed heterocycle can be hydrogenated and
reduced with alane to yield isomatridine, which has found use as a novel ligand and can be
prepared on gram scale. Efforts towards the discovery of the C15 selective oxidation have
led to the development of reactions that can functionalize a variety of positions on
isomatridine, which could be useful towards potential SAR studies that were not previously

possible starting from the natural product. The selective deprotonation, electrophile
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trapping, oxidation cascade sequence to synthesize isomatrine enabled its total synthesis in
a total of four steps from pyridine and has allowed us to prepare over a gram of isomatrine

to date.

The total syntheses of lupinine and sparteine have also been achieved using this
route. Based upon a mechanistic investigation of the cyclization reaction, it was discovered
that the dearomative pyridine cyclization proceeds through two distinct stages at
substantially different rates. The first product of the cyclization can be selectively accessed
by quenching the reaction before the second cyclization takes place with methanol. Global
reduction of the obtained quinolizidine has resulted in the preparation of lupinine in a total
of three steps and 35% overall yield. The five-step transformation of the obtained
quinolizidine 107 into sparteine has been realized on gram scale, providing a supply of this
challenging to source natural product. The diversity of lupin alkaloids and related structures
prepared from commodity chemicals is anticipated to support future pharmacological

investigations.

2.7 EXPERIMENTAL SECTION

Unless otherwise stated, reactions were performed under an inert atmosphere (dry
N») using freshly dried solvents and standard Schlenk techniques. Glassware was oven-
dried at 120 °C for a minimum of four hours. Tetrahydrofuran (THF), methylene chloride
(DCM), acetonitrile (ACN), methanol (MeOH), benzene (PhH), and toluene (PhMe) were
dried by passing through activated alumina columns. CH>Cl, (D150-4), benzene (PhH,
OmniSolv, BX0212-1), acetonitrile (A998-4), pentane (P399-4), acetone (A18-20),

hexanes (H292-20), and n-butanol (A399-4) were purchased from Fisher and used as
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received. Anhydrous N,N-dimethylformamide (DMF) was purchased from VWR (EM-
DX1727-6) and used as received. All reactions were monitored by thin-layer
chromatography using EMD/Merck silica gel 60 F254 pre-coated plates (0.25 mm) and
were visualized by UV or by staining with p-anisaldehyde or potassium permanganate
(KMnOs). Flash column chromatography was performed as described by Still et al.?° using
silica gel (particle size 0.032-0.063) purchased from MilliporeSigma. 'H and '3C NMR
spectra were recorded on a Bruker Avance III HD with Prodigy cryoprobe (at 400 MHz
and 101 MHz, respectively), a Varian Inova 500 (at 500 MHz and 126 MHz, respectively),
a Bruker 400 MHz Spectrometer with broadband iProbe, or a Varian Inova 600 (at 600
MHz and 150 MHz, respectively), and are reported relative to internal CDCl; ('H, § = 7.26;
13C, 8 =77.16) or CD2Clx 'H, § = 5.32; *C, § = 53.84). CDCl; was stored over anhydrous
potassium carbonate (K2CO3). Data for '"H NMR spectra are reported as follows: chemical
shift (6 ppm) (multiplicity, coupling constant (Hz), integration). Multiplicity and qualifier
abbreviations are as follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet,
br = broad. IR spectra were recorded on a Perkin Elmer Paragon 1000 spectrometer and
are reported in frequency of absorption (cm™). HRMS data were acquired using an Agilent
6230 Series time-of-flight (TOF) mass spectrometer with an Agilent G1978A ion trap or
by LC-MS using a Waters LCT Premier XE Electrospray TOF mass spectrometer
interfaced with Waters UPLC chromatography, or by GC-MS interfaced with a JEOL JMS-
T2000 GC AccuTOF GC-Alpha with Field Ionization. Molecular formulas of the
compounds [M] are given, with the observed ion fragment in brackets, e.g. [M+H]".
Optical rotations were measured on a Jasco P-2000 polarimeter using a 100 mm path-length

cell at 589 nm. Melting points were determined using a Biichi B-545 capillary melting
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point apparatus, and the values reported are uncorrected. Photochemical experiments were
performed using a 34 W Kessil H150 Blue LED light. Unless otherwise stated, chemicals
and reagents were used as received. Reagents were purchased from commercial vendors as
follows: Solid potassium fert-butoxide was purchased from STREM Chemicals Inc., stored
in a glovebox, and used as received. TMEDA and trimethylborate were purchased from
MilliporeSigma and were distilled over CaH, under N, prior to use. Glutaryl chloride was
purchased from Oakwood Chemicals Inc. and was used as received. Anhydrous pyridine,
rhodium on carbon (5%), palladium on carbon (10%), platinum dioxide, platinum on
carbon (5%), trimethylsilyl cyanide, lithium aluminum hydride, aluminum trichloride, fert-
butyl lithium solution in pentanes, rose bengal, peracetic acid, hydrogen peroxide, oxalyl
chloride, Rh(PPh3);(CO)(H), sodium borohydride, [Ir(dF(Me)ppy)(dtbbpy)]PFs,
triisopropylsilanethiol, (fluorodibromo)trimethylsilane, and N-phthaloyl-L-glutamic acid
were purchased from MilliporeSigma and were used as received. Di-p-toluoyl-L-tartaric
acid was purchased from Ambeed Inc. and was used as received. (R)-2-methylglutaric acid
and racemic 2-methylglutaric acid were purchased from Combi-Blocks Inc. and used as
received. '"H gNMR standards trimethylphenyl silane (99% purity) and pyrazine (>99%

purity) were purchased from MilliporeSigma and used as received.
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Table 2.2. Deprotonation — solvent screen.

Base 1, Base 2

THF (0.06 M)
-78°C,2h
then MeOD

103

Base 1 (equiv)

Base 2 (equiv)Ratio 103:117 %

Yield 103

% Yield 107 Total Conversion

Zn(TMP),+LiCl (12 equiv)
(i-Pr)o,NMgCI-LiCl (12 equiv)
TMPMgCI-LiCI (12 equiv)

t-BuLi (12 equiv)
n-BuLi (12 equiv)
s-BulLi (12 equiv)
t-BuLi (12 equiv)
t-BuLi (12 equiv)
t-BuLi (12 equiv)
t-BuLi (6 equiv)
t-BuLi (12 equiv)
t-BuLi (12 equiv)

/
/
/
/

t-BuOK (12 equiv)
t-BuOK (12 equiv)
t-BuOK (12 equiv)
t-BuOK (6 equiv)
t-BuOK (24 equiv)
t-BuOK (24 equiv)

~ o~~~

0.4:
15:
2.0:
2.0:
14:
:1.0

1.2

t-BuONa (12 equiv) 0.3:
t-BuOCs (12 equiv) 0.5:

1.0
1.0
1.0
1.0
1.0

1.0
1.0

0%
0%
0%
0%
21%
25%
26%
6%
46%
31%
5%
25%

0%
0%
0%
0%
54%
17%
13%
3%
33%
26%
16%
55%

0%
0%
0%
0%
75%
42%
39%
9%
79%
57%
21%
80%

38



Chapter 2 — A Pyridine Dearomatization Approach to the Matrine-Type Lupin Alkaloids

Table 2.3. Deprotonation — optimization in TMEDA.

H H t-BuLi (12 equiv)
N +BuOK (12 equiv) .
N Solvent, (0.06 M)
! -78°C,2h
©BF;s H then MeOD
116
Entry Solvent Ratio 103:117 % Yield 103 % Yield 107 Total Conversion
1 Hexanes / 0% 0% 0%
2 Et,O 04:1.0 26% 63% 88%
3 2-MeTHF 0.8:1.0 4% 5% 9%
4 THF 20:1.0 26% 13% 39%
5 TBME 02:1.0 10% 45% 55%
6 CPME 0.3:1.0 20% 62% 82%
7 THP2 24:1.0 31% 13% 44%
8 50% THF/50% THP 1.8:1.0 22% 12% 34%
9 THF-dg 20:1.0 44% 37% 81%
10  THF/TMEDA (12 equiv) 1.8:1.0 39% 22% 61%
11 Et,O/TMEDA (12 equiv) 1.3:1.0 50% 40% 90%
12 CPME/TMEDA (12 equiv) 1.1:1.0 34% 31% 65%
13 50% Hexanes/50%TMEDA 1.2:1.0 14% 12% 26%
14 TMEDAP 50:1.0 45% 9% 54%
15 N-methylpyrrolidine 1.0:1.0 29% 30% 59%

arun at —40°C.
brun at -50°C.

39
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Table 2.4. Deprotonation — optimization of base and equivalents.

Base 1, Base 2

—_—
TMEDA, -55 °C
then MeOD

Entry

Base 1 (equiv)

Base 2 (equiv)

Concentration Ratio 103:117 % Yield 103

% Yield 107 Total Conversion

W N O WN =

PO
AN —=O0©

n-BulLi (12 equiv)
t-BuLi (6 equiv)

t-BuLi (12 equiv)
t-BuLi (12 equiv)
t-BulLi (2 equiv)

t-BuLi (3 equiv)
t-BuLi (3 equiv)
t-BuLi (3 equiv)
t-BuLi (3 equiv)
t-BuLi (4 equiv)
t-BuLi (3 equiv)
t-BulLi (3 equiv)
t-BuLi (3 equiv)
t-BuLi (3 equiv)

t-BuOK
t-BuOK
t-BuOK
t-PeOK

12 equiv)
12 equiv)
24 equiv)
24 equiv)
t-BuOK (4 equiv)
t-BuOK (4 equiv)
t-BuOK (5 equiv)
t-BuOK (6 equiv)
t-BuOK (9 equiv)
t-BuOK (8 equiv)

( )

( )

( )

( )

t-BuOK (6 equiv
t-BuOK (6 equiv
t-BuOK (6 equiv
t-BuOK (6 equiv

0.06 M
0.06 M
0.06 M
0.06 M
0.06 M
0.06 M
0.06 M
0.06 M
0.06 M
0.06 M
0.1 M
02M
0.3 M
0.4M

0.2:1.0
10.0:1.0
3.7:1.0
3.2:1.0
>20.0:1.0
11.0:1.0
8.8:1.0
71:1.0
>20.0:1.0
58:1.0
77:1.0
11.6:1.0
59:1.0
18.5:1.0

12%
80%
70%
64%
62%
72%
73%
73%
71%
60%
72%
76%
74%
69%

55%
8%
19%
20%
1%
70/ o
8%
10%
2%
10%
9%
7%
12%
4%

67%
88%
89%
84%
63%
79%
81%
83%
73%
70%
81%
83%
86%
73%

40
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Table 2.5. Deprotonation — optimization of time.

t-BuLi (3 equiv)
+-BuOK (6 equiv)
—_—
TMEDA (0.2 M), -55 °C
then MeOD

Entry Deprotonation Time t-BuLi Addn. Time Ratio 103:117 % Yield 103 % Yield 117  Total Conversion

1 0.5h 60s 49:1.0 73% 15% 88%
2 0.5h 10s 6.2:1.0 74% 12% 86%
3 1h 60s 95:1.0 69% 7% 76%
4 2h 60s 11.6:1.0 76% 7% 83%
5 3h 60s 10.3:1.0 78% 8% 86%
6 4h 60s 42:1.0 69% 17% 86%
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Figure 2.7. Deprotonation — electrophile trapping — oxidation screen.

H | H t+-BuLi (3 equiv)
N +-BuOK (6 equiv)
e ——————
on 1 TMEDA (0.2 M), -55 °C
1 then E*
©BF; H then O,
116
O
Ox_/Ph Q Q 2 g 0
N oM C ¢ 1
LOMe 1 \ C
NMe, N M N N
e I : M \/\)]\/\/
Me Me Me>|/ ©
Me
0% yield 0% vyield 0% vyield 0% vyield 0% yield 0% vyield
F O
. ? o
OMe C O O (o} 0
0=6=0 Me ve o JC N on M X
E E Ph” 0" “Ph H”SOEt H
Me Me
F Me Me
0% yield 0% yield 0% yield 1% yield 5% yield 3% yield 3% yield

o 0 0 0 0
(0] (0]
)j\ J]\ OMe NN OMe O"Pr OMe
ClI” YOEt FC~ ~OMe —
F3C MeO

6% yield 7% yield 8% yield 11% yield 16% yield 19% yield

23% yield
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Table 2.6. Deprotonation — methyl benzoate trapping — oxidation screen.

t-BuLi (3 equiv)

t-BuOK (6 equiv) .
TMEDA (0.2 M), -55 °C
then MeOBz in solvent

then O,
Entry MeOBz Equiv Solvent % Yield
1 25 TMEDA 15
2 4 Hexanes 26
3 4 Et,0 26
4 4 PhMe 29
5 4 CPME 28
6 8 CPME 32
7 12 CPME 28
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Table 2.7. Unsuccesful oxidation reactions.

conditions
24
Entry Conditions Result
1 2 Equiv. KMnOy, H,0, 90 °C, 5 min Recovered SM
2 30 Equiv. KMnOy,, H,0, 90 °C, 30 min Complex Mixture
3 PhIO, H,0, 21 °C, 24 h Recovered SM
4 IBX, Hy0, 21 °C, 24 h Recovered SM
5 FeCl3*6H,0, 2-picolinic acid, PhCO3t-Bu, H,0, Pyridine, 70 °C, 24 h Recovered SM
6 AgCN (2.1 equiv), ACN, 80 °C, 48 h Recovered SM
7 Ru(bpy)3(PF6)2 (2 mol %), TMSCN, DMF, 20 °C, Blue LEDs, 22 h Recovered SM
8 Cu(CH3CN)4PFg, ABNO, NMI, 4,4’-dimethoxy-2,2’-bpy, O, (1 atm) Recovered SM
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Figure 2.8. Unsuccesful oxidation reactions.

BF3°Et,0, Et,0 then
tBuLi (3 equiv)
tBuOK (6 equiv)

TMEDA, -55 °C
then PhCN (8 equiv)
in CPME -55 °C
then Oy, 21 °C

17% qNMR yield
BF4+Et,0, Et,0 then

tBuLi (3 equiv)
t-BuOK (6 equiv)

TMEDA, -55 °C
then CIP(O)Ph;, (8 equiv)
in CPME -55 °C
24 then O,, 21 °C
complex mixture

BF3°Et,0, Et,0 then
tBuLi (3 equiv)
t-BuOK (6 equiv)

TMEDA, -55 °C
then CS, (8 equiv)
in CPME -55 °C

24 then O,, 21 °C

20% gNMR Yield

BF3°Et,0, Et,0 then
tBuLi (3 equiv)
tBuOK (6 equiv)

TMEDA, -55 °C
then t-Bu,0, (8 equiv)
in CPME -55 °C

complex mixture

BF3-Et,0, Et,0 then
+BulLi (3 equiv)
tBuOK (6 equiv)

TMEDA, -55 °C
then Sg (8 equiv)
in CPME -55 °C

complex mixture

HN

118

25

BF3°Et,0, Et,0 then
t-BuLi (3 equiv)
tBuOK (6 equiv)

TMEDA, -55 °C

then CIP(O)(OEt), (8 equiv)
in CPME 55 °C
then Oy, 21 °C

complex mixture

BF3+Et,0, Et,O then
t-BuLi (3 equiv)
+-BuOK (6 equiv)
N
TMEDA, -55 °C
then Tf,0 (8 equiv)
in CPME -55 °C
then O,, 21 °C
complex mixture

BF3°Et,0, Et,0 then
tBuLi (3 equiv)
+-BuOK (6 equiv)

TMEDA, -55 °C
then O, —55 °C

complex mixture 25

BF3°Et,0, Et,0 then
t-BuLi (3 equiv)
+-BuOK (6 equiv)

TMEDA, -55 °C
then Davis Oxaziridine (8 equiv) o)
in CPME -55 °C

complex mixture
BF3+Et,0, Et,O then

t-BulLi (3 equiv)
tBuOK (6 equiv)

TMEDA, -55 °C
thenl, (8 equiv)
in CPME -55 °C

complex mixture
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Figure 2.9. Unsuccesful oxidation reactions.

LiClO,4 (0.1 M)
Graphite Electrode
Constant Current (10 mA)

>

MeOH, 17 h
complex mixture

LiCIO,4 (0.1 M)
Graphite Electrode
Constant Current (10 mA)

e

MeOH, 17 h

complex mixture

nano Zn (1.1 equiv)

then O, (1 atm)
S >

DCM
20 h, RT

complex mixture

Pd(OAc), (10 mol%)
AgOAc (4 equiv)
3-Pyridinesulfonic Acid (10 mol%)
Methyl Acrylate (4 equiv)

HFIP (0.2 M)
70°C,20 h

recovered SM
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Table 2.8. Resolution crystallization optimization initial screening.

Chiral Acid
Solvent
racemic enantioenriched
24 24
(o]
OH MeQ, CFs Me
OH X OH OH
Me HN Me
Acid (¢} o} \ﬂ/
(@]
(R)-Mandelic Acid (R)-Moshers Acid Acetyl L-lucine
Solvent 121 122 123
0.2M) (2 equiv) (2 equiv) (2 equiv)
i-PrOH No Crystals No Crystals No Crystals
2-BuOH No Crystals No Crystals No Crystals
Acetone No Crystals No Crystals No Crystals
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Table 2.9. Resolution crystallization optimization tartrate hit.

Chiral Acid
Solvent
racemic enantioenriched
24 24
(¢] OH Me (¢] OCOTol (0]
OH OH HO.
Acid | HO HOOC CoO 1 Ho \[]/\HJ\OH
(1 equiv) OH O Me Me ToloOCO O O OH
124 125 126 127

Solvent g ] . . ; : (+)-di-p-toluoyl _mali .
(0.4 M) D-tartaric acid (+)-camphoric acid artaric acid L-malic acid
H,0 No Crystals No Crystals No Crystals No Crystals
MeOH No Crystals No Crystals No Crystals No Crystals

22% recovery
EtOH 29 ce No Crystals No Crystals
[-PrOH 29% recovery No Crystals No Crystals
15% ee
21% recovery

n-BuOH 30% ee No Crystals No Crystals
3 " CrYStals No CrYStals
CHZCN No Crystals No Crystals No Crystals No Crystals
HFIP No Crystals No Crystals No Crystals No Crystals

48
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Table 2.10. Optimization of a tartrate resolution.

Chiral Acid

Solvent

racemic enantioenriched
24 24
Me Me
(o] OCOPh o OCOTol 0] OCOAnis (e} OCOPh
OH OH OH NEt,
HO HO HO HO 2 Y
Acid phoco O TlOCO O  JAnsOCO O PhOCO O SOaH
(1 equiv)
128 126 129 130 131
: . A —)-di-benzoyl- -Camphor-
Solvent (I)-ctjl-t_)enz%yl (_t)'c:"’?' tOlU%yl (;r);tdl-_amsqgl mén)odiethylarxine (R)Sulfonpic
artaric aci artaric aci artaric aci A :
(0.4 M) tartaric acid Acid
EtOH No Crystals 101/‘; 2?,/306":")' No Crystals No Crystals No Crystals
N 25% recovery 17% recovery
i-PrOH 0% ee - 0% e No Crystals No Crystals
g 18% recovery 57% recovery
t-BuOH 7% ee No Crystals 0% e No Crystals No Crystals
' 17% recovery 10% recovery
n-PrOH 10% ee 0% ee No Crystals No Crystals No Crystals
g 44% recovery 38% recovery
n-BuOH 8% ee 0% ee No Crystals No Crystals
¥ 50% recovery 44% recovery
s-BuOH +21% e6 0% o6 No Crystals No Crystals

HO
o
HoN
o)
HO
132

L-Glutamic Acid

49
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Table 2.11. Optimization of tartrate equivalents for the resolution.

Chiral Acid
Solvent
racemic enantioenriched
24 24
(0] OCOTol (o] OCOTol (0] OCOTol (0] OH
OH OH OH OH
HO HO HO HO
TolOCO (0] TolOCO o TolOCO o OH O
Acid
126 126 126 124
(—)-di-p-toluoyl (-)-di-p-toluoyl (-)-di-p-toluoy!
Solvent tartaric acid tartaric acid tartaric acid D-tartaric acid
(0.4 M) 0.50 equiv 0.75 equiv 1.0 equiv 1.0 equiv
i-PrOH No Crystals

16% recovery
8% ee
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Table 2.12. Optimization of solvent for the tartrate resolution.

Chiral Acid
Solvent
racemic enantioenriched
24 24
(0] OCOTol

OH

HO
TolOCO
126
di-p-toluoyl
tartaric acid
(1 equiv)

(e}

72% recovery

Acetone

-15% ee
CPME No Crystals
DCE No Crystals

t-AmylOH No Crystals

51
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Table 2.12. Optimization of solvent and concentration for the resolution.

Chiral Acid
Solvent
racemic enantioenriched
24 24
O  0COTol O  0OCOTol O  OCOTol Q  OCOTol
OH OH OH OH

TolOCO
126

0.2M

HO
TolOCO

126
0.15M

51% recovery
72% ee
39% recovery 37% recovery
72% ee 76 % ee

HO
TolOCO

126
0.10M

(¢] (¢] o

Solvent

49% recovery
74% ee

54% recovery

2-pentanol 70% ee

27% recovery

2-hexanol 76% ee

No Crystals

2% recovery

3-pentanol 76% 06

52
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Preparation of (£)-tetracycle 23:

I X (22) y N_O
NZ DCM, —50 °C to 21 °C N
oH
67% yield
21 (+)-23

Large-Scale Procedure:

A 12 L oven-dried, No-flushed 3-neck flask equipped with an overhead stirrer,
thermocouple, and rubber septum was charged with anhydrous DCM (8.0 L, 0.12 M)
followed by glutaryl chloride (22) (126 mL, 980 mmol, 1.0 equiv). The solution was cooled
to =50 °C on an acetone/dry ice bath. Pyridine (21) (396 mL, 4.90 mol, 5.0 equiv) was
added via cannula at such a rate as to prevent the temperature from rising above —40 °C
(ca. 1 hour). Following pyridine addition, the reaction was stirred at —50 °C for 15 minutes
and then at 21 °C until complete, as judged by 'H NMR in CD,Cl: (ca. 24-36 hours). Upon
completion, the reaction was concentrated under reduced pressure to yield a brown solid
which was suspended in MeOH (800 mL). The solids were isolated via suction filtration,
washed with MeOH (3 x 150 mL), and dried in vacuo to yield (£)-tetracycle 23 as a tan

crystalline solid (165.9 g, 67% yield).
Medium-Scale Procedure:

A 3 L oven-dried, N>-flushed 3-neck flask equipped with an overhead stirrer,
thermocouple, and rubber septum was charged with anhydrous DCM (1.8 L, 0.1 M)
followed by glutaryl chloride (22) (23 mL, 179 mmol, 1.0 equiv). The solution was cooled
to =50 °C on an acetone/dry ice bath. Pyridine (21) (72 mL, 895 mmol, 5.0 equiv) was

added via cannula at such a rate as to prevent the temperature from rising above —40 °C
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(ca. 30 minutes). Following pyridine addition, the reaction was stirred at —50 °C for 15
minutes then at 21 °C until complete, as judged by '"H NMR in CD>Cl: (ca. 24-36 hours).
Upon completion, the reaction was concentrated under reduced pressure to yield a brown
solid which was suspended in MeOH (200 mL). The solids were isolated via suction
filtration, washed with MeOH (3 x 100 mL), and dried in vacuo to yield (+)-tetracycle 23

as a tan crystalline solid (31.1 g, 68% yield).
Small-Scale Procedure:

A 1 L oven-dried, N»-flushed flask with a 36 mm x 18 mm x 18 mm egg-shaped
stir bar was charged with anhydrous DCM (296 mL, 0.1 M) followed by glutaryl chloride
(22) (3.78 mL, 29.6 mmol, 1.0 equiv). The solution was cooled to —50 °C on an acetone/dry
ice bath. Pyridine (21) (12 mL, 148 mmol, 5.0 equiv) was added dropwise via syringe over
the course of 10 minutes. Following pyridine addition, the reaction was stirred at —50 °C
for 15 minutes then at 21 °C until complete, as judged by 'H NMR in CD>Cl: (ca. 24-36
hours). Upon completion, the reaction was concentrated under reduced pressure to yield a
brown solid which was suspended in MeOH (40 mL). The solids were isolated via suction
filtration, washed with MeOH (3 x 50 mL), and dried in vacuo to yield (£)-tetracycle 23 as

a tan crystalline solid (4.67 g, 62% yield).
(¥)-Tetracycle 23:

'H NMR (500 MHz, CDCL): & 7.15 (d, J = 7.7 Hz, 1H), 7.03 (dq, J = 8.0, 1.0 Hz, 1H),
6.00 (dddd, J=10.1, 5.8, 2.2, 1.0 Hz, 1H), 5.87 (dddd, J = 5.0, 2.4, 1.5, 0.6 Hz, 1H), 5.67
(dd, J= 7.7, 5.4 Hz, 1H), 5.61 (ddt, J = 10.1, 3.3, 1.2 Hz, 1H), 5.39 (t, J = 2.8 Hz, 1H),

5.15(ddd, J=8.0,5.7, 1.1 Hz, 1H), 4.72 — 4.66 (m, 1H), 2.94 (ddd, /= 18.7, 13.3, 6.0 Hz,
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1H), 2.86 (dt, J = 6.7, 3.4 Hz, 1H), 2.63 (ddt, J= 13.7, 5.8, 2.7 Hz, 1H), 2.47 (dddd, J =

18.1,5.3,2.4, 1.3 Hz, 1H), 2.00 (dddt, J = 18.5, 13.4,9.9, 5.2 Hz, 1H).

13C NMR (126 MHz, CDCl3): 5 168.2, 168.0, 130.8, 126.1, 123.3, 122.4, 121.2, 118.0,

109.7, 102.8, 53.7, 53.2, 36.9, 28.6, 19.5.

FTIR (NaCl, thin film): 3087, 2960, 2365, 1668, 1655, 1583, 1407, 1287, 1266, 1244,

1184, 733 cm.

HRMS: (ESI-TOF) calc’d for CisHisN20, [M]* 254.1050, found 254.1038.
TLC (10% MeOH/90% PhH), Ry 0.32 (KMnOsx).

M.P. 184.2 °C — 186.9 °C.

Figure 2.10. X-Ray structure of (+)-23. CCDC number: 2159766

H |l H Rh/C (1 mol %)
Z N _O H, (60 atm)
_—
N EtOH, 21 °C
H
o
(x)-23 (x)-87 (x)-133

87% qNMR Yield 4% qNMR Yield
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A Parr Instrument Company pressure vessel (600 mL volume, model 4760)
containing a 50 mm x 6 mm x 6 mm rectangular stir bar was charged with (£)-tetracycle
23,(22.0 g,39.7 mmol, 1.0 equiv), 5% rhodium on carbon (817 mg, 0.397 mmol, 1 mol %),
and EtOH (200 mL, 0.4 M). The vessel was flushed with argon then pressurized and vented
with H> (3 x 7 atm). The vessel was pressurized with H» to 60 atm and stirred at 1200 rpm
at 21 °C for 20 hours. Upon completion, the reaction was carefully depressurized and
filtered through celite that was subsequently washed with DCM. The solution was
concentrated under reduced pressure to yield a yellow oil that solidified slowly on standing.
(£)-Bis-amide S1 was obtained as a pale yellow, crystalline solid and was used directly in
the next step without additional purification. Purity was measured via '"H QNMR against
pyrazine as an internal standard. An analytically pure sample was prepared via SiO»
column chromatography [1 g of crude material, 120 g SiO2, 50 mm column diameter, 10%

MeOH/90% ACN] to yield ()-bis-amide 87 as a white crystalline solid.

(¥)-Enamide 133 was produced in 4% qNMR yield (against pyrazine) during the
reaction and an analytically pure sample was obtained via SiO, column chromatography of
the crude reaction mixture [1 g of crude material, 120 g SiO,, 50 mm column diameter,

10% MeOH/90% ACN] to yield (+)-enamide 133 as a white crystalline solid.
(+)-Bis-amide 87:

'H NMR (500 MHz, CDCL): & 4.81 (ddt, J = 12.8, 4.2, 2.1 Hz, 1H), 4.71 (dq, J = 12.3,
2.4,1.4 Hz, 1H), 3.74 (dd, J= 7.6, 3.5 Hz, 1H), 3.39 (ddd, J = 12.5, 6.6, 2.4 Hz, 1H), 2.83
(qt, J= 4.1, 2.0 Hz, 1H), 2.64 (ddt, J = 13.1, 5.2, 2.7 Hz, 1H), 2.55 (td, /= 11.9, 3.3 Hz,

1H), 2.42 (td, J= 12.5, 2.3 Hz, 1H), 2.38 — 2.30 (m, 2H), 2.07 (ddd, J = 17.8, 14.2, 4.6 Hz,
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1H), 1.92 (ddt, J=15.1, 5.3, 2.9 Hz, 1H), 1.89 — 1.75 (m, 4H), 1.73 — 1.59 (m, 3H), 1.42

(qt, J=12.4, 3.6 Hz, 1H), 1.37 — 1.25.

13C NMR (125 MHz, CDCl3): § 169.7, 167.2, 61.5,56.8,45.6,42.1, 38.1, 34.0, 32.1, 29.9,

26.1,25.9,25.1,22.3, 21.6.

FTIR (NaCl, thin film): 2932, 2855, 1636, 1472, 750 cm’!.

HRMS: (ESI-TOF) calc’d for CisH22N>02Na [M+Na]" 285.1573, found 285.1573
TLC (15% MeOH/85% ACN), Ry 0.26 (KMnOy).

M.P. 147.1 °C - 150.5 °C.

Figure 2.11. X-Ray structure of (+)-87. CCDC number:not publication quality.

(+)-Enamide 133:

'H NMR (400 MHz, CDCl3): § 4.93 (td, J=4.1, 1.9 Hz, 1H), 4.76 (ddt, J=13.3,4.9, 1.9
Hz, 1H), 4.34 — 4.25 (m, 1H), 3.71 (dd, J= 6.1, 3.1 Hz, 1H), 3.21 (dddd, J = 13.1, 10.5,
3.2, 1.0 Hz, 1H), 2.92 (qd, J= 5.2, 4.6, 2.3 Hz, 1H), 2.65 (dh, J = 5.4, 2.7 Hz, 1H), 2.57
(dddd, J=13.1, 5.4, 3.3, 2.2 Hz, 1H), 2.48 (td, J= 13.1, 3.5 Hz, 1H), 2.32 (ddtd, J= 17.5,

4.2,2.1,0.7 Hz, 1H), 2.23 (ddd, /= 16.9, 5.3, 2.8 Hz, 1H), 2.17 (dd, /= 13.9, 4.9 Hz, 1H),
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2.11 (dddd, J=9.5, 7.1, 6.1, 3.3 Hz, 2H), 1.91 — 1.79 (m, 2H), 1.79 — 1.63 (m, 4H), 1.53

(dq, J= 13.3, 3.0 Hz, 1H).

13C NMR (101 MHz, CDCls): § 170.2, 166.8, 133.1, 106.8, 57.0, 42.3, 41.0, 39.8, 36.5,

29.4,25.9,22.6,22.6,21.6,20.1.
FTIR (NaCl, thin film): 3052, 2985, 2974, 2954, 2874, 1633, 1414, 1264 cm’".
HRMS: (ESI-TOF) calc’d for CisH21N20, [M+H]* 261.1603, found 261.1593.
TLC (15% MeOH/85% ACN), Rz 0.37 (KMnOy).

M.P. 76.6 °C — 83.1 °C.

Figure 2.12. X-Ray structure of (+)-133. CCDC number: not publication quality.

LiAlHy, AICI3 N N
THF, 0 °C N H * N H A
H é)HH
(x)-24 (+)-89
60% yield over 2 steps 12% yield

A 3 L oven-dried, N>-flushed flask equipped with a thermocouple and a mechanical

stirrer was charged with THF (856 mL, 0.1 M). The THF was cooled to 0 °C on an ice bath,
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then AICI3 (29.7 g, 223 mmol, 2.6 equiv) was added in a single portion, causing the
solution to heat up to 30 °C. Upon dissolution of AICl3, lithium aluminum hydride (25.6 g,
642 mmol, 7.5 equiv) was added in portions at such a rate as to keep the internal
temperature below 21 °C. Upon completion of the addition (ca. 10 minutes), the reaction
was allowed to stir for 30 minutes while cooling to 0 °C on an ice bath. A solution of
unpurified (+)-bis-amide 87 (ca. 22.5 g, 85.6 mmol, 1.0 equiv) in THF (449 mL, 0.2
M) was added via cannula into the reaction flask at such a rate as to keep the internal
temperature below 10 °C (ca. 30 minutes). Upon completion, the reaction was stirred for 1
hour at 0 °C. A 6 L Erlenmeyer flask in an ice bath was equipped with a mechanical stirrer
and charged with ice (1500 g), water (500 mL), and Rochelle’s salt (200 g). The reaction
was quenched by addition via cannula into the ice slurry (ca. 10 minutes). Liquid nitrogen
was periodically added to purge hydrogen gas from the Erlenmeyer flask. Upon completion
of the quench, 3 M NaOH (1 L) was added to the reaction mixture, which was then stirred
at 21 °C until the aluminum salts transformed from a grey sediment into a white slurry (ca.
30 minutes). The organic layer was separated, and the aqueous layer was extracted with
DCM (5 x 400 mL). The combined organic layers were concentrated under reduced
pressure without drying. To the crude residue was added enough 12 M HCI (ca. 20-30 mL)
to make the mixture acidic followed by enough 3 M NaOH (ca. 200 mL) to make the
mixture basic. The resulting milky white suspension was extracted with DCM (5 x 120
mL). The combined organic layers were dried over anhydrous Na,SOg, filtered, and
concentrated under reduced pressure. The crude product was dissolved in Et2O (400 mL)
and was concentrated under reduced pressure until crystallization of (+)-hemi-aminal 89

began. The mixture was diluted in Et,O (total volume ca. 200-300 mL), and the solids
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were isolated via suction filtration. The solids were washed with Et2O (3 x 30 mL) to yield
(¥)-hemi-aminal 89 as a white crystalline solid (2.49 g, 12% yield). The filtrate was
concentrated under reduced pressure to yield crude (+)-diamine 24 as a yellow oil, which
was allowed to crystallize under vacuum (0.3 torr) on a Schlenk line (13.55 g). To crude
(£)-diamine 24 was added anhydrous oxalic acid (6.76 g, 75.1 mmol, 1.0 equiv based on
the mass of the obtained crude diamine) and MeOH (214 mL, 0.4 M). The mixture was
heated to boiling, cooled to 21 °C, and concentrated under reduced pressure. The obtained
solids were concentrated under reduced pressure from acetone (2 x 100 mL) and dried
under vacuum (0.3 torr) on a Schlenk line on a warm water bath (40 °C). The solids were
suspended in acetone with the aid of sonication and isolated by suction filtration. The solids
were washed with acetone (3 x 60 mL) and dried by pulling air through. The obtained
crystals were dissolved in water (100 mL) and made basic with 3 M NaOH (ca. 50 mL),
and the aqueous layer was extracted with DCM (5 x 100 mL). The combined organic layers
were dried over anhydrous Na,SOyg, filtered, and concentrated under reduced pressure. The
resulting oil was concentrated under reduced pressure from Et;O (3 x 100 mL) and suction
filtered to remove precipitates. The obtained solution was concentrated under reduced
pressure and allowed to crystallize under vacuum (0.3 torr) on a Schlenk line to yield (%)-

diamine 24 as a white crystalline solid (11.97 g, 60%).

Resolution of (+)-diamine 24
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Me HO\?O o
O\:/\O)K©\
Me

O A
H[w 0" "OH Hw
N ((5)-126) N
H H
N s-BUOH (0.15 M) N
H H
(+)-24 (+)-24

24% recovery
(46% theoretical yield)

A 500 mL flask equipped with a 40 mm x 15 mm x 15 mm egg-shaped stir bar was
charged with (£)-diamine 24 (11.97 g, 51.1 mmol, 1.0 equiv), (—)-di-O,O"-p-toluyl-L-
tartaric acid (126) (19.7 g, 51.1 mmol, 1.0 equiv), and s-BuOH (341 mL, 0.15 M). The
mixture was heated, with stirring, under N> until a homogenous solution was obtained. The
mixture was cooled to 21 °C and stirred at 300 rpm. Crystallization progress was monitored
by 'H NMR. Aliquots of the supernatant (250 pL), obtained by stopping stirring and
allowing the solids to settle out of solution (ca. 10 minutes), were concentrated under
vacuum (0.3 torr) on a Schlenk line and then dissolved in CDCIls. Crystallization was
allowed to progress until 45% of diamine 24 had crystallized (ca. 25-45 hours), as
measured relative to an aliquot taken before crystallization had begun. The crystals were
isolated via suction filtration and washed with s-BuOH (3 x 20 mL) then acetone (1 x 20
mL). The obtained crystalline solid was transferred into a separatory funnel with water
(500 mL) and DCM (100 mL). The suspension was made basic with 3 M NaOH (ca. 50
mL) and then the aqueous layer was extracted with DCM (4 x 150 mL). The combined
organic layers were dried over anhydrous Na,SOg, filtered, and concentrated under reduced
pressure. The residue was concentrated under reduced pressure from Et;O (3 x 50 mL),
suction filtered, and concentrated under reduced pressure. The resolution procedure was

repeated a second time on the obtained diamine 24 (ca. 50-70% ee) to yield enantioenriched
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(+)-diamine 24 (2.82 g, 46% recovery of (+)-24, >90% ee) as a white to pale yellow
crystalline solid. The optical activity of (+)-diamine 24 was assessed via 'H NMR of its
mono-(—)-di-O,O"-p-toluyl-L-tartaric acid salt (prepared in MeOH followed by

concentration under vacuum (0.3 torr) on a Schlenk line for 30 minutes) in CDCls.
(+)-Diamine 24:

'H NMR (600 MHz, CDCL3): § 3.40 (t, /= 11.5 Hz, 1H), 3.01 — 2.91 (m, 2H), 2.83 (ddd,
J=12.4,5.7,2.8 Hz, 1H), 2.80 — 2.70 (m, 2H), 2.10 (qd, J= 13.5, 3.3 Hz, 1H), 2.04 (dd, J
=11.0, 4.2 Hz, 1H), 1.96 — 1.78 (m, 6H), 1.78 — 1.66 (m, 3H), 1.65 — 1.48 (m, 4H), 1.44 —

1.31 (m, 4H), 1.11 (d, J = 14.5 Hz, 1H).

13C NMR (101 MHz, CDCl): § 63.1, 61.1, 58.0, 57.7, 55.5, 46.1, 38.6, 36.9, 29.0, 27.0,

26.3,24.3,23.0,22.4,19.2.

FTIR (NaCl, thin film): 2922, 2848, 2806, 2765, 2745, 2693, 2674, 2612, 2550, 2442,

1441, 1353, 1165, 1122, 1091, 1054 cm'.
HRMS: (ESI-TOF) calc’d for CisHy7Na [M+H]* 235.2169, found 235.2164.
TLC (40% 2 M NH; in MeOH/60% ACN), Ryz 0.37 (KMnOs).

M.P. 64.1 °C - 66.7 °C.

Specific Optical Rotation: [«] %1 = +22.3 (¢ 1.0, CHCl).
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Figure 2.13. X-Ray structure of (+)-24. CCDC number: 2159767.

(¥)-Hemi-aminal 89:

'H NMR (400 MHz, CDCL3): § 4.83 (d, J=11.8 Hz, 1H), 3.72 (d, J= 11.3 Hz, 1H), 3.01
(dd, J=11.4, 8.8 Hz, 1H), 2.95 - 2.85 (m, 3H), 2.66 (dd, J = 11.3, 4.3 Hz, 1H), 2.49 (dt, J
=10.6, 2.9 Hz, 1H), 2.28 (dq, J = 13.2, 3.5 Hz, 1H), 2.07 (dt, J = 10.8, 3.0 Hz, 1H), 1.99
(s, 1H), 1.87 (tdd, J=11.9, 8.9, 3.6 Hz, 1H), 1.81 — 1.36 (m, 11H), 1.35 — 1.21 (m, 2H),

1.14 (tdd, J=13.2, 11.5, 4.1 Hz, 1H).

13C NMR (101 MHz, CDCl): § 92.8, 63.2, 60.8, 54.2, 52.9, 45.9, 40.8, 33.9, 29.8, 29.1,

26.1,25.0,25.0, 19.8, 18.8.

FTIR (NaCl, thin film): 2941, 2861, 2832, 1456, 1436, 1118, 1032 cm"".
HRMS: (ESI-TOF) calc’d for CisHy7N,0 [M+H]" 251.2123, found 251.2122.
TLC (40% 2 M NH; in MeOH/60% ACN), Ryz 0.35 (KMnOs).

M.P. 149.5 °C - 151.1 °C.
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Figure 2.14. X-Ray structure of (+)-89. CCDC number: 2159770.

Figure 2.15. '"H NMR assay for determining enantiomeric excess.
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Figure 2.16. 'H NMR assay for determining enantiomeric excess close up.
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Preparation of (¥)-isomatrine (25) and (+)-isomatrine (25):

BF4-OEty, Et,0 then

H H t-BuOK, +-BuLi
N TMEDA, -55 °C
N H then MeOBz, —55 °C

then O, (1 atm), 21 °C
From (+)-24: 26% yield (600 mg scale)

H

(x)-24 From (+)-24: 18% yield (3.12 g scale) (2)-25
or or
(+)-24 (+)-25

Small scale racemic procedure:

A 250 mL oven-dried flask equipped with a 40 mm x 15 mm x 15 mm egg-shaped
stir bar was charged with (+)-diamine 24 (600 mg, 2.56 mmol, 1.0 equiv), then the flask
was evacuated and backfilled three times with N». Diethyl ether (2.6 mL, 1 M) was added,
resulting in a clear, colorless solution. To the solution at 21 °C was added boron trifluoride
diethyl etherate (319 uL, 2.59 mmol, 1.01 equiv). The resulting white slurry was stirred at
21 °C for five minutes followed by removal of the diethyl ether under vacuum (0.3 torr) on
a Schlenk line; the solids were allowed to dry for an additional 30 minutes. After backfilling
the flask with N, a thermocouple was introduced into the flask through the rubber septum.
The flask was cooled to —60 °C and maintained at this temperature using an acetone/dry
ice bath. A solution of potassium tert-butoxide (1.72 g, 15.4 mmol, 6.0 equiv) in
tetramethylethylenediamine (TMEDA) (12.8 mL, 0.2 M), prepared by dissolving
potassium fert-butoxide in TMEDA in an inert atmosphere followed by clarification of the
suspension via syringe filtration, was added via syringe, allowing the solution to flow down
the side of the flask to pre-cool it before it encountered the solids. To the resulting
suspension between —55 °C to —60 °C was added ter#-butyl lithium (1.6 M in pentane, 4.8
mL, 7.68 mmol, 3.0 equiv) via syringe at such a rate as to prevent the internal reaction

temperature from increasing above —40 °C (ca. 2 to 4 minutes). Once the addition was
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complete, the reaction was stirred for 30 minutes at —55 °C to —60 °C. Subsequently, a
solution of methyl benzoate (2.56 mL, 20.5 mmol, 8.0 equiv) in cyclopentyl methyl ether
(10.2 mL, 0.25 M) was added at such a rate as to prevent the internal reaction temperature
from increasing above —40 °C (ca. 4 to 8 minutes). Once the addition was complete, the
reaction was allowed to stir at =55 °C to —60 °C for 30 minutes, then methanol (311 uL,
7.68 mmol, 3.0 equiv) was added. The thermocouple was removed, and the rubber septum
was replaced with a new rubber septum. Caution! Traces of solid terz-butyl lithium tend
to get stuck on the inside of the rubber septum, and it should be replaced before oxygen is
introduced into the flask. The flask was purged with O» (balloon) at —55 °C and then
allowed to warm to 21 °C. The resulting orange suspension was stirred vigorously (1500
rpm) for 2 hours. Upon completion, the yellow suspension was diluted in water (50 mL)
and treated with sat. aq. Na>S>0O3 (15 mL) and 3 M NaOH (15 mL). The reaction mixture
was extracted with DCM (4 x 50 mL). The combined organic layers were dried over
anhydrous Na>SQq, filtered, and concentrated under reduced pressure. The crude product
was purified via SiO2 column chromatography (30 g SiO2, 30 mm column diameter, 3% 2
M NH; in MeOH/97% CHCI3 containing 0.75% EtOH as a stabilizer). The obtained
product underwent a final purification by crystallization from boiling hexanes (ca. 5 mL).
After dissolution in boiling hexanes, the solution was allowed to slowly cool to 21 °C then
—20 °C. The supernatant was decanted and the crystals washed with cold hexanes (3 x 1
mL). The obtained crystals were dried in vacuo to yield (+)-isomatrine (25) as white

crystalline needles (167 mg, 26% yield).

Large Scale Enantiopure Procedure:
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A 1 L oven-dried, N>-flushed flask equipped with a 40 mm x 15 mm x 15 mm egg-
shaped stir bar was charged with (+)-diamine 24 (3.12 g, 13.3 mmol, 1.0 equiv), then the
flask was evacuated and backfilled three times with N». Diethyl ether (14 mL, 1 M) was
added, which created a clear pale yellow solution. To the solution at 21 °C was added boron
trifluoride diethyl etherate (1.66 mL, 13.4 mmol, 1.01 equiv). The resulting white slurry
was stirred at 21 °C for five minutes followed by removal of the diethyl ether under vacuum
(0.3 torr) on a Schlenk line; the solids were allowed to dry for an additional 30 minutes.
After backfilling the flask with N», a thermocouple was introduced into the flask through
the rubber septum. The flask was cooled to —60 °C and maintained at this temperature using
an acetone/dry ice bath. A solution of potassium tert-butoxide (8.96 g, 79.9 mmol, 6.0
equiv) in TMEDA (67 mL, 0.2 M), prepared by dissolving potassium tert-butoxide in
TMEDA in an inert atmosphere followed by clarification of the suspension via syringe
filtration, was added via syringe, allowing the solution to flow down the side of the flask
to pre-cool it before it encountered the solids. To the resulting suspension at —55 °C to —
60 °C was added tert-butyl lithium (1.6 M in pentane, 25 mL, 39.9 mmol, 3.0 equiv) via
cannula at such a rate as to prevent the reaction temperature from increasing above —40 °C
(ca. 5 to 10 minutes). Once the addition was complete, the reaction was stirred for 30
minutes at —55 °C to —60 °C. Subsequently, a solution of methyl benzoate (13.3 mL, 106
mmol, 8.0 equiv) in cyclopentyl methyl ether (53 mL, 0.25 M) was added at such a rate as
to prevent the reaction temperature from increasing above —40 °C (ca. 5 to 12 minutes).
Once the addition was complete, the reaction was allowed to stir at —55 °C for 30 minutes,
then methanol (1.62 mL, 39.9 mmol, 3.0 equiv) was added. The thermocouple was

removed, and the rubber septum was replaced with a new rubber septum. Caution! Traces
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of solid tert-butyl lithium tend to get stuck on the inside of the rubber septum, and it should
be replaced before oxygen is introduced. The flask was purged with O> (balloon) at —55 °C
then was allowed to warm to 21 °C. The resulting orange suspension was stirred vigorously
(1500 rpm) for 2 hours. Upon completion, the yellow suspension was diluted in water (150
mL) and treated with sat. aq. Na>S>03 (50 mL) and 3 M NaOH (50 mL). The reaction
mixture was extracted with DCM (4 x 150 mL). The combined organic layers were dried
over anhydrous Na>SOs, filtered, and concentrated under reduced pressure. The crude
product was purified via SiO> column chromatography (120 g SiO,, 50 mm column
diameter, eluting with 3% 2 M NH3 in MeOH/97% CHCI; containing 0.75% EtOH as a
stabilizer). The product underwent a final purification by crystallization from boiling
hexanes (ca. 15 mL). After dissolution in boiling hexanes, the solution was allowed to
slowly cool to 21 °C then to —20 °C. The supernatant was decanted and the crystals washed
with cold hexanes (3 x 2 mL). The obtained crystals were dried in vacuo to yield (+)-
isomatrine (25) as white crystalline needles (589 mg, 18% yield, >99% ee). An X-ray

structure was acquired directly from the obtained crystals.
(+)-Isomatrine (25):

'H NMR (600 MHz, CDCL): & 3.77 (p, J = 4.4 Hz, 1H), 3.62 (t, J = 13.0 Hz, 1H), 3.52
(dd, J=12.8, 4.1 Hz, 1H), 2.71 (d, J= 9.2 Hz, 1H), 2.67 (td, J= 11.2, 2.6 Hz, 1H), 2.45 —
2.39 (m, 1H), 2.35 — 2.26 (m, 2H), 2.22 — 2.15 (m, 1H), 2.05 (dt, J = 11.5, 8.0 Hz, 1H),
1.99 — 1.90 (m, 2H), 1.90 — 1.81 (m, 2H), 1.75 — 1.59 (m, 5H), 1.56 (dt, J= 13.4, 5.4 Hz,

1H), 1.53 — 1.47 (m, 1H), 1.47 — 1.36 (m, 3H).

3C NMR (101 MHz, CDCl3): § 170.5, 61.3, 55.9, 52.8, 52.1, 43.2, 39.3, 32.8, 30.8, 27 .4,

26.8,21.6,21.4,20.3, 18.2.
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FTIR (NaCl, thin film): 2983, 2952, 2887, 2795, 2684, 1618, 1421, 1276, 1265, 1170 cm’
1

HRMS: (FI-TOF) calc’d for Ci1sH24N2O [M]* 248.1883, found 248.1886.

TLC (10% 2 M NH; in MeOH/90% CHCl; with 0.75% EtOH stabilizer), Re: 0.36

(KMnOsy).

M.P. 99.1 °C -100.3 °C.

Specific Optical Rotation: [«] %1 = +35.5 (¢ 1.0, CHCl).

Literature Specific Optical Rotation: [«] 2D—1 = +44 (¢ 1.0, CHCI3)."4

Chiral SFC: (OB-H, 2.5 mL/min, 15% IPA in CO2, A =210 nm): tr (major) = 3.388 min,

tr (minor) =4.523 min.

Figure 2.17. SFC trace of racemic isomatrine.

DAD1 A, Sig=210,16 Ref=370,60 (JKERKOVI\JKK4-108-XS-S2C6-15.D)
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Peak RetTime Type Width Area Height Area
¥ [min] [min] [MAU*s] [mAU] %
=== - |-===]=====-- | —==——=——-- | == === | —======- |
1 3.388 BV 0.3695 5387.90967 195.53056 47.3900

2 4.523 VB 0.4174 5981.39648 190.98810 52.6100
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Figure 2.18. SFC trace of enantiopure isomatrine.
DAD1 A, Sig=210,16 Ref=370,60 (JKERKOVI\JKK4-112-XS.D)
mAU E RS
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# [min] [min] [mMAU*s] [mAU] %
- |- =-====== | === | ——=—==——=- | —======-
1 3.490 MM 0.5466 4676.07227 142.58051 100.0000

Figure 2.19. X-Ray structure of (+)-isomatrine ((+)-25). CCDC number: 2159771.
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Table 2.13. 'H NMR data for authentic vs synthetic (+)-isomatrine.

The X-ray structure of (+)-isomatrine has been previously published.!?

Isomatrine Literature Isomatrine Recorded
1H 6 ppm (220 MHz, CDCl3)13 1H § ppm (600 MHz, CDCl3)
3.78 (m, 1H) 3.77, (p,] = 4.4 Hz, 1H)
3.63(dd,J=13.5,12.8 Hz, 1 H) 3.62 (t,/=13.0 Hz, 1H)
3.51 (dd, 13.5, 4.6 Hz, 1H) 3.52(dd,J=12.8, 4.1 Hz, 1H)

2.71(d,J = 9.2 Hz, 1H)

2.93 - 2.64 (m, 2H)
2.67 (td, ] = 11.2, 2.6 Hz, 1H)

2.45 - 2.39 (m, 1H)

2.35 - 2.26 (m, 2H)

2.22 - 2.15 (m, 1H)

2.05 (dt,J = 11.5, 8.0 Hz, 1H)

1.99 - 1.90 (m, 2H)

2.50 - 1.30 (m, 19H)
1.90 - 1.81 (m, 2H)

1.75 - 1.59 (m, 5H)

1.56 (dt, ] = 13.4, 5.4 Hz, 1H)

1.53 - 1.45 (m, 1H)

1.45 - 1.36 (m, 3H)
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Table 2.14. "C NMR data for authentic vs synthetic (+)-isomatrine.

Carbon No. Isomatrine Isomatrine Recorded AS
isomatrine Literature 13C § ppm (101 MHz, CDCl3)
13C 6 ppm (75
MHz, CDCl3)13
2 55.7 55.9 0.2
3 21.2 21.4 0.2
4 21.2 21.6 0.3
5 30.6 30.8 0.2
6 61.0 61.3 0.3
7 39.1 39.3 0.2
8 26.7 26.8 0.1
9 20.2 20.3 0.1
10 51.9 52.1 0.2
11 52.6 52.8 0.2
12 27.1 27.4 0.3
13 18.2 18.2 0.0
14 32.6 32.8 0.2
15 170.4 170.6 0.2
17 431 43.2 0.1

73
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Preparation of (£)-aminonitrile 105:

1) BF3-OEt,, Et,O
H H t-BuOK, t-BulLi
N TMEDA, -55 °C
_—

N then B(OMe),
H then H,0, N
2) KCN, TFA, MeOH

55% yield over 2 steps

A 50 mL flask was charged with (£)-diamine 24 (200 mg, 0.66 mmol, 1.0 equiv).
The flask was evacuated and backfilled three times with N». Diethyl ether (0.9 mL, 1 M)
was added, resulting in a clear, colorless solution. To the solution at 21 °C was added boron
trifluoride diethyl etherate (106 uL, 0.86 mmol, 1.01 equiv). The resulting white suspension
was stirred at 21 °C for five minutes followed by removal of the diethyl ether under vacuum
(0.3 torr) on a Schlenk line; the solids were allowed to dry for an additional 30 minutes.
The flask was backfilled with N2, and a thermocouple was introduced into the flask through
the septum. The flask was cooled to —60 °C and maintained at this temperature using an
acetone/dry ice bath. A solution of potassium zerz-butoxide (446 mg, 3.97 mmol, 6.0 equiv)
in TMEDA (3.3 mL, 0.2 M), prepared by dissolving potassium fert-butoxide in TMEDA
in an inert atmosphere followed by clarification of the suspension via syringe filtration,
was added via syringe by allowing the solution to flow down the side of the flask to pre-
cool it before it encountered the solids. To the resulting suspension at —55 °C to —60 °C
was added fert-butyl lithium (1.6 M in pentane, 1.24 mL, 1.99 mmol, 3.0 equiv) via syringe
at such a rate as to prevent the reaction temperature from increasing above —40 °C (ca. 1
to 2 minutes). Once the addition was complete, the reaction was stirred for 30 minutes at —
55 °C to —60 °C. After 30 minutes, trimethylborate (0.59 mL, 5.29 mmol, 8.0 equiv) was

added at such a rate as to prevent the reaction temperature from increasing above —40 °C
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(ca. 5 to 8 minutes). Once the addition was complete, the reaction was allowed to stir at —
55 °C for 30 minutes. Subsequently, 30% aqueous hydrogen peroxide (0.68 mL, 6.62 mmol,
10.0 equiv) was added at —55 °C, then the reaction was allowed to warm to 21 °C and stir
for one hour. After one hour, the reaction was treated with 3 M NaOH (10 mL) and sat. aq.
NaxS>03 (10 mL). The aqueous layer was extracted with DCM (3 x 25 mL). The combined
organic layers were dried over anhydrous Na,SOg, filtered, and concentrated under reduced
pressure to yield a yellow oil. A 25 mL flask was charged with the crude reaction mixture,
potassium cyanide (302 mg, 4.63 mmol, 7.0 equiv), and methanol (6.6 mL, 0.1 M). The
flask was capped with a rubber septum, and trifluoroacetic acid (1.0 mL, 13.2 mmol, 20.0
equiv) was added (Caution! HCN vapors are produced!) The reaction was stirred until
complete consumption of the starting material, as judged by TLC (ca. 2 hours). Upon
completion, the reaction was quenched with 3 M NaOH (50 mL). The aqueous layer was
extracted with DCM (3 x 25 mL). The combined organic layers were dried over anhydrous
NaxSOqs, filtered, and concentrated under reduced pressure. The crude reaction was purified
via SiO2 column chromatography (20 g SiO2, 20 mm column diameter, 4% 2 M NH3 in
MeOH/96% CHCI3 containing 0.75% EtOH) to yield (+)-aminonitrile 105 as a white
crystalline solid (94.5 mg, 55% yield). X-ray-quality crystals were grown by allowing a

solution of (+)-aminonitrile 105 in diethyl ether to slowly evaporate at 21 °C.
(£)-Aminonitrile 105:

'H NMR (600 MHz, CDCl): 6 3.93 (dt, J=3.5, 1.7 Hz, 1H), 3.34 (dd, J=11.9, 10.6 Hz,
1H), 3.19 (ddd, J = 12.5, 5.6, 2.9 Hz, 1H), 2.73 (ddd, J=9.3, 7.4, 4.9 Hz, 2H), 2.10 (qd, J

=13.1,4.1 Hz, 1H), 2.03 (dd, /= 10.5, 4.3 Hz, 1H), 1.97 (dt,J=13.7,4.5 Hz, 1H), 1.94 —
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1.90 (m, 2H), 1.90 — 1.83 (m, 2H), 1.82 — 1.71 (m, 3H), 1.70 — 1.58 (m, 3H), 1.53 (dt, J =

12.9, 4.5 Hz, 2H), 1.49 (h, J = 1.4 Hz, 1H), 1.48 — 1.45 (m, 1H), 1.45 — 1.38 (m, 3H).

3C NMR (101 MHz, CDCl3): § 120.0, 62.8, 57.8, 57.6, 57.1, 54.7, 46.9, 38.0, 36.4, 28.6,

26.7,23.5,22.9,22.3,22.2,21.8.
FTIR (NaCl, thin film): 2928, 2858, 2804, 2762, 2676, 2240, 1462, 1359, 1123 cm’'.
HRMS: (ESI-TOF) calc’d for CisHasN3 [M+H]" 260.2121, found 260.2122.

TLC (10% 2 M NH; in MeOH/90% CHCl; containing 0.75% EtOH), Rz 0.42 (KMnOs).
M.P. 134.5 - 138.3 °C.

Table 2.20. X-Ray structure of (+)-105. CCDC number: 2159774.

KHMDS
O, (1 atm)

B ———
THF, -78 °C to 21 °C

46% qNMR yield o
(+)-105 ()-isomatrine (25)

An oven-dried, Nao-flushed 10 mL flask was charged with (£)-aminonitrile 105 (20

mg, 77 pmol, 1.0 equiv), and THF (0.77 mL, 0.1 M). The solution was cooled to —78 °C,
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then potassium hexamethyldisilazide (0.5 M in PhMe, 278 pL, 139 umol, 1.8 equiv) was
added dropwise. The yellow solution was stirred at —78 °C for 30 minutes, then the flask
was purged with dry O» (balloon) at —78 °C. The solution was stirred vigorously (1500
rpm) and was allowed to warm to 21 °C then stirred for an additional 30 minutes. Upon
completion, the reaction was treated with 3 M NaOH (10 mL) and sat. aq. Na>S>03 (10
mL). The aqueous phase was extracted with DCM (3 x 15 mL). The combined organic
layers were dried over anhydrous Na,SOg, filtered, and concentrated under reduced
pressure. The yield of (+)-isomatrine (25) was measured by 'H gNMR (46% yield, pyazine

internal standard).

Preparation of (+)-matrine (26):

Rh/C (10 mol %)
Hy (1 atm)
_—
H,0,98 °C, 1 h

(+)-isomatrine (+)-matrine (+)-allomatrine
25 26 27
32% yield 60% yield

A 50 mL flask with a 20 mm x 8 mm x 8 mm egg-shaped stir bar was charged with
(+)-isomatrine (50.0 mg, 201 umol, 1.0 equiv), 5% rhodium on carbon (41.4 mg, 20.1 umol,
10 mol %), and water (5 mL, 0.04 M). The reaction was purged with N> (balloon) followed
by Ha (balloon). The reaction was not stirred during the gas purge. Once the flask was
under an atmosphere of H, it was placed into a preheated oil bath at 98 °C, and the mixture
was stirred at 1500 rpm for 1 hour. Upon completion, the flask was removed from the oil
bath and cooled to 21 °C. The catalyst was removed via filtration through a syringe filter,
then the filter was washed with water (3 x 5 mL). The obtained aqueous solution was

concentrated under reduced pressure. The crude product was purified by SiO, column
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chromatography (20 g SiO2, 20 mm column diameter, 3% 2 M NH3 in MeOH/97% CHCl;
containing 0.75% EtOH as a stabilizer) to yield (+)-matrine (26) as a white crystalline solid
(16.1 mg, 32% yield) along with (+)-allomatrine (27) as a white crystalline solid (29.8 mg,

60% yield).
(+)-Matrine (26):

'H NMR (600 MHz, CDCL): & 4.40 (dd, J = 12.8, 4.4 Hz, 1H), 3.81 (td, /= 9.8, 5.8 Hz,
1H), 3.04 (t, J= 12.7 Hz, 1H), 2.83 (ddt, J=11.4, 4.3, 2.2 Hz, 1H), 2.78 (dp, J= 11.6, 2.1
Hz, 1H), 2.42 (dtd, J=17.1, 4.7, 1.8 Hz, 1H), 2.24 (ddd, J = 16.9, 11.0, 5.5 Hz, 1H), 2.12
—2.04 (m, 2H), 1.99 — 1.91 (m, 2H), 1.89 (dt, J = 14.3, 2.5 Hz, 1H), 1.84 — 1.77 (m, 1H),
1.77 - 1.55 (m, SH), 1.51 (tt, J = 13.6, 4.9 Hz, 1H), 1.47 — 1.34 (m, 5H).

'H NMR (600 MHz, CsD¢): 5 4.76 (dd, J = 12.5, 4.4 Hz, 1H), 3.57 (q, J = 7.8 Hz, 1H),
3.05 (t,J=12.6 Hz, 1H), 2.58 (d, J= 10.9 Hz, 1H), 2.52 (d, J= 11.3 Hz, 1H), 2.39 (dtd, J
=16.8, 4.7, 1.9 Hz, 1H), 2.09 (ddd, J = 16.6, 10.9, 5.5 Hz, 1H), 1.74 — 1.61 (m, 3H), 1.61
— 1.45 (m, 4H), 1.45 — 1.31 (m, 2H), 1.33 — 1.19 (m, 2H), 1.18 — 0.97 (m, 5H), 0.88 (q, J =
11.6 Hz, 1H).

3C NMR (101 MHz, CDCl3): § 169.5, 63.9, 57.5, 57.4, 53.3, 43.4, 41.6, 35.5, 33.0, 27.9,

27.3,26.6,21.3,20.9, 19.2.

13C NMR (101 MHz, C¢Ds): 8 168.0, 63.9, 57.5, 57.5 53.0, 43.5, 41.6, 35.9, 33.3, 28.2,

27.3,26.7,21.5,21.0, 19.3.
FTIR (NaCl, thin film): 2985, 2944, 2683, 1624, 1464, 1420, 1263, 1168 cm’!.

HRMS: (ESI-TOF) calc’d for C1sH2sN2O [M+H]" 249.1961, found 249.1961.
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TLC (10% 2 M NH; in MeOH/90% CHCl; with 0.75% EtOH stabilizer), Ry 0.46

(KMnOsy).

M.P. 69.6 —71.4 °C.

Specific Optical Rotation: [«] %1 = +42.8 (¢ 1.0, CHCl).

Literature Specific Optical Rotation: [«] 2D—1 = +38 (¢ 1.0, H20)."

Figure 2.21. X-Ray structure of the monohydrate of (+)-matrine ((+)-26). CCDC

number: not publication quality.
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Table 2.15. 'H NMR data for authentic vs synthetic (+)-matrine.

80

The X-ray structure of matrine has been previously published (CCDC: 1209643).4

Matrine Literature
"H § ppm (400 MHz, CDCl3)*!

Matrine Recorded
"H § ppm (600 MHz CDCl5)

4.40 (dd, J = 12.7, 4.3 Hz, 1H)

4.40 (dd, J=12.8, 4.4 Hz, 1H)

3.82 (dt, J=10.1, 7.7 Hz, 1H)

3.81 (td, J=9.8, 5.8 Hz, 1H)

3.05 (t,J=12.7 Hz, 1H)

3.04 (t, J=12.7 Hz, 1H)

2.83 (ddt,J=11.4,4.3,2.2 Hz, 1H)

2.80 (m, 2H)
2.78 (dp, J=11.6, 2.1 Hz)

2.43 (m, 1H) 2.42 (dtd, J=17.1,4.7, 1.8 Hz, 1H)
2.25 (m, 1H) 2.24 (ddd, J=16.9, 11.0, 5.5 Hz, 1H)

2.12 - 2.04 (m, 2H)
2.09 (m, 3H)

1.99 — 1.91 (m, 2H)
1.94 (m, 4H) 1.89 (dt, J=17.1, 4.7, 1.8 Hz, 1H)
1.87 (m, 1H) 1.84 — 1.77 (m, 1H)

1.85 — 1.50 (m, 9H)

1.77 - 1.55 (m, 5 H)

1.51 (tt, J= 13.6, 4.9 Hz, 1H)

1.47 — 1.34 (m, 5H)
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Table 2.16. "C NMR data for authentic vs synthetic (+)-matrine.
Carbon No. Matrine Literature Matrine Recorded
matrine BC & ppm (101 MHz, CDCI3) | '*C & ppm (101 MHz, CDCls) Ad
2 57.6 57.5 -0.1
3 21.4 21.3 -0.1
4 27.9 27.9 0.0
5 35.6 35.5 -0.1
6 64.0 63.9 -0.1
7 43.4 43.4 0.0
8 26.6 26.6 0.0
9 21.0 20.9 -0.1
10 57.4 57.4 0.0
11 53.4 53.3 -0.1
12 27.4 27.3 -0.1
13 19.2 19.2 0.0
14 33.0 33.0 0.0
15 169.7 169.5 -0.2
17 41.7 41.6 -0.1
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Table 2.17. 'H NMR data for authentic vs synthetic (+)-matrine in CsDe.

Matrine Literature Matrine Recorded
"H 8§ ppm (600 MHz, C¢Ds)

'H 6 ppm (500 MHz, CsDg)**
4.76 (dd, J = 12.5, 4.4 Hz, 1H)

4.73 (dd, J = 12.6, 4.4 Hz, 1H)

3.57 (ddd, J=9.5,9.2, 5.8 Hz, 1H) 3.57 (q, J= 7.8 Hz, 1H)

3.05 (t, J = 12.6 Hz, 1H)

3.03 (dd, J = 12.6, 12.4 Hz, 1H)
2.58 (d, J=10.9 Hz, 1H)

2.57(ddd, J=11.1,4.2, 2.1 Hz, 1H)

2.52 (dd, J=11.0, 4.0, 2.1 Hz, 1H) 2.52(d,J=11.3 Hz, 1H)

2.38(ddd, J=17.0, 4.8, 2.0 Hz, 1H) 2.39 (dtd, J=16.8,4.7, 1.9 Hz, 1H)

2.08 (dd, J=17.0, 10.7, 5.5 Hz, 1H) 2.09 (ddd, J=16.6, 10.9, 5.5 Hz, 1H)

1.71 (m, 1H)

1.70 (ddd, J=11.9, 11.1, 2.8, 1H)
1.74 - 1.61 (m, 3H)

1.67 (ddd, J=12.9, 11.0, 2.8 Hz, 1H)

1.55 (dddt, J=13.6, 13.3, 12.9, 4.0 4.0 Hz, 1H)

1.50 (d, J=11.4 Hz, 1H)
1.61 — 1.45 (m, 4H)
1.49 (ddd, J= 12.4, 4.9, 4.4 Hz, 1H)
1.49 (m, 1H)
1.42 (d, J=13.7 Hz, 1H)
1.45 - 1.31 (m, 2H)

1.36 (dtt, J=12.7,11.9,4.3,4.2 Hz, 1H)

1.28 (d, J=12.7 Hz, 1H)
1.33 - 1.19 (m, 2H)

1.22 (dddd, J=13.7, 13.6, 4.9, 4.7 Hz, 1H)
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1.13 (ddddd, J=13.4, 12.7, 10.7, 4.8, 3.0 Hz, 1H)

1.09 (d, J=13.3 Hz, 1H)

1.07 (d, J = 12.7 Hz, 1H) 1.18 — 0.97 (m, 5H)
1.02 (m, 1H)
1.02 (m, 1H)
0.88 (dddd, J=13.4, 11.4, 9.2, 3.2 Hz, 1H) 0.88 (q, /= 11.6 Hz, 1H)

*The literature report of the "H NMR of matrine in C¢Ds utilized HMQC, HMQC-
TOCSY, and MAXY to measure the coupling constants of overlapping multiplets.
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Table 2.18. "C NMR data for authentic vs synthetic (+)-matrine in CsDs.

84

Matrine Literature

Matrine Recorded

Carbon No.
matrine | 3C § ppm (126 MHz, C¢Ds) | '3C & ppm (101 MHz, CsDs) Ad
2 57.0 57.5 0.5
3 21.0 21.5 0.5
4 27.7 28.2 0.5
5 354 35.9 0.5
6 63.4 63.9 0.5
7 43.0 43.5 0.5
8 26.2 26.7 0.5
9 20.5 21.0 0.5
10 57.0 57.5 0.5
11 52.5 53.0 0.5
12 26.7 26.7 0.0
13 18.8 19.3 0.5
14 32.8 333 0.5
15 167.6 168.0 0.4
17 41.1 41.6 0.5
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Preparation of (+)-allomatrine (27):

Pd/C (10 mol %)
H, (1 atm)

H,0, 98 °C, 2 h

(+)-isomatrine (+)-matrine (+)-allomatrine
26 27
15% yield 83% yield

A 50 mL flask with a 20 mm x 8 mm x 8 mm egg-shaped stir bar was charged with
(+)-isomatrine (50.0 mg, 201 umol, 1.0 equiv), 10% palladium on carbon (21.4 mg, 20.1
pmol, 10 mol %), and water (5 mL, 0.04 M). The reaction was purged with N> (balloon)
followed by H» (balloon). The reaction was not stirred during the gas purge. Once the flask
was under an atmosphere of H, it was placed into a preheated oil bath at 98 °C, and the
mixture was stirred at 1500 rpm for 2 hours. Upon completion, the flask was removed from
the oil bath and cooled to 21 °C. The catalyst was removed via filtration through a syringe
filter, then the filter was washed with water (3 x 5 mL). The obtained aqueous solution was
concentrated under reduced pressure. The crude product was purified by SiO» column
chromatography (20 g SiO2, 20 mm column diameter, 3% 2 M NH3 in MeOH/97% CHCl;3
containing 0.75% EtOH as a stabilizer) to yield (+)-allomatrine (27) as a white crystalline
solid (41.5 mg, 83% yield) along with (+)-matrine (26) as a white crystalline solid (7.3 mg,

15% yield).
(+)-Allomatrine (27):

'H NMR (600 MHz, CDCL): & 4.68 (dd, J = 13.3, 3.9 Hz, 1H), 2.98 (td, J=9.5, 5.4 Hz,
1H), 2.87 — 2.77 (m, 2H), 2.40 (dtd, J = 17.3, 4.6, 1.9 Hz, 1H), 2.26 (ddd, J=17.1, 11.3,

5.6 Hz, 1H), 2.15 (t, J= 12.4 Hz, 1H), 2.06 (dtt, J= 13.6, 5.4, 2.5 Hz, 1H), 2.00 — 1.90 (m,
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2H), 1.86 — 1.77 (m, 2H), 1.73 — 1.61 (m, 5H), 1.57 (dddd, J=23.5, 11.9, 4.8, 2.8 Hz, 1H),
1.49 — 1.37 (m, 2H), 1.42 — 1.36 (m, 1H), 1.32 (t, J = 9.6 Hz, 1H), 1.27 — 1.19 (m, 1H),

0.98 — 0.82 (m, 2H).

13C NMR (126 MHz, CDCl3): 169.3, 70.8, 60.3, 56.6, 55.9, 46.3, 46.2, 39.1, 32.9, 28 4,

27.5,26.9,24.8,24.8,19.4.
FTIR (NaCl, thin film): 2986, 1628, 1422, 1260 cm™.
HRMS: (ESI-TOF) calc’d for C1sH2sN2O [M+H]" 249.1961, found 249.1961.

TLC (10% 2 M NH; in MeOH/90% CHCl; with 0.75% EtOH stabilizer), Re: 0.34

(KMnOsy).

M.P. 88.5 - 94.8 °C.

Specific Optical Rotation: [«] %1 = +40.5 (¢ 1.0, CHCl5).

Literature Specific Optical Rotation: [«] 2D—1 =+51.2(c 1.07, CHCI3).2!

Figure 2.22. X-Ray structure of (+)-allomatrine ((+)-27). CCDC number: 2159773.
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Table 2.19. 'H NMR data for authentic vs synthetic (+)-allomatrine.

The X-ray structure of allomatrine has been previously published (CCDC:

1102291).4

Allomatrine Literature
"H § ppm (400 MHz, CDCl3)*

Allomatrine Recorded
"H § ppm (600 MHz, CDCls)

4.69 (dd, J=12.9, 3.9 Hz, 1H)

4.68 (dd, J=13.3,3.9 Hz, 1H)

3.00 (td, J = 9.4, 5.4 Hz, 1H)

2.98 (td, J=9.5, 5.4 Hz, 1H)

2.85 (m, 2H)

2.87 —2.77 (m, 2H)

2.42 (m, 1H)

2.40 (dtd, J=17.3,4.6, 1.9 Hz, 1H)

2.27(ddd,J=17.0, 11.1, 5.5 Hz, 1H)

2.26 (ddd,J=17.1,11.3, 5.6 Hz, 1H)

2.17 (t, J = 12.9 Hz, 1H)

2.15 (t, J=12.4 Hz, 1H)

2.11 - 1.92 (m, 3H)

2.06 (dtt, J=13.6, 5.4, 2.5 Hz, 1H)

2.00 — 1.90 (m, 2H)

1.89 — 1.78 (m, 2H)

1.86 — 1.77 (m, 2H)

1.75 — 1.58 (m, SH)

1.73 - 1.61 (m, SH)

1.58 (m, 1H)

1.57 (dddd, J=23.5,11.9,4.8, 2.8 Hz, 1H)

1.52 — 1.39 (m, 2H)

1.49 — 1.37 (m, 2H)

1.35 (t, J= 9.4 Hz, 1H)

1.32 (t, J= 9.6 Hz, 1H)

1.27 (m, 1H)

1.27 - 1.19 (m, 1H)

1.03 — 0.83 (m, 2H)

0.98 — 0.82 (m, 2H)
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Table 2.20. "C NMR data for authentic vs synthetic (+)-allomatrine.

Carbon No. Allomatrine Literature Allomatrine Recorded

allomatrine 13C & ppm (101 MHz, CDCl3)* 13C § ppm (101 MHz, CDCls) Ad
2 55.8 55.9 0.1
3 24.5 24.8 0.3
4 27.4 27.6 0.2
5 38.9 39.1 0.2
6 70.7 70.9 0.2
7 46.0 46.3 0.3
8 26.7 26.9 0.2
9 24.5 24.8 0.3
10 56.4 56.6 0.2
11 60.1 60.3 0.2
12 28.2 28.4 0.2
13 19.3 19.5 0.2
14 32.7 32.9 0.2
15 169.1 169.3 0.2
17 46.1 46.3 0.2

Preparation of (—)-sophoridine (28):
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PtO, (10 mol %)
Hy (1 atm)
_—
H,0, 98 °C, 15 min

(+)-isomatrine (-)-sophoridine (+)-matrine (+)-isosophoridine  (+)-allomatrine  (-)-unnatural product
25 28 26 29 27 30

10% yield 6% yield 29% yield 10% yield 14% yield

A 50 mL flask with a 20 mm x 8 mm x 8 mm egg-shaped stir bar was charged with
(+)-isomatrine (50.0 mg, 201 pmol, 1.0 equiv), PtO; (4.6 mg, 20.1 pmol, 10 mol %) and
water (5 mL, 0.04 M). The reaction was purged with N> (balloon) followed by H> (balloon).
The reaction was not stirred during the gas purge. Once the flask was under an atmosphere
of Ha, it was put into a preheated oil bath at 98 °C, and the mixture was stirred at 1500 rpm
for 15 minutes. Upon completion, the flask was removed from the oil bath and cooled to
21 °C. The catalyst was removed via filtration through a syringe filter, then the filter was
washed with water (3 x 5 mL). The obtained aqueous solution was concentrated under
reduced pressure. The crude product was purified by SiO, column chromatography (20 g
Si02, 20 mm column diameter, 3% 2 M NH3 in MeOH/97% CHCI; containing 0.75%
EtOH as a stabilizer to 15% 2 M NH3 in MeOH/85% CHCI3 containing 0.75% EtOH as a
stabilizer in 2% increments) to yield (—)-sophoridine (28) as a white crystalline solid (5.0
mg, 10% yield), (+)-isosophoridine (29) as a white crystalline solid (14.6 mg, 29% yield);
a mixture of (+)-allomatrine (27) and (-)-unnatural product 30 in a 40:60 ratio (12.1 mg,
24% combined yield) as a clear, colorless oil; and a mixture of (+)-isomatrine (25) and (+)-

matrine (26) in a 80:20 ratio (15.5 mg, 31% combined yield) as a white crystalline solid.
(-)-Sophoridine (28):

'"H NMR (400 MHz, CDCl3): § 3.42 (t,J= 11.6 Hz, 1H), 3.34 (t, J= 10.0 Hz, 1H), 3.26

(t,J=12.6 Hz, 1H), 2.86 (d, J = 12.1 Hz, 1H), 2.76 (t, J= 10.8 Hz, 1H), 2.39 (dt, J= 17.6,
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5.6 Hz, 1H), 2.31 (ddd, J = 17.5, 9.2, 5.7 Hz, 1H), 2.25 — 2.09 (m, 2H), 2.08 — 1.37 (m,

14H), 1.05 (qd, J = 12.8, 3.8 Hz, 1H).

3C NMR (101 MHz, CDCl3): § 170.1, 63.5, 56.0, 55.8, 50.4, 47.7, 41.1, 32.6, 30.9, 30.3,

28.2,23.8,21.9,21.6, 19.0.
FTIR (NaCl, thin film): 2986, 2938, 1622, 1420, 1272, 1263 cm’!.
HRMS: (ESI-TOF) calc’d for C1sH2sN2O [M+H]" 249.1961, found 249.1960.

TLC (10% 2 M NH; in MeOH/90% CHCl; with 0.75% EtOH stabilizer), Ry 0.24

(KMnOsy).

M.P.61.2 -64.2 °C.

Specific Optical Rotation: [«] %1 = -57.3 (¢ 1.0, CHCI5).
Specific Optical Rotation: [«] %1 =-60.9 (c 1.0, H,0).

Literature Specific Optical Rotation: [«] ZD—l = —64 (c 1.0, H,0)."
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Table 2.21. 'H NMR data for authentic vs synthetic (+)-sophoridine.

91

The X-ray structure of sophoridine has been previously published (CCDC:

1261174).%¢

Sophoridine Literature
'H § ppm

Sophoridine Recorded
"H & ppm (600 MHz, CDCls)

unpublished

3.42 (dd, J=11.6 Hz, 1H)

3.34 (brt,J=10.0 Hz, 1H)

3.26 (t,J=12.6 Hz, 1H)

2.86 (d, J=12.1 Hz, 1H)

2.76 (t, J=10.8 Hz, 1H)

2.39 (dt, J=17.6, 5.6 Hz, 1H)

2.31(ddd, J=17.5,9.2,5.7 Hz, 1H)

2.25-2.09 (m, 2H)

2.08 — 1.37 (m, 14H)

1.05 (qd, J=12.8, 3.8 Hz, 1H)
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Table 2.22. "C NMR data for authentic vs synthetic (+)-sophoridine.
Carbon No. Sophoridine Literature Sophoridine Recorded
sohporidine | '*C & ppm (101 MHz, CDCI3)** | 3C & ppm (101 MHz, CDCl3) Ad
2 50.2 50.4 0.2
3 21.6 21.9 0.3
4 23.5 23.8 0.3
5 30.6 31.0 0.4
6 63.2 63.5 0.3
7 40.8 41.1 0.3
8 30.1 30.3 0.2
9 21.5 21.6 0.1
10 55.8 56.0 0.2
11 55.7 55.8 0.1
12 28.0 28.2 0.2
13 18.8 19.0 0.2
14 32.5 32.6 0.1
15 169.9 170.1 0.2
17 47.4 47.7 0.3
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Preparation of (+)-isosophoridine (29):

Pt/C (10 mol %)
Hy (1 atm)

H,0, 98 °C, 15 min

(+)-isomatrine (+)-isosophoridine (+)-allomatrine (=)-unnatural product
25 29 27 30

55% yield 19% vyield 11% yield

A 50 mL flask with a 20 mm x 8 mm x 8 mm egg-shaped stir bar was charged with
(+)-isomatrine (50.0 mg, 201 pmol, 1.0 equiv), 10% platinum on carbon (78.5 mg, 20.1
pmol, 10 mol %), and water (5 mL, 0.04 M). The reaction was purged with N> (balloon)
followed by H» (balloon). The reaction was not stirred during the gas purge. Once the flask
was under an atmosphere of H», it was put into a preheated oil bath at 98 °C, and the mixture
was stirred at 1500 rpm for 15 minutes. Upon completion, the flask was removed from the
oil bath and cooled to 21 °C. The catalyst was removed via filtration through a syringe
filter, then the filter was washed with water (3 x 5 mL). The obtained aqueous solution was
concentrated under reduced pressure. The crude product was purified by SiO» column
chromatography (20 g SiO2, 20 mm column diameter, 3% 2 M NH3 in MeOH/97% CHCl;3
with 0.75% EtOH stabilizer to 15% 2 M NH3 in MeOH/85% CHCls with 0.75% EtOH
stabilizer as a gradient in 2% increments) to yield (+)-isosophoridine (29) as a white
crystalline solid (27.5 mg, 55% yield) along with a mixture of (+)-allomatrine (27) and (—)-

unnatural product 30 in a 36:64 ratio (14.9 mg, 30% combined yield).
(+)-Isosophoridine (29):

'TH NMR (600 MHz, CDCl3): 8 4.67 (dd, J=13.3, 1.9 Hz, 1H), 3.00 — 2.82 (m, 4H), 2.75

(dd, J=10.8, 4.7 Hz, 1H), 2.63 (dd, J = 13.4, 3.6 Hz, 1H), 2.46 (dt, J = 11.6, 3.6 Hz, 1H),
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2.40 (dtd, J=17.3, 5.2, 1.7 Hz, 1H), 2.28 (ddd, J= 17.2, 9.8, 5.4 Hz, 1H), 2.07 — 1.95 (m,
1H), 1.93 — 1.70 (m, SH), 1.86 — 1.75 (m, 3H), 1.73 (ddt, J= 15.9, 6.1, 3.6 Hz, 1H), 1.66 —

1.55 (m, 2H), 1.55 — 1.48 (m, 2H), 1.38 — 1.28 (m, 2H), 1.04 (qd, J = 12.7, 4.2 Hz, 1H).

3C NMR (101 MHz, CDCl3): 5 169.9, 62.4, 60.1, 54.2, 46.9, 45.2, 36.1, 33.4, 33.0, 28.1,

26.7,26.0,23.1, 19.3, 19.2.
FTIR (NaCl, thin film): 2934, 2856, 1632, 1265, 1168 cm™.
HRMS: (ESI-TOF) calc’d for C1sH2sN2O [M+H]" 249.1961, found 249.1963.

TLC (10% 2 M NH; in MeOH/90% CHCl; with 0.75% EtOH stabilizer), Ry 0.24

(KMnOsy).

M.P.111.0-114.1 °C.

Specific Optical Rotation: [«] %1 = +94.0 (¢ 1.0, CHCly).

Specific Optical Rotation: [«] %1 = +98.7 (¢ 1.0, EtOH).

Literature Specific Optical Rotation: [«] 2D—1 = +101 (¢ 1.0, EtOH)."

Figure 2.23. X-Ray structure of (x)-isosophoridine ((+)-29). CCDC number 2159772.
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Table 2.23. 'H NMR data for authentic vs synthetic (+)-isosophoridine.

The X-ray structure of isosophoridine has been previously published (CCDC:

1180978 and 1180979).4>4¢

Isosophoridine Literature
'H & ppm (400 MHz, CDCl3)*

Isosophoridine Recorded
'H & ppm (600 MHz, CDCls)

4.69 (dd, J=13.4, 1.9 Hz, 1H)

4.67 (dd, J=13.3, 1.9 Hz, 1H)

3.02 - 2.85 (m, 4H)

3.00 - 2.82 (m, 4H)

2.77 (dd, J = 10.6, 4.7, Hz, 1H)

2.75, (dd, J=10.8, 4.7 Hz, 1H)

2.65 (dd, J=13.4,3.5 Hz, 1H)

2.63 (dd, J=13.4, 3.6 Hz, 1H)

2.52 - 2.37 (m, 2H)

2.46 (dt, J=11.6, 3.6 Hz, 1H)

2.40 (dtd, J=17.3,5.2, 1.7 Hz, 1H)

2.35-2.24 (m, 1H)

2.28 (ddd, J=17.2,9.8, 5.4 Hz, 1H)

2.09 - 1.99 (m, 1H)

2.07 - 1.95 (m, 1H)

1.95—1.71 (m, SH)

1.93 — 1.70 (m, 6H)

1.71 — 1.49 (m, 4H)

1.66 — 1.47 (m, 4H)

1.41 — 1.23 (m, 3H)

1.38 — 1.29 (m, 2H)

1.05 (qd, J= 12.4, 4.2 Hz, 1H)

1.04 (qd, J = 12.7, 4.2 Hz, 1H)

95
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Table 2.24. "C NMR data for authentic vs synthetic (+)-isosophoridine.
Isosophoridine Literature
Carbon No. 13C § ppm (101 MHz, Isosophoridine Recorded

isosohporidine CDCl3)*? 3C 6 ppm (101 MHz, CDCl3) | A
2 45.0 45.2 0.2

3 25.6 26.0 0.4

4 22.7 23.1 0.4

5 35.8 36.1 03

6 62.1 62.4 03

7 333 334 0.1

8 26.6 26.7 0.1

9 19.0 19.3 03

10 53.9 54.2 03

11 59.9 60.2 03

12 27.8 28.1 0.3

13 18.9 19.2 03

14 32.8 33.0 0.2

15 169.9 169.9 0.0

17 46.6 46.9 03
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Preparation of (-)-unnatural product 30:

PtO, (110 mol %)
Hy (1 atm)

H,0, 80 °C, 24 h

(+)-isomatrine (-)-unnatural product (+)-allomatrine (+)-isosophoridine
25 30 27 29
40% vyield 18% yield 33% yield

A 50 mL flask with a 20 mm x 8 mm x 8 mm egg-shaped stir bar was charged with
(+)-isomatrine (30.0 mg, 121 pmol, 1.0 equiv.), PtO> (30.2 mg, 133 pmol, 110 mol %), and
water (3 mL, 0.04 M). The reaction was purged with N> (balloon) followed by H» (balloon).
The reaction was not stirred during the gas purge. Once the flask was under an atmosphere
of Ha, it was put into a preheated oil bath at 80 °C, and the mixture was stirred at 1500 rpm
for 24 hours. Upon completion, the flask was removed from the oil bath and cooled to
21 °C. The catalyst was removed via filtration through a syringe filter, then the filter was
washed with water (3 x 5 mL). The obtained aqueous solution was concentrated under
reduced pressure. The crude product was purified by SiO> column chromatography (5 g
Si02, 10 mm column diameter, 5% 2 M NH3 in MeOH/95% CHCI; containing 0.75%
EtOH to 10% 2 M NH3 in MeOH/90% CHCI; containing 0.75% EtOH as a gradient in 1%
increments) to yield (+)-isosophoridine (29) as a white crystalline solid (9.9 mg, 33% yield)
along with a mixture of (+)-allomatrine (3) and (—)-unnatural product 30. The separation
of the (—)-unnatural product was carried out via HPLC reverse phase chromatography
(Eclipse XDB-C8 — 9.4 mm x 250 mm column, 8% ACN/92% H>O with 0.2% TFA, flow
rate: 5 mL/min, t; ((-)-unnatural product 30) = 5.06 min, t. ((+)-allomatrine (27)) = 6.29
min) to yield (-)-unnatural product 30 as a white crystalline solid (12.0 mg, 40% yield)

along with (+)-allomatrine (27) as a white crystalline solid (5.4 mg, 18% yield). X-ray-
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quality crystals of (—)-unnatural product 30 were prepared via slow evaporation of a

hexanes solution at —20 °C open to air.
(-)-Unnatural Product 30:

'H NMR (400 MHz, CDCl): 5 3.75 (ddd, J = 9.5, 8.2, 4.6 Hz, 1H), 3.47 (dd, J = 13.5,
6.9 Hz, 1H), 3.35 (dd, J = 13.6, 10.0 Hz, 1H), 2.83 (d, J = 10.6 Hz, 2H), 2.45 — 2.24 (m,
2H), 2.10 — 1.96 (m, 2H), 1.88 — 1.52 (m, 11H), 1.38 (t, J = 10.2 Hz, 1H), 1.30 (dd, J =

12.7, 5.1 Hz, 1H), 1.24 (dd, J= 12.5, 3.4 Hz, 1H), 1.13 — 0.98 (m, 1H).

3C NMR (101 MHz, CDCl3): § 172.7, 65.4, 56.1, 55.9, 54.5, 46.7, 42 .4, 35.8, 32.1, 30.3,

27.3,25.8,24.8,24.4,19.3.
FTIR (NaCl, thin film): 2922, 2798, 2740, 1638, 1179, 1142, 1126 cm’".
HRMS: (ESI-TOF) calc’d for C1sH2sN2O [M+H]" 249.1961, found 249.1960.

TLC (10% 2 M NH; in MeOH/90% CHCl; with 0.75% EtOH stabilizer), Ry 0.34

(KMnOsy).

M.P. 63.2 - 66.5 °C.

Specific Optical Rotation: [«] %1 = -53.0 (¢ 1.0, CHCI5).
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Figure 2.24. X-Ray structure of (—)-unnatural product ((-)-30). CCDC number:

2163777.
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Table 2.25. [somatrine isomerization optimization.

H, (1 atm)
H,0 98 °C
1500 rpm
H 5 H
(+)-isomatrine (+)-allomatrine  (+)-isosophoridine (+)-matrine (-)-unnatural product  (-)-sophoridine
25 27 29 26 30 28
Entry Catalyst (loading)  Time Recovered SM allomatrine isosophoridine matrine unnatural isomer sophoridine
1 PtO, (10 mol%) 0.25h 57% 6% 15% 3% 9% 10%
28 PtO, (10 mol %) 0.25h 100% 0% 0% 0% 0% 0%
30 PtO, (10 mol %)  0.25h 87% 3% 5% 2% 0% 2%
4° PtO, (10 mol%) 0.25h 95% 1% 1% 0% 1% 1%
5 Rh/C (10 mol%) 0.25h 35% 30% 5% 26% 2% 1%
6 Pd/C (10 mol%) 0.25h 10% 42% 6% 28% 12% 2%
7 Ru/C (10 mol%)  0.25h 100% 0% 0% 0% 0% 0%
8 Ir/C (10 mol%) 0.25h 7% 10% 59% 2% 1% 1%
9 RuO, (10 mol%)  0.25h 100% 0% 0% 0% 0% 0%
10 Pt/C (10 mol%) 0.25h 0% 12% 67% 0% 21% 0%
11 PtO, (10 mol%)  0.25h 100% 0% 0% 0% 0% 0%
12 PtO, (5 mol%) 24 h 100% 0% 0% 0% 0% 0%
13°¢ PtO, (5 mol%) 24 h 73% 10% 5% 1% 0% 0%
14¢ PtO, (110 mol%) 24 h 5% 36% 9% 3% 48% 0%
15¢ PtO, (5 mol%) 0.25h 99% 0% 1% 0% 0% 0%
16 PtO, (110 mol%)  0.25h 0% 20% 55% 2% 21% 1%

reported yields are gNMR yields against a pyrazine internal standard

100
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Table 2.26. [somatrine isomerization optimization with Rh/C.

Rh/C (10 mol %)

H, (1 atm)
+
H,0, 98 °C
(+)-isomatrine (+)-matrine (+)-allomatrine (+)-isosophoridine
25 26 27 29
Entry Time Recovered SM allomatrine isosophoridine matrine unnatural product sophoridine

1 0.5h 35 30% 5% 26% 2% 1%
2 0.75h 39 23% 10% 28% 0% 0%
3 1h 18 30% 10% 42% 0% 0%
4 1.5h 8 35% 9% 48% 0% 0%
5 2h 0 57% 0% 42% 0% 0%
6 6h 0 70% 0% 30% 0% 0%
7 24 h 0 76% 0% 24% 0% 0%

all yields are gNMR vyields against pyrazine internal standard

101
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Table 2.27. [somatrine isomerization optimization with Pd/C.

Pd/C (10 mol %)

H, (1 atm)
_—
H,0, 98 °C
(+)-isomatrine (+)-matrine (+)-allomatrine
25 26
Entry Time Recovered SM allomatrine isosophoridine matrine unnatural product sophoridine

1 0.25h 10 42% 6% 28% 0% 2%
2 0.75h 0 64% 6% 36% 0% 2%
3 1h 0 87% 0% 13% 0% 0%
4 15h 0 78% 0% 22% 0% 0%
5 2h 0 82% 0% 18% 0% 0%
6 6h 0 92% 0% 8% 0% 0%
7 24 h 0 88% 0% 12% 0% 0%

all yields are gNMR yields against pyrazine internal standard
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Preparation of (£)-NV-oxide 101:

H [ H H [ H
N AcOOH N
—_—
nH MeOH, 0 °C M
ol 54% yield & H
(+)-24 (+)-101

A 1 L flask was charged with (+)-diamine 24 (2.50 g, 10.7 mmol, 1.0 equiv) and
methanol (323 mL, 0.033 M). The solution was cooled to 0 °C, then peracetic acid (32%
wt. % in dilute acetic acid, 2.42 mL, 11.7 mmol, 1.1 equiv) was added dropwise. The
reaction was stirred for 15 minutes at 0 °C followed by removal of the solvent under
reduced pressure. The residue was diluted in DCM (200 mL) and the organic layer washed
with 3 M NaOH (50 mL). The aqueous layer was extracted with DCM (3 x 100 mL). The
combined organic layers were dried over anhydrous Na>SQOg, filtered, and concentrated
under reduced pressure. The crude product was purified by crystallization from boiling
hexanes (15 mL) and enough chloroform to ensure complete dissolution. The solution was
allowed to cool to 21 °C then to —20 °C. The solution was decanted from the crystals, and
the crystals were washed with a 5:1 mixture of hexanes/chloroform followed by drying in

vacuo to yield (+)-N-oxide 101 as a white crystalline solid (1.44 g, 54% yield).
(£)-NV-oxide 101:

'H NMR (400 MHz, CDCL): § 3.87 (dd, /= 12.7, 11.0 Hz, 1H), 3.47 (ddtd, J = 13.2, 4.0,
2.3,0.3 Hz, 1H), 3.37 (td, J = 13.2, 4.4 Hz, 1H), 3.17 (dtd, J = 7.8, 6.0, 4.9, 2.8 Hz, 1H),
3.14 - 3.06 (m, 1H), 3.02 (dddd, J = 13.2, 5.4, 3.8, 1.3 Hz, 1H), 2.81 — 2.66 (m, 2H), 2.40

~2.26 (m, 2H), 2.01 (t, J = 3.9 Hz, 1H), 1.98 — 1.32 (m, 15H).
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13C NMR (101 MHz, CDClL): § 77.0, 72.2, 61.0, 57.6, 57.5, 57.4, 31.1, 29.2, 29.1, 27.3,

25.5,23.8,23.1,22.6,22.2.
FTIR (NaCl, thin film): 2985, 1420, 1268 cm"'.

HRMS: (ESI-TOF) calc’d for CisHy7N,0 [M+H]" 251.2118, found 251.2116.
TLC (40% 2 M NH; in MeOH/60% ACN), Rz 0.31 (KMnOs).

M.P. 202.9 — 208.1 °C.

Figure 2.25. X-Ray structure of the mono-chloroform adduct of (+)-101. CCDC

number 2159764.

Preparation of (+)-diamine 91

H|H Acz0 H|H
N DTBMP MIHN NaBH, N
e — —_—
M DCM, 35 °C H AcOH, 21 °C nH
A N =~ A
o H 20% yield 82% yield A
(#)-101 (£)-102 (x)-91

N-oxide elimination:

A 25 mL oven-dried, N>-flushed flask was charged with (+)-N-oxide 101 (100 mg,

0.399 mmol, 1.0 equiv), 2,6-di-tert-butyl-4-methylpyridine (147 mg, 0.718 mmol, 1.8
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equiv), DCM (10 mL, 0.04 M), and acetic anhydride (0.38 mL, 3.99 mmol, 10.0 equiv).
The reaction was stirred at 35 °C until complete consumption of the starting material, as
judged by TLC (ca. 24 hours). The reaction was concentrated under reduced pressure and
then the crude product was partially purified via SiO> column chromatography (20 g SiO»,
20 mm column diameter, 40% 2 M NH;3 in MeOH/60% can) to yield (+)-enamine 102 as a
brown oil (18.4 mg, 20% yield) which was unstable to storage and was immediately

subjected to reduction.
Sodium borohydride reduction:

A 25 mL flask was charged with partially purified (£)-enamine 102 (107 mg, 0.46
mmol, 1.0 equiv), sodium borohydride (34.8 mg, 0.92 mmol, 2.0 equiv), and acetic acid
(4.6 mL, 0.1 M). The reaction stirred at 21 °C until complete consumption of the starting
material, as judged by TLC (ca. 20 minutes). Upon completion, the reaction was diluted in
DCM (50 mL) and was neutralized with 3 M NaOH (50 mL). The aqueous layer was
extracted with DCM (3 x 30 mL). The combined organic layers were dried over anhydrous
NaxSOq, filtered, and concentrated under reduced pressure. The crude product was purified
via SiO; column chromatography (20 g SiO2, 20 mm column diameter, 40% 2 M NH3 in
MeOH/60% can) to yield (+)-diamine 91 as a white crystalline solid (88.3 mg, 82% yield).
X-ray-quality crystals were grown by allowing a solution of 91 in acetonitrile to slowly

evaporate at 21 °C.

Sodium borohydride reduction of hemi-aminal 89:
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H [ H
N NaBH, Y
H > H
N A ACOH, 21 *C NG
T :
OH 99% yield H
89 91

To a 250 mL flask was added the hemi-aminal 89 (500 mg, 2.00 mmol, 1.0
equiv), sodium borohydride (151 mg, 3.99 mmol, 2.0 equiv) and AcOH (10 mL, 0.2
M) at 21 °C. The reaction was stirred for 24 hours at 21 °C and was quenched with 3 M
NaOH until basic by pH paper. The crude reaction mixture was extracted with DCM (3 x
50 mL), dried over anhydrous Na,SOg, filtered, and concentrated under reduced pressure.
The crude product was allowed to crystallize under vacuum on a Schlenk line (0.3 torr,
30 minutes). The solids were dissolved in Et20 (30 mL) and the cloudy suspension was
vacuum filtered. The clear colorless solution was concentrated under reduced pressure to
yield the product diamine 91 as a white crystalline solid (468 mg, 99% yield) which did

not require additional purification.
(+)-Diamine 91:

'H NMR (600 MHz, CDCls): §2.99 — 2.91 (m, 3H), 2.83 (ddt, J=11.5, 4.2, 2.0 Hz, 1H),
2.61 (dd, J=11.3, 3.9 Hz, 1H), 2.52 (dd, J = 11.0, 4.7 Hz, 1H), 2.46 (dddd, J= 11.3, 4.0,
2.5, 1.2 Hz, 1H), 2.16 (qt, J= 11.3, 3.8 Hz, 1H), 1.87 — 1.79 (m, 3H), 1.79 — 1.70 (m, 2H),
1.70 — 1.53 (m, 5H), 1.54 — 1.40 (m, 4H), 1.37 (ddq, J = 13.0, 5.5, 2.8 Hz, 1H), 1.27 — 1.17

(m, 2H), 1.05 (tdd, J= 13.0, 11.7, 4.2 Hz, 1H).

13C NMR (101 MHz, CDCl): § 66.2, 64.0, 63.3, 57.2, 54.7, 45.8, 41.2, 30.2, 29.7, 26.3,

26.2,26.0, 24.8, 20.1, 19.1.

FTIR (NaCl, thin film): 2927, 2850, 2750, 1440, 1131, 1110 cm™".
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HRMS: (ESI-TOF) calc’d for CisHy7Na [M+H]* 235.2169, found 235.2167.
TLC (40% 2 M NH; in MeOH/60% ACN), Ryz 0.32 (KMnOs).
M.P. 82.3 - 83.3 °C.

Figure 2.26. X-Ray structure of (+)-91.CCDC number: 2159765.

Preparation of (+)-3-methyltetracycle 76:

o} 0} O O

HO Y SOH ———> <l e
Me Me
(-)-134 (-)-77

21 66% yield

A 25 mL oven-dried, N> flushed flask was charged with (R)-2-methyl glutaric acid
(1.00 g, 6.84 mmol, 1.0 equiv) and thionyl chloride (4.0 mL, 54.7 mmol, 8.0 equiv). The
suspension was stirred for 24 hours at 21 °C under N, after which point it became a

homogenous solution. The thionyl chloride was removed under vacuum (0.3 torr) on a
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Schlenk line at 21 °C to yield (R)-2-methylglutaryl chloride (77) as a clear, colorless liquid,

which was used directly in the subsequent cyclization reaction.

A 100 mL oven-dried, N»-flushed flask with a 36 mm x 18 mm x 18 mm egg-shaped
stir bar was charged with DCM (26.4 mL, 0.125 M) and (R)-2-methylglutaryl chloride (605
mg, 3.31 mmol, 1.0 equiv). The solution was cooled to —50 °C, then pyridine (1.34 mL,
16.5 mmol, 5.0 equiv) was added dropwise over the course of 5 minutes. The reaction was
allowed to warm to 21 °C and stirred for 24 hours. The reaction was concentrated under
reduced pressure and diluted in MeOH (20 mL). The solids were isolated by suction
filtration, washed with MeOH (2 x 10 mL), and dried in vacuo to yield (+)-3-

methyltetracycle 76 as a light orange crystalline solid (0.589 g, 66% yield).
(+)-3-methyltetracycle 76:

'H NMR (500 MHz, CDCL): & 7.17 (dt, J = 8.0, 1.0 Hz, 1H), 6.99 (dq, /= 8.1, 0.9 Hz,
1H), 6.04 (dddd, J = 10.1, 5.8, 2.2, 1.0 Hz, 1H), 5.78 (ddt, J = 5.8, 2.8, 1.0 Hz, 1H), 5.50
(ddt, J=10.1, 3.4, 1.2 Hz, 1H), 5.32 (dd, J= 7.9, 5.7 Hz, 1H), 5.14 (ddd, J= 8.1, 5.7, 1.1
Hz, 1H), 5.09 (t, J= 2.9 Hz, 1H), 4.95 (ddt, J=9.5, 2.6, 1.2 Hz, 1H), 2.96 (q, J = 9.5 Hz,
1H), 2.31 — 2.19 (m, 1H), 2.16 (dt, J= 9.3, 4.6 Hz, 1H), 2.03 (td, J= 13.8, 9.9 Hz, 1H),

1.29 (d, J = 6.6 Hz, 3H).

13C NMR (126 MHz, CDCl3): 5 173.9, 168.9, 129.6, 124.4, 123.7, 122.2, 120.9, 117.9,

103.7,102.7, 54.0, 51.9, 41.5, 34.8, 25.5, 15.4.
FTIR (NaCl, thin film): 2946, 2835, 1652, 1456, 1113, 1033 cm’!.
HRMS: (ESI-TOF) calc’d for CisH17N202 [M+H]" 269.1290, found 269.1278.

TLC (50% EtOAc /50% hexanes), Ry 0.37 (KMnOy).
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M.P. 192.5-196.4 °C.
Specific Optical Rotation: [«] %1 =—-1115 (¢ 1.0, CHCI5).

Figure 2.27. X-Ray structure of (+)-76. CCDC number: 2159768.

Chiral SFC: (IC, 2.5 mL/min, 45% IPA in CO;, A =210 nm): tr (major) = 7.6 min, tr

(minor) = 12.5 min.

Figure 2.28. SFC trace of racemic 76

DAD1 A, Sig=210,16 Ref=370,60 (JKERKOVI\JKK2-111-XS-2.D)
mAU | IS
A A A
80j '\ &?_;L
60 N
40 | / /o
20 - /o
0 2 4 6 8 10 12 14 min
Signal 1: DAD1 A, Sig=210,16 Ref=370,60
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 7.557 BB 0.3214 2030.30872 93.47500 49.3078
2 12.527 BB 0.5080 2087.31201 61.50079 50.6922
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Figure 2.29. SFC trace of enantiopure 76.
DAD1 A, Sig=210,16 Ref=370,60 (JKERKOVI\UKK2-129-XS.D)
mAU - Q2
125 g
100 -
75
50 <
25
o+~
0 2 4 6 8 10 12 14
Signal 1: DAD1 A, Sig=210,16 Ref=370,60
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

1 8.178 BB 0.2207 2161.24438 153.12198 100.0000

Preparation of tetracycle (-)-81:

(S)-methoxyprolinol
pyridine, DCM, 21 °C

Ox -0~ 0 then, Tf,0 0 °C to 21 °C
U then NaBH,, ”

MeOH, 0 °C to 21 °C

80 12% yield
96% ee

To a 100 mL flask in a glovebox was added the glutaric anhydride (100 mg, 876
umol, 1.0 equiv), pyridine (496 uL, 6.13 mmol, 7.0 equiv), DCM (8.76 mL, 0.1 M),
and (S)-(+)-2-(methoxymethyl)pyrrolidine (108 uL, 876 umol, 1.0 equiv). The reaction
was stirred for 30 minutes at 21 °C then cooled to —78 °C. To the solution was
added trifluoromethanesulfonic anhydride (302 uL, 1.80 mmol, 2.05 equiv). The reaction
was then allowed to warm to 21 °C, and stirred for 4 hours. Then, the MeOH (8.76 mL,
0.1 M) was added and the solution cooled to 0 °C. The sodium borohydride (497 mg,

13.1 mmol, 15 equiv) was added next in portions. Once the addition was finished, the
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reaction was warmed to 21 °C and stirred for 30 minutes. The crude reaction mixture was
concentrated under reduced pressure, made basic with sat. Na,CO3 (20 mL) and water
(20 mL). The reaction mixture was extracted with DCM (3 x 30 mL). The combined
organic layers were dried over anhydrous Na>SQs, filtered, and concentrated under
reduced pressure. In a glovebox the crude material was treated with EtO (20 mL), which
caused the product to crash out as an tan solid. The product was isolated via suction
filtration in the glovebox to yield the product (-)-81 as a light tan crystalline solid (25.5

mg, 12% yield, 96% ee).
(+)-tetracycle 81:

'H NMR (600 MHz, CDCL3): § 7.11 (dd, J= 7.9, 1.3 Hz, 1H), 6.02 (ddt, J= 10.5, 5.7,
2.3 Hz, 1H), 5.94 (dddd, J= 10.0, 5.7, 2.3, 1.1 Hz, 1H), 5.90 (dtd, /= 10.2, 2.9, 0.9 Hz,
1H), 5.50 (ddt, /= 10.0, 3.5, 1.2 Hz, 1H), 5.01 (ddd, J=7.9, 5.7, 1.1 Hz, 1H), 4.84 (dt, J
=5.8,2.8 Hz, 1H), 3.09 (dd, J = 15.9, 5.9 Hz, 1H), 2.93 (ddt, J=11.1, 3.8, 1.7 Hz, 1H),
2.83 (dd, J = 8.6, 3.6 Hz, 1H), 2.71 (dtd, J = 8.6, 4.5, 4.1, 1.8 Hz, 1H), 2.58 (ddt, J =
15.9,3.9, 2.1 Hz, 1H), 2.42 (dtd, J= 12.6, 4.2, 2.3 Hz, 1H), 2.33 (q, J = 3.6 Hz, 1H), 2.24

—2.05 (m, 2H), 1.55 — 1.45 (m, 2H).

13C NMR (101 MHz, CDCl3): 8 170.8, 128.5, 123.7, 123.4, 122.3, 121.3, 101.8, 58.1,

56.8,55.7, 52.3,41.0, 39.7, 24.2, 21 4.
FTIR (NaCl, thin film): 3054, 2986, 2339, 1675, 1655, 1420, 1265, 896, 738 cm".
HRMS: (ESI-TOF) calc’d for CsHisN,O [M+H]" 243.1497, found 243.1509.
TLC (3% MeOH/97% CHCls with 0.75% EtOH stabilizer), Ry 0.27 (KMnOy).

M.P. 175.7°C—178.1 °C.



Chapter 2 — A Pyridine Dearomatization Approach to the Matrine-Type Lupin Alkaloids 112

Specific Optical Rotation: [«] %1 = -94.0 (¢ 1.0, CHCI5).

Figure 2.30. X-Ray structure of (+)-81. CCDC number: not publication quality.

Chiral SFC: (IC, 2.5 mL/min, 30% IPA in CO, A =280 nm): tr (major) = 8.829 min, tr

(minor) = 9.437 min.

Figure 2.31. SFC trace of racemic 81.

DAD1 D, Sig=280,16 Ref=370,60 (JKERKOVI\JKK3-264-A3.D)

m/::) JELaRS
5oi
40 <
30
20: ,
10_ — — _ _
0-
6 2‘ 4 6 8 1b 1‘2 14 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
e R | === | === | === |
1 8.829 BV 0.2651 1182.97705 65.99975 51.8590

2 9.437 VB 0.2855 1098.16357 55.83330 48.1410
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Figure 2.32. SFC trace of enantioenriched 81.

DAD1 D, Sig=280,16 Ref=370,60 (JKERKOVI\JKK3-282-XS3 .D)

mAU ) N
3 S @‘b
150 7
125 -
&
100
E| >
75 \@
50 = >
25 - dj?"
0 ;
0 2 4 6 8 10 12 14 mir

Signal 3: DAD1 D, Sig=280,16 Ref=370,60

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
S R R | === | === | === |
1 8.695 MM 0.2889 2906.81177 167.67546 98.1708
2 9.674 MM 0.2538 54.16077 3.55604 1.8292

Preparation of 8-phthaloyltetracycle 79:

N-phthaloyl-L-glutamic acid

@ (COCl),, DMF (5 mol %)
~

N DCM, -50 °C to 21 °C

38% yield

21

A 500 mL oven dried flask was charged with N-phthaloyl-L-glutamic acid (5.00
g, 18.0 mmol, 1.0 equiv), DMF (70 pL, 0.90 mmol, 5 mol %), and DCM (18 mL, 1 M).
The flask was equipped with a scrubber to remove HCI vapors, and to the suspension in
the flask was added oxalyl chloride (3.36 mL, 39.7 mmol, 2.2 equiv). The reaction was
stirred at ambient temperature for 5 hours which resulted in the formation of a clear
colorless solution, and progress of the reaction was monitored by NMR aliquots. The
solution was diluted in DCM (180 mL, 0.1 M) and was cooled to —50 °C. To the solution

was added pyridine (7.29 mL, 90.2 mmol, 5 equiv) over the course of 5 minutes. The
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slurry was stirred at —50 °C for 15 minutes then at ambient temperature for 15 hours. The
reaction was concentrated under reduced pressure and suspended in MeOH (50 mL). The
solids were isolated by suction filtration and dried in vacuo to yield the product as a
brown powder (2.72 g, 38% yield). Using enantiopure N-phthaloyl-L-glutamic acid

provided the product 79 with 16% ee.
8-phthaloyltetracycle 79:

'H NMR (600 MHz, CDCL): & 7.89 — 7.85 (m, 2H), 7.76 — 7.70 (m, 2H), 7.14 (d, J =
7.9 Hz, 1H), 7.01 (dt, J= 7.9, 1.0 Hz, 1H), 6.06 (dddd, J=10.0, 5.8, 2.2, 0.9 Hz, 1H),
5.83 (ddt, J=5.7,2.7, 0.9 Hz, 1H), 5.53 (ddt, J= 10.1, 3.4, 1.2 Hz, 1H), 5.43 (dd, J =
7.9, 5.8 Hz, 1H), 5.17 (dd, J = 8.0, 5.8 Hz, 1H), 5.14 (t, J= 2.3 Hz, 1H), 5.12 (dd, J=9.9,
2.8 Hz, 1H), 4.78 (dd, J = 13.7, 4.6 Hz, 1H), 3.33 (td, J = 13.7, 10.2 Hz, 1H), 3.12 (q, J =

9.6 Hz, 1H), 2.33 (ddd, /= 13.8, 9.1, 4.7 Hz, 1H).

13C NMR (101 MHz, CDCl3): 8 167.7, 166.9, 134.4, 134.0, 131.7, 129.3, 124.0, 123.7,

123.6, 122.2, 120.6, 117.5, 105.0, 102.8, 53.7, 51.6, 48.8, 40.3, 22.0.
FTIR (NaCl, thin film): 3053, 2986, 1720, 1672, 1610, 1421, 1390, 1266 cm"".
HRMS: (ESI-TOF) calc’d for C23Hi7N304 [M+H]" 400.1297, found 400.1292
TLC (60% EtOAc /40% ACN), Rz 0.50 (KMnOsx).

M.P. decomposed at 180 °C.
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Figure 2.33. X-Ray structure of (+)-79. CCDC 2159769.

Chiral SFC: (AD-H, 2.5 mL/min, 45% IPA in CO2, A =210 nm): tR (major) = 7.8 min,

tR (minor) = 8.7 min.

Figure 2.34. SFC trace of racemic 79.

DAD1 A, Sig=210,16 Ref=370,60 (JKERKOVI\JKK4-019-ENANT.D)
mAU ) Q

1 '\ﬁﬁ %6\
80 —
60 |
40~
20*;
0 -

0 2 4 6 8 10

Peak RetTime Type Width Area Height Area

# [min] [min] [MAU*s] [mAU] %

1 7.759 BB 0.2153 1390.96790 101.88776 50.9158
2 8.670 BB 0.2316 1340.93018 91.18265 49.0842
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Figure 2.35. SFC trace of scalemic 79.

DAD1T A, Sig=210,16 Ref=370,60 (JKERKOVI\PHL1-105-X.D)
mAu{ A\
150 - A* &
125 - o
100 =
75 -
50 =
25 -
04— - B T o
0 2 4 6 8 10 min
Signal 1: DAD1 A, Sig=210,16 Ref=370, 60

Peak RetTime Type

#

[min]

1 7.812 BB
2 8.750 BB

Width Area Height
[min] [mMAU*s ] [mAU]
_______ |__________

0.2122 2275.86987 165.71790
0.2364 1690.39539 111.81298

Area

57.3807
42.6193

Preparation of mono-amide 88:

LiAIH,

THF, 21 °C
36% yield

A 100 mL N> flushed flask was charged with bis-amide 87 (498 mg, 1.90 mmol,

1.0 equiv.), and THF (9.5 mL, 0.2 M). The solution was cooled to 0 °C, then LiAlH4 (144

mg, 3.80 mmol, 2.0 equiv) was added to the flask in a single portion. The reaction was

stirred at 0 °C for 5 minutes, then at ambient temperature until complete by TLC (ca. 18

hours). Upon completion the reaction was quenched with sat. Rochelles salt (20 mL). The

reaction mixture was extracted with DCM (3 x 20 mL). The combined organic layers
were dried over anhydrous Na>SOs, filtered, and concentrated under reduced pressure.

The crude product was purified via Si0; column chromatography [40 g SiO>, 30 mm
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column diameter, and eluted with 20% MeOH/80% ACN] to yield mono amide 88 as a

white crystalline solid (171 mg, 36% yield).
mono-amide 88:

'H NMR (600 MHz, CDCL): 5 4.81 (ddq, J=12.7, 3.6, 2.1 Hz, 1H), 3.39 (ddd, J =
11.3,7.9, 2.5 Hz, 1H), 2.86 — 2.74 (m, 2H), 2.66 (ddt, J= 13.1, 4.0, 2.1 Hz, 1H), 2.43 —
2.29 (m, 2H), 2.27 — 2.16 (m, 2H), 2.07 (qd, J = 12.5, 3.7 Hz, 1H), 2.00 — 1.88 (m, 3H),
1.81 — 1.62 (m, 4H), 1.62 — 1.56 (m, 1H), 1.50 — 1.35 (m, 5H), 1.20 (dddd, /= 19.9, 8.1,

6.6,3.6 Hz, 1H).

13C NMR (101 MHz, CDCls): 8 168.9, 63.4, 62.5, 57.5, 57.0, 45.2, 40.8, 34.9, 33.1,

26.5,25.9,25.8,25.7,22.9, 22.6.
FTIR (NaCl, thin film): 2921, 2854, 2762, 2805, 1634, 1434, 1243, 1134 cm’".
HRMS: (ESI-TOF) calc’d for C1sH24N>0 [M+H]" 249.1961, found 249.1958.

TLC (10% 2 M NH; in MeOH/90% CHCl; with 0.75% EtOH stabilizer), Ry 0.42

(KMnOsy).
M.P. 97.6 — 103.3 °C.

Figure 2.36. X-Ray structure of (+)-88. CCDC number: not publication quality.
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Preparation of conjugated iminium ion 98:

N I, NaHCOyg _ A N
n M THF, H,0, 21 °C N
®
H 9% yield 19 OH
24 98

A 100 mL flask was charged with diamine 24 (200 mg, 0.85 mmol, 1 equiv),
sodium bicarbonate (717 mg, 8.53 mmol, 10 equiv), THF (24 mL, 0.025 M), water (10
mL, 0.025 M), and iodine (1.62 g, 6.40 mmol, 7.5 equiv) and was stirred at ambient
temperature for 20 hours. Upon completion the reaction was diluted in water (200 mL),
and the reaction mixture was extracted with DCM (3 x 50 mL). The combined organic
layers were dried over anhydrous Na>SOys, filtered, and concentrated under reduced
pressure. A QNMR of the crude reaction revealed a 29% yield of iminium ion 98. An
analytically pure sample was prepared by purification of the crude reaction mixture by
Si0; column chromatography [20 g SiO2, 20 mm column diameter, 10% 2 M NH3 in
MeOH/90% CHCl; containing 0.75% EtOH as a stabilizer to 20% 2 M NH3 in
MeOH/90% CHCl; containing 0.75% EtOH in 2% increments] to yield a yellow oil.
Trituration of the yellow oil from acetone yielded the iminium ion 98 as a pale yellow
crystalline solid (18.7 mg, 9% yield). X-ray quality crystals were grown by slow

evaporation from acetone under an atmosphere of N».

'H NMR (400 MHz, CDCL): § 4.85 (s, 1H), 3.93 (dt, J=13.1, 6.1 Hz, 1H), 3.77 (d, J =
14.5 Hz, 1H), 3.52 — 3.34 (m, SH), 3.24 (ddd, J = 13.4, 6.6, 4.3 Hz, 1H), 2.80 (dt, J =
18.8, 6.1 Hz, 1H), 2.65 — 2.39 (m, 3H), 2.27 — 1.70 (m, 9H), 1.51 (td, J = 13.6, 3.9 Hz,

1H).
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13C NMR (101 MHz, CDCl3): 8 165.4, 157.3,95.5, 63.7, 60.1, 52.2, 51.3, 50.5, 29.1,

28.0,21.8,21.1,20.4, 18.5, 17.2.
FTIR (NaCl, thin film): 3053, 2986, 2685, 1605, 1554, 1422, 1273, 1261 cm™.
HRMS: (ESI-TOF) calc’d for C1sH23N20 [M]" 247.1805, found 247.1805.

TLC (10% 2 M NH; in MeOH/90% CHCl; with 0.75% EtOH stabilizer), Re: 0.19

(KMnOs).
M.P. 178.9 — 181.6 °C.

Figure 2.37. X-Ray structure of (+)-98. CCDC number: not publication quality.

Preparation of a-aminonitrile 24:

H H Rose Bengal (3 mol%) H CN
N O,, TMSCN B
H o H
N ACN, 21 °C N
Blue LEDs
H H
20% yield
24 95

To a4 mL vial was added the diamine 24 (50.5 mg, 0.22 mmol, 1.0 equiv), rose
bengal (6.58 mg, 6.46 umol, 3 mol %), trimethylsilyl cyanide 98 % (108 uL, 0.86 mmol,

4.0 equiv), and acetonitrile (2.15 mL, 0.1 M) The reaction was stirred vigorously under
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dry air while being The reaction was irradiated with a 34 W Kessil H150 Blue LED setup
for 3 hours. Once the reaction was complete, K-CO3 was added, and the reaction was
stirred for 10 minutes. The crude product was purified via SiO, column chromatography
[5 g Si02, 10 mm column, 18% 2 M NH3 in MeOH acetonitrile] to yield 95 as a light

pink oil (11.0 mg, 20% yield).
a-aminonitrile 24:

'H NMR (600 MHz, CDCL3): § 3.10 (t, J= 11.8 Hz, 1H), 3.01 — 2.91 (m, 3H), 2.67
(ddd, J=12.2, 5.2, 2.1 Hz, 2H), 2.49 — 2.34 (m, 3H), 2.15 (qd, J = 13.2, 3.9 Hz, 1H),
1.97 (ddd, J=12.5, 5.4, 3.3 Hz, 1H), 1.93 — 1.87 (m, 1H), 1.85 (dt, J= 11.8, 3.4 Hz, 1H),
1.76 — 1.60 (m, 4H), 1.60 — 1.51 (m, 2H), 1.51 — 1.41 (m, 2H), 1.35 (tt, J= 12.7, 3.7 Hz,

1H), 1.32 — 1.24 (m, 2H), 1.19 (d, J = 13.7 Hz, 1H).

3C NMR (101 MHz, CDCl3):  117.4, 64.2, 60.8, 54.9, 52.1, 51.5, 49.0, 45.5, 43.3,

25.5,25.0, 25.0, 24.9, 24.5, 20.3, 20.0.
FTIR (NaCl, thin film): 2984, 2930, 2852, 2304, 1459, 1441, 1421, 1266 cm’.
HRMS: (ESI-TOF) calc’d for CisHasN3 [M+H]" 260.2121, found 260.2120.
TLC (40% 2 M NH; in MeOH/60% ACN), Ryz 0.20 (KMnOs).

M.P. 66.8 — 67.9 °C.
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Figure 2.38. X-Ray structure of the dihydrate of (+)-95. CCDC number: not

publication quality.

Preparation of diamine 96 and diamine 97:

H H [Ir(dF(Me)ppy),(dtbbpy)IPF¢ (2 mol %) H H H H
N i-Pr3SiSH (30 mol%), H,O T _N H T _N
H o H * H
N NMP 20 °C Blue LEDs N N
H
24 96 97
59% yield 26% yield

A one dram vial was charged with [Ir(dF(Me)ppy)2(dtbbpy)]PFs (8.7 mg, 8.53
pmol, 2 mol %), diamine 24 (100 mg, 427 pmol, 1 equiv), NMP (1.7 mL, 0.25 M),
triisopropylsilanethiol (27.5 pL, 128 umol, 30 mol %), and water (77 pL, 50 equiv)
sequentially, then the vial was sparged with N> for 20 minutes. The reaction was
irradiated with a 34 W Kessil H150 Blue LED setup for 24 hours. The reaction mixture
was passed through a SiO; plug with DCM to elute the NMP then 2 M NH3 in MeOH to
elute the products. The crude product mixture was purified via SiO> column
chromatography [5 g SiO2, 10 mm column, eluted with 40% 2 M NH3 in MeOH/60%

ACN] to yield the diamine 96 as a white crystalline solid (58.6 mg, 59% yield) and
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diamine 97 as a white crystalline solid (26.2 mg, 26% yield). X-Ray quality crystals were

grown from slow evaporation of a solution of each diamine in ACN.
Diamine 96:

'H NMR (400 MHz, CDCL3): § 3.06 — 2.73 (m, 6H), 2.38 (dd, J= 11.4, 3.9 Hz, 1H),
1.99 (td, J=11.7, 3.3 Hz, 1H), 1.95 — 1.88 (m, 1H), 1.88 — 1.82 (m, 1H), 1.79 — 1.52 (m,
9H), 1.51 — 1.32 (m, 3H), 1.27 - 1.18 (m, 1H), 1.17 — 1.07 (m, 2H), 1.02 (qd, J = 12.9,

4.5 Hz, 1H).

13C NMR (101 MHz, CDCl): 8 65.7, 60.6, 56.8, 56.5, 54.8, 51.0, 43.2, 41.3, 29.0, 27.7,

26.0,25.5,25.2,19.2, 18.8.
FTIR (NaCl, thin film): 2930, 2856, 2802, 2750, 1265 cm"'.

HRMS: (FI-TOF) calc’d for CisHasNa [M]* 234.20905, found 234.20943.
TLC (40% 2 M NH; in MeOH/60% ACN), Rz 0.11 (KMnOs).

M.P. 57.1 - 58.8 °C.

Figure 2.39. X-Ray structure of (+)-96. CCDC number: not publication quality.

Diamine 97:
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'H NMR (400 MHz, CDCL3): § 2.89 — 2.75 (m, 3H), 2.68 (dd, J=11.3, 3.5 Hz, 1H),
2.02 - 1.89 (m, 3H), 1.90 — 1.80 (m, 3H), 1.80 — 1.54 (m, 6H), 1.51 (td, /= 10.1, 2.2 Hz,

1H), 1.23 — 1.04 (m, 5H), 0.94 (qd, J = 12.5, 4.5 Hz, 1H), 0.88 — 0.74 (m, 3H).

3C NMR (101 MHz, CDCl3): 8 71.3, 66.7, 61.8, 56.8, 56.6, 56.2, 44.6, 39.3, 29.9, 29.5,

29.1,27.0,25.7,25.1, 24.6.
FTIR (NaCl, thin film): 2935, 2854, 2802, 2754, 1264 cm’".

HRMS: (FI-TOF) calc’d for CisHasNa [M]* 234.20905, found 234.20976.
TLC (40% 2 M NH; in MeOH/60% ACN), Ryz 0.32 (KMnOs).

M.P. 46.8 — 49.1 °C.

Figure 2.40. X-Ray structure of (+)-97. CCDC number: not publication quality.

Preparation of alkyl bromides 99 and 100:

TMSCF,Br H H
N N N NH,OAc N
B —_— + H
N DCE, 60 °C Nj h
o vi |
H 13% yield o) ~ Br

1:1.2 ratio
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A 1-dram vial in a glovebox was charged with diamine 24 (46.9 mg, 200 umol, 1
equiv), ammonium acetate (61.7 mg, 800 umol, 4 equiv), dichloroethane (0.5 mL, 0.4
M), and lastly (bromodifluoromethyl)trimethylsilane (124 pL, 800 umol, 4 equiv). The
reaction was sealed and stirred at 60 °C for 12 hours. Upon completion the mixture was
filtered through a pad of celite which was washed with EtOAc (3 x 10 mL). The solution
was concentrated under reduced pressure and purified via SiO> column chromatography
on Si0; [5 g Si02, 10 mm column diameter, eluted with 5% 2 M NH; in MeOH/95%
CHCI; containing 0.75% EtOH] to yield the mixture of products 99 and 100 as a clear

colorless oil (11.8 mg, 13% yield).
alkyl bromides 99 and 100:

'H NMR (400 MHz, CDCL): 5 8.07 (s, 1H), 8.03 (s, 1H), 4.39 (dt, /= 12.3, 5.1 Hz,
1H), 3.90 (dd, J = 12.7, 4.3 Hz, 1H), 3.49 (t, J= 12.8 Hz, 1H), 3.45 — 3.31 (m, 6H), 2.98
—2.89 (m, 2H), 2.81 — 2.73 (m, 5H), 2.37 (dtd, J = 13.6, 11.4, 4.8 Hz, 1H), 2.29 (dddd, J
=13.8, 12.5, 10.2, 4.9 Hz, 1H), 2.08 (q, J = 3.3 Hz, 2H), 2.01 — 1.93 (m, 1H), 1.93 — 1.79
(m, 10H), 1.76 (ddt, J = 14.5, 11.4, 3.0 Hz, 3H), 1.72 — 1.58 (m, 10H), 1.58 — 1.49 (m,
3H), 1.45 (dddd, J = 13.1,9.9, 5.1, 2.6 Hz, 4H), 1.41 — 1.31 (m, 2H), 1.31 — 1.23 (m, 2H),

1.23 - 1.14 (m, 1H).

3C NMR (101 MHz, CDCl3): § 161.2, 160.8, 63.9, 63.8, 59.3, 57.7, 57.6, 57.5, 57.5,
51.6,42.3,39.1, 37.8,37.2, 35.9, 35.8, 34.1, 33.6, 32.7, 32.7, 30.2, 30.0, 28.1, 28.1, 26.6,

26.5,25.9,25.3,22.7,22.6,21.7, 21.6.

Preparation of copper complex 93:
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H
\4
HH N CuCly H 7
= - > . ACl

HS MeOH ‘N—C‘U

72% yield H Cl
24 93
[X-Ray]

A 1-dram vial in a glovebox was charged anhydrous copper (II) chloride (57.7
mg, 429 umol, 1.0 equiv) and anhydrous MeOH (0.85 mL, 0.5 M) and was stirred until a
homogenous solution was obtained. A separate 2-dram vial in a glovebox was charged
with isomatridine (24) and MeOH (0.85 mL, 0.5 M) and was stirred until a homogenous
solution was obtained. The two solutions were mixed, which initially produced a mixed
blue/yellow precipitate. The mixture was heated to reflux for one minute, and then cooled
to 21 °C at which point green crystals formed in a cloudy suspension. The supernatant
was decanted, and the crystals were washed with MeOH (2 x 0.3 mL) and dried under
vacuum (0.3 torr, 30 minutes) to yield the product 93 as a bright green crystalline solid
(114 mg, 72% yield). The copper complex was found to be air stable but decomposed in
aqueous solution. The copper complex could also be reduced to a copper (I) complex

with zinc dust. The obtained crystals were directly used to obtain an X-ray structure.
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Figure 2.41. X-Ray structure of (+)-93. CCDC number: not publication quality.

KCN, TFA
——

MeOH, 21 °C

94% yield

[X-Ray]

A 10 mL flask was charged with potassium cyanide (91.0 mg, 1.40 mmol, 7.0
equiv), hemi-aminal 89 (50.0 mg, 200 umol, 1.0 equiv), and MeOH (2.00 mL, 0.1 M).
The flask was capped with a septa, then trifluoroacetic acid (153 uL, 2.00 mmol, 10
equiv) was added. The reaction was stirred while sealed at 21 °C for 1 hour. Upon
completion the reaction was made basic with 3 M NaOH. The reaction mixture was
extracted with DCM (3 x 20 mL), dried over anhydrous Na,SOg, filtered, and
concentrated under reduced pressure. The product 90 was obtained as a white crystalline

solid (48.7 mg, 94% yield) and did not require additional purification.

a-aminonitrile 90:



Chapter 2 — A Pyridine Dearomatization Approach to the Matrine-Type Lupin Alkaloids 127

'H NMR (600 MHz, CDCL3): § 3.60 (d, J=4.5 Hz, 1H), 3.02 — 2.91 (m, 3H), 2.89 (td, J
=12.0, 2.9 Hz, 1H), 2.71 (d, J= 11.0 Hz, 1H), 2.51 — 2.40 (m, 3H), 2.38 (tt, J= 11.9, 4.7
Hz, 1H), 1.88 (qt, J = 13.2, 4.3 Hz, 1H), 1.80 — 1.57 (m, 7H), 1.57 — 1.40 (m, 4H), 1.35

(qd, J=13.9, 13.5, 4.3 Hz, 1H), 1.31 — 1.21 (m, 2H).

3C NMR (101 MHz, CDCl3): 8 115.9, 62.5, 59.8, 59.1, 54.3, 54.2, 45.6, 40.3, 29.3,

28.7,27.7,25.9, 25.8,24.0, 19.8, 18.4.
FTIR (NaCl, thin film): 3052, 2984, 2941, 2304, 1420, 1268, 895 cm™.
HRMS: (ESI-TOF) calc’d for CisH2sN3 [M+H]" 260.2121, found 260.2120.

TLC (10% 2 M NH; in MeOH /90% CHCI; stabilized with 0.75% EtOH), Rg: 0.35

(KMnOsy).
M.P. 180.2 °C — 181.1 °C

Figure 2.42. X-Ray structure of (+)-90. CCDC number: not publication quality.

Preparation of monocycle 85:
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N DCM, -78 °C to 21 °C

89% yield

A 50 mL flask under N> was charged with glutaryl chloride (0.21 mL, 1.64 mmol,
1.0 equiv) and DCM (16.4 mL, 0.1 M). The solution was cooled to —78 °C then 3-
dimethylaminopyridine (84) (1.00 g, 8.19 mmol, 5.0 equiv) was added dropwise. The
mixture was stirred for 5 minutes after which it was warmed to 21 °C and stirred for 2
hours at this temperature. The reaction was then quenched with TFA (1 mL) and washed
with water (30 mL). The organic layer was then washed with sat. NaHCOs3, dried over
anhydrous Na,SOq, filtered, and concentrated under reduced pressure. The product was
obtained as an orange crystalline solid (289 mg, 89% yield). The product 85 formed X-
ray quality crystals directly, and the product did not need any additional purification. The

product was found to undergo slow aerobic oxidation in solution.
monocycle 85:

'H NMR (600 MHz, CDCL): § 7.02 (d, J= 7.5 Hz, 1H), 5.78 (dd, J= 7.5, 5.6 Hz, 1H),
5.34 (dd, J= 5.6, 2.3 Hz, 1H), 4.43 (dd, J=9.8, 2.3 Hz, 1H), 3.05 (s, 4H), 2.64 (dt, J =
16.3, 2.7 Hz, 1H), 2.45 — 2.39 (m, 1H), 2.39 — 2.32 (m, 1H), 1.69 — 1.57 (m, 1H).

13C NMR (101 MHz, CDCL): § 174.8, 168.4, 135.8, 121.2, 111.5, 94.6, 52.1, 40.0, 32.1,

26.8,20.3.

FTIR (NaCl, thin film): 3054, 2985, 2305, 1730, 1718, 1660, 1420, 1273, 1264, 896 cm™

1

HRMS: (ESI-TOF) calc’d for C11H12N202 [M+H]" 205.0977, found 205.0977
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TLC (90% EtOAc /10% Hexanes), Ry: 0.23 (KMnOy).
M.P. 133.4°C - 135.2 °C.

Figure 2.43. X-Ray structure of (+)-85. CCDC number: not publication quality.

Preparation of dimethyltetracycle 83:

Me

(0] (0]
Me X
N g (v

® z

N DCM, -78 °C to 21 °C SN

82 18% yield o]
83

A 500 mL flask under N2 was charged with glutaryl chloride (1.37 mL, 10.7
mmol, 1.0 equiv), and DCM (107 mL, 0.1 M). The solution was cooled to —78 °C then 3-
methylpyridine (82) (5.22 mL, 53.7 mmol, 5.0 equiv) was added. The solution was stirred
at —78 °C for 30 minutes and then was allowed to warm to 21 °C and stir for 24 hours.
Upon completion, the reaction was concentrated under reduced pressure, and then under
vacuum on a Schlenk line (0.3 torr, 30 minutes). The residue was suspended in MeOH
(30 mL) and is collected by suction filtration. The product was washed with MeOH (2 x

10 mL) and Et,O (2 x 10 mL). The obtained solids were dried under vacuum to yield the
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product 83 as a tan crystalline solid (552 mg, 18% yield). The product underwent aerobic

oxidation in solution in air.
dimethyltetracycle 83:

'H NMR (600 MHz, CDCL): § 6.93 — 6.83 (m, 2H), 5.84 (d, J= 5.9 Hz, 1H), 5.65 (d, J
=12.6 Hz, 1H), 5.15 — 5.06 (m, 2H), 4.68 (dd, J = 7.5, 2.8 Hz, 1H), 3.05 — 2.92 (m, 2H),
2.59 (ddt, J= 13.6, 5.9, 2.7 Hz, 1H), 2.44 (dd, J= 17.8, 5.0 Hz, 1H), 2.00 (tt, J= 13.4,

5.1 Hz, 1H), 1.85 (s, 3H), 1.83 (s, 3H).

13C NMR (101 MHz, CDCls3): 8 168.2, 167.9, 129.1, 126.4, 123.6, 121.0, 120.9, 119.9,

118.6, 102.9, 57.6, 53.2,37.1, 28.5, 21.2, 19.4, 18.1.

FTIR (NaCl, thin film): 3053, 2986, 1712, 1420, 1266, 896 cm™'.

HRMS: (ESI-TOF) calc’d for C17H1sN>O> [M+H]" 283.1447, found 283.1434
TLC (60% EtOAc /40% Hexanes), Ry: 0.20 (KMnOg).

M.P. 197.8 °C - 201.7 °C.

Figure 2.44. X-Ray structure of (+)-83. CCDC number: not publication quality.

Preparation of enol ether 86:
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(0] (0]
Cl/u\/\)j\m e
| A then 4-methoxypyridine (5 equiv) MeO Z 0
N7 DCM, 78 °C to 21 °C N
o H
21 48% yield

A 500 mL flask under N> was charged with glutaryl chloride (3.78 mL, 29.6
mmol, 1.0 equiv) and DCM (296 mL, 0.1 M). The solution was cooled to —78 °C then
pyridine (12.0 mL, 148 mmol, 5.0 equiv) was added over the course of one minute. The
slurry was stirred at —78 °C for 15 minutes after which it was allowed to warm to 21 °C
and stir until the mixture became homogenous. Upon reaching homogeneity the 4-
methoxypyridine (15.0 mL, 29.6 mmol, 5.0 equiv) was added immediately all at once.
The reaction was then stirred at 21 °C for 24 hours. Upon completion, the reaction was
concentrated under reduced pressure, and then under vacuum on a Schlenk line (0.3 torr,
30 minutes). The residue was suspended in MeOH (10 mL), and the solids were isolated
by suction filtration. The solids were washed with MeOH (2 x 5 mL) and Et:O (2 x 15
mL). The solids were dried under vacuum (0.3 torr, 30 minutes) to yield the product 86 as

a tan crystalline solid.
enol ether 86:

'H NMR (600 MHz, CDCL): § 7.29 (d, J= 7.9 Hz, 1H), 7.03 (dq, J= 7.9, 1.0 Hz, 1H),
6.03 (ddt, J=10.2, 3.7, 1.2 Hz, 1H), 5.79 (dddd, /= 10.2, 5.7, 2.5, 1.0 Hz, 1H), 5.56 (d, J
=8.1 Hz, 1H), 5.35 (t, J = 3.0 Hz, 1H), 5.16 (ddt, J= 7.6, 5.7, 0.9 Hz, 1H), 4.71 (d, J =
7.3 Hz, 1H), 3.50 (s, 3H), 2.98 (ddd, J = 18.6, 13.0, 6.0 Hz, 1H), 2.72 (dt, J=7.2, 3.6 Hz,
1H), 2.59 (dddd, J= 13.7, 6.0, 3.4, 2.5 Hz, 1H), 2.46 (dddd, J = 18.3, 5.3, 2.5, 1.3 Hz,

1H), 1.94 (dddd, /= 13.8, 13.1, 5.3, 4.3 Hz, 1H).
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13C NMR (101 MHz, CDCl3): 8 168.3, 167.9, 149.1, 129.8, 122.4, 121.5, 118.2, 109.0,

106.8, 103.5, 58.5, 54.4, 53.4, 36.9, 28.7, 19.9.

FTIR (NaCl, thin film): 3053, 2986, 2932, 1831, 2300, 1674, 1653, 1591, 1414, 1266,

1166 cm™.
HRMS: (ESI-TOF) calc’d for CisHisN2O3 [M+H]" 285.1239, found 285.1231.
TLC (4% MeOH /96% DCM), Ry 0.39 (KMnOs).

M.P. 182.0 °C - 184.3 °C.

Cyclization NMR Study:
o} o)

H H [l H

| Cl/u\/\)j\Cl SR = I8N o

—_—
7

N DCM, —25 °C to 25 °C cl N

H H
(o]
21 (%)-73 (#)-23

In a glovebox, an NMR tube was charged with CD>Cl, (0.75 mL, 0.045 M),
pyridine (34 puL, 0.42 mmol, 12.0 equiv), and PhSiMes (5.1 mg, 0.034 mmol, 0.97 equiv).
The solution was cooled in the glovebox freezer (-25 °C) for 15 minutes. To the cold
solution was rapidly added glutaryl chloride (4.5 pL, 0.035 mmol, 1.0 equiv). The tube was
capped and inverted to mix. Initially, a precipitate formed which dissolved after one minute
of mixing. The reaction was then monitored by '"H gNMR over the course of 24 hours

(PhSiMes internal standard).
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Figure 2.45. Cyclization of glutaryl chloride and pyridine 'H NMR time-course study.
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(¥)-Acid chloride 73:

'TH NMR (600 MHz, CDCl3): § 7.08 (dt, J= 8.1, 0.9 Hz, 1H), 5.98 (dddd, /=9.7, 5.6, 2.6,

1.0 Hz, 1H), 5.49 (ddt,J=9.7,2.9, 1.1 Hz, 1H), 5.28 (ddd, J=17.7, 4.9, 1.0 Hz, 1H), 4.85

(dt, J=5.0, 2.8 Hz, 1H), 3.59 (dt, J= 6.5, 4.8 Hz, 1H), 2.76 (td, J= 7.5, 4.8 Hz, 1H), 2.55

(dt, J=17.1, 7.0 Hz, 1H), 2.40 (dt, J= 17.2, 7.2 Hz, 1H), 2.27 — 2.19 (m, 1H).
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Figure 2.46. Cyclization of glutaryl chloride and pyridine '"H NMR time-course study

trans isomer inset.
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A 500 mL oven dried N> flushed flask was charged with glutaryl chloride (0.76
mL, 5.92 mmol, 1 equiv) and DCM (59 mL, 0.1 M). The solution was cooled to —50 °C,
then pyridine (2.4 mL, 29.6 mmol, 5 equiv) was added dropwise. The thick slurry was
stirred at —50 °C for 15 minutes and then allowed to warm to ambient temperature. Once
the reaction become homogenous (ca. 30-60 minutes) the methanol (0.48 mL, 11.8 mmol,
2 equiv) was added. The solution was cooled to 0 °C then triethylsilane (14.2 mL, 88.8
mmol, 15 equiv) was added followed by a dropwise addition trifluoroacetic acid (6.8 mL,
88.8 mmol, 15 equiv). The reaction was allowed to warm to ambient temperature and
stirred for 18 hours. Once complete, the reaction was made basic with sat. NaxCOs, and
the aqueous layer was extracted with DCM (3 x 50 mL). The combined organic layers
were dried over anhydrous Na>SOg, filtered, and concentrated under reduced pressure.
The crude product was purified via Si0; column chromatography [160 g Si0», 55 mm
diameter column, eluted with 60% Acetone/40% Hexanes] to yield the alkenyl methyl

ester 107 as a pale yellow crystalline solid (895 mg, 72% yield).
Alkenyl Ester 107:

'H NMR (500 MHz, CDCL3): § 6.04 — 5.89 (m, 1H), 5.50 (ddt, J=10.1, 2.9, 1.4 Hz,
1H), 4.76 (ddt, J= 12.8, 5.8, 1.3 Hz, 1H), 4.37 (ddt, J= 6.9, 4.9, 2.4 Hz, 1H), 3.69 (s,
3H), 3.01 (dt, J = 6.6, 4.9 Hz, 1H), 2.73 (td, J= 12.2, 4.2 Hz, 1H), 2.61 (ddd, J=17.7,
7.8, 6.7 Hz, 1H), 2.43 (dt, J= 17.6, 6.5 Hz, 1H), 2.33 (ddtd, /=20.3, 11.9, 6.0, 2.5 Hz,

1H), 2.10 - 1.96 (m, 3H).

3C NMR (101 MHz, CDCl3): 8 172.0, 169.1, 129.1, 125.9, 55.8, 52.0, 43.1, 39.8, 30.4,

24.7,21.6.
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FTIR (NaCl, thin film): 3031, 2951, 2841, 1736, 1642, 1459, 1436, 1417, 1280, 1263,

1233, 1193, 1163, 1014, 988,917 cm™".

HRMS: (FI-TOF) calc’d for C11HisNO3 [M]" 209.10464, found 209.10482.
TLC (50% acetone/50% hexanes), Ry: 0.23 (KMnOy).

M.P. 38.4 —40.6 °C.

Preparation of methyl ester 108:

Oy -OMe O, -OMe
_ P Hy, PA/C P
o 71% yield o
107 108

A 25 mL flask was charged with alkenyl methyl ester 107 (100 mg, 0.478 mmol,
1 equiv), 10% palladium on carbon (25.4 mg, 23.9 umol, 5 mol %) and methanol (4.78
mL, 0.1 M). The flask was purged with N> (balloon) then with H> (balloon). The reaction
was stirred vigorously (1500 rpm) until complete consumption of the starting material
was observed by TLC (ca. 3 hours). Upon completion the reaction was filtered over
celite, concentrated under reduced pressure, and purified via SiO> column
chromatography [20 g SiO2, 20 mm column diameter, eluted with 25% acetone/75%

hexanes] to yield the methyl ester 108 as a white crystalline solid (72.2 mg, 71% yield).
Methyl Ester 108:

'H NMR (500 MHz, CDCL3): § 4.76 (ddt, J= 12.8, 4.3, 2.0 Hz, 1H), 3.73 (s, 3H), 3.74 —
3.67 (m, 1H), 2.98 (dt, J= 11.0, 5.8 Hz, 1H), 2.60 — 2.44 (m, 2H), 2.40 — 2.28 (m, 1H),
2.09 — 1.98 (m, 2H), 1.95 (d, J = 13.6 Hz, 1H), 1.64 (ddd, J = 10.7, 8.4, 5.5 Hz, 1H), 1.60

~1.52 (m, 1H), 1.51 — 1.36 (m, 3H).
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3C NMR (101 MHz, CDCl3): § 172.2,167.9, 58.1, 52.2,44.7,43.5, 31.5, 28 4, 25.5,

25.0, 19.6.

FTIR (NaCl, thin film): 2985, 2952, 1738, 1635, 1439, 1420, 1275, 1262, 1168 cm’".
HRMS: (FI-TOF) calc’d for C11H17NO3 [M]" 211.12029, found 211.12066.

TLC (25% acetone/75% hexanes), Ry: 0.22 (KMnOy).

M.P. 74.6 — 75.9 °C.

Preparation of lupinine (109):

OYOMe OH
H 3 <

; LiAIH4 H 3

—_—
N
THF N

o]

108 67% yield Lupinine (109)

An oven dried N flushed 25 mL flask was charged with methyl ester 108 (50.0
mg, 237 umol, 1 equiv) and THF (2.4 mL, 0.1 M) after which the flask was equipped
with a reflux condenser which had been purged with N,. The solution was heated to
reflux, then lithium aluminum hydride (1.0 M in THF, 1.32 mL, 1.32 mmol, 5.6 equiv)
was added dropwise. The solution was refluxed for 3 hours under N,. Upon completion,
the reaction was cooled to ambient temperature, and was quenched by a dropwise
addition of a saturated solution of rochelles salt (10 mL). The reaction mixture was
extracted with DCM (5 x 20 mL). The combined organic layers were dried over
anhydrous Na,SOq, filtered, and concentrated under reduced pressure. The crude product
was purified via SiO> column chromatography [20 g Si0», 20 mm column diameter,
eluted with 35% 2 M NH3 in MeOH/65% ACN] to yield lupinine as a white crystalline

solid (26.9 mg, 67% yield).



Chapter 2 — A Pyridine Dearomatization Approach to the Matrine-Type Lupin Alkaloids 138

Lupinine (109):

'H NMR (500 MHz, CDCL3): § 5.43 (s, 1H), 4.16 (ddd, J = 10.7, 4.7, 1.7 Hz, 1H), 3.69
(d,J=10.7 Hz, 1H), 2.86 — 2.78 (m, 2H), 2.23 — 2.08 (m, 2H), 2.01 (td, J = 12.8, 3.0 Hz,

1H), 1.90 — 1.69 (m, 4H), 1.65 — 1.49 (m, 6H), 1.26 (qt, J = 13.5, 4.5 Hz, 1H).

13C NMR (101 MHz, CDCL): § 66.2, 65.2, 57.3, 57.2, 38.2, 31.6, 29.9, 25.8, 24.8, 23.1.
FTIR (NaCl, thin film): 2985, 2941, 2859, 1466, 1445, 1421, 1268, 1262 cm"".
HRMS: (FI-TOF) calc’d for C10H19NO [M]* 169.14612, found 169.14620.

TLC (35% 2 M NH; in MeOH/65% ACN), Ryz 0.39 (KMnOs).

M.P.47.9 -51.1 °C.



Chapter 2 — A Pyridine Dearomatization Approach to the Matrine-Type Lupin Alkaloids 139

Table 2.28. 'H NMR data for authentic vs synthetic (+)-lupinine.

Lupinine literature 6
ppm*7 (300 MHz, Lupinine recorded 6 ppm (500

CDCh) MHz, CDCls)
4.75 (brs, 1H) 5.43 (brs, 1H)
4.16 (ddd, J=10.7,4.7, 1.7 Hz,
4.09 - 4.14, (m, 1H) 1H)
3.67 (d,J=10.8 Hz,
1H) 3.69 (d,J=10.7, 1H)

2.81-2.77 (m, 2H) 2.86 - 2.78 (m, 2H)
2.14-1.99 (m, 3H) 2.23 -2.08 (m, 2H)

- 2.01 (td, J = 12.8, 3.0 Hz, 1H)

1.74 - 1.80 (m, 4H) 1.90 - 1.69 (m, 4H)

1.58 - 1.52 (m, 6H) 1.65 - 1.49 (m, 6H)

1.30- 1.15 (m, 1H) | 1.26 (qt, J= 13.5, 4.5 Hz, 1H)
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Table 2.29. "C NMR data for authentic vs synthetic (+)-lupinine.

Carbon Lupinine literature 6 | Lupinine recorded &
No. ppm (75 MHz, ppm (101 MHz,

lupinine CDCl) CDCl) Ad
1 38.3 38.2 -0.1
2 31.3 31.6 0.3
3 23.0 23.1 0.1
4 57.0 57.2 0.2
5 57.2 57.3 0.1
6 24.5 24.8 0.3
7 25.7 25.8 0.1
8 29.8 29.9 0.1
9 65.0 65.2 0.2
10 65.9 66.2 0.3

140
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Preparation of trans methyl ester 110:

Oxy-OMe Os__OMe
H * H
= t+-BuOK 7
N +-BuOH, 21 °C N
o] o}
107 110

A 1 L N» -flushed flask was charged with 107 (21.6 g, 103 mmol, 1.0 equiv) and
t-BuOH (413 mL, 0.25 M). Next, potassium ~-BuOK (4.63 g, 41.3 mmol, 0.4 equiv) was
added in a single portion, and the solution was stirred at 21 °C until a 10:1 ratio of
110:107 was reached as judged by "H NMR aliquots (ca. 4 hours). Upon completion, the
reaction was quenched with acetic acid (2.36 mL, 41.3 mmol, 0.4 equiv). The reaction
was concentrated under reduced pressure. The residue was diluted with sat. aq. NaHCO3
and was extracted with DCM (3 x 100 mL). The combined organic layers were dried over
anhydrous Na,SOq, filtered, and concentrated under reduced pressure. The crude product
was used directly in the next step without additional purification. An analytically pure
sample was obtained by SiO; column chromatography (20 g SiO2, 20 mm column, 40%

Acetone/60% Hexanes) to provide 110 as a white crystalline solid.
(£)-methyl ester epimer 110:

'H NMR (400 MHz, CDCL): § 5.94-5.90 (m, 1H), 85.56-5.50 (m, 1H), 4.83 (ddt, J =
12.9, 5.8, 1.4 Hz, 1H), 4.31 (dq, J= 10.6, 2.1 Hz, 1H), 3.76 (s, 3H), 2.64 (td, J = 12.4, 4.1
Hz, 1H), 2.56 (ddd, J=17.7, 5.5, 2.5 Hz, 1H), 2.47 (ddd, J= 12.3, 10.6, 3.2 Hz, 1H),
2.40 (ddd, J=18.1, 12.6, 6.3 Hz, 1H), 2.25 (dddq, J=17.7, 11.9, 5.9, 2.6 Hz, 1H), 2.11 —

2.00 (m, 2H), 1.94 (qd, J = 12.6, 5.4 Hz, 1H).
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3C NMR (101 MHz, CDCl3): 8 173.6, 168.1, 127.9, 127.1, 56.6, 52.7, 46.4, 39.0, 31.8,

25.3,24.2

FTIR (NaCl, thin film): 3052, 2953, 1728, 1639, 1434 cm".

HMRS: (ESI-TOF) calc’d for C11H1503N [M+H]" 210.1124, found 210.1124.
TLC: 50% acetone in 50% hexane, Ry = 0.44 (KMnOy).

Preparation of methyl ester 111:

O, OMe O, OMe
= Pd/C (1 mol %)
N MeOH, 21 °C N
(0] 55% yield (0]
110 over 2 steps 111

A 1 L flask was charged with all the trans methyl ester 110 from the previous step
(ca. 21.6 g, 103 mmol, 1.0 equiv), 10% palladium on carbon (971 mg, 0.91 mmol, 1
mol %), and MeOH (456 mL, 0.2 M). The flask was purged with N followed by H>, then
the reaction was stirred at 1500 RPM at 21 °C until full consumption of the starting
material was observed by TLC (ca. 2 hours). Upon completion, the solution was then
filtered through celite with DCM, concentrated under reduced pressure, and purified via
Si0; column chromatography (1900 g Si0,, 120 mm column, 40:60 acetone/hexane) to

provide 111 as a white crystalline solid (10.6 g, 55% yield).
(£)-methyl ester 111:

'"H NMR (400 MHz, CDCl3): 6 4.80 (ddt, J=13.2,4.2, 2.1 Hz, 1H), 3.73 (s, 3H), 3.58
(ddd, J=11.0, 8.2, 2.5 Hz, 1H), 2.59 — 2.40 (m, 3H), 2.34 (ddd, J=17.2, 11.1, 5.5 Hz,

1H), 2.05 — 1.98 (m, 1H), 1.92 (dtd, J= 13.2, 11.0, 4.8 Hz, 1H), 1.87 — 1.77 (m, 2H), 1.69
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(ddq, J=13.4, 4.0, 2.1 Hz, 1H), 1.48 (qt, J = 12.2, 3.4 Hz, 1H), 1.43 - 1.32 (m, 1H), 1.25

(tdd, J=13.1, 11.3, 3.5 Hz, 1H).

3C NMR (101 MHz, CDCl3): § 174.0, 168.4, 58.4, 52.7,47.1,43.1, 33.8, 31.8, 25.5,

24.7,23.5

FTIR (NaCl, thin film): 3050, 2856, 1732, 1645, 1454 cm!.

HMRS: (ESI-TOF) calc’d for C11H1703N [M+H]" 212.1281, found 212.1281.
TLC: 50% acetone in 50% hexane, Rf= 0.48 (Seebach’s “Magic” Stain)

Preparation of (£)-tosylate 112:

(@) OMe OTs
H L-Selectride H

then TsCl
N THF, 0 °C N

73% yield fo)

11 112

A 1 L N> flushed flask was charged with 111 (10.6 g, 50.2 mmol, 1.0 equiv) and
THF (201 mL, 0.25 M). The solution was cooled to 0 °C then L-Selectride (1 M in THF,
105 mL, 105 mmol, 2.1 equiv) was added over the course of 5 minutes. The reaction was
allowed to stir for 10 mins at 0 °C after which p-toluenesulfonyl chloride (16.3 g, 85.3
mmol, 1.7 equiv) as a solution in THF (25 mL, 1 M) was added at such a rate as to
prevent the temperature from increasing above 10 °C (ca. 10 minutes). The clear solution
was stirred for 15 minutes, after which it was quenched by the dropwise addition of a
mixture of hydrogen peroxide (30% in water, 9.2 mL, 90.1 mmol, 1.8 equiv) and sodium
hydroxide (4.0 g, 100 mmol, 2.0 equiv). The reaction mixture was stirred at 0 °C for 1
hour. Upon the completion, the reaction mixture was concentrated under reduced

pressure, diluted with sat. NH4Cl (50 mL), and extracted with DCM (3 x 75 mL). The
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combined organic layers were dried over anhydrous Na,SOg, filtered, and concentrated
under reduced pressure. The crude product was purified via column chromatography
(1500 g Si03, 120 mm column, 40:60 Acetone/Hexane) to yield 112 in a white crystalline

solid (12.4 g, 73% yield).
(¥)-tosylate 112:

'H NMR (400 MHz, CDCL): 5 7.78 (d, J= 8.2 Hz, 2H), 7.37 (d, J = 8.0 Hz, 2H), 4.75
(ddt, J=13.1, 4.2, 2.2 Hz, 1H), 4.30 — 3.74 (m, 2H), 3.04 (ddd, J=11.5, 7.3, 2.5 Hz,
1H), 2.46 (s, 3H) 2.24 (ddd, J= 17.4, 10.3, 5.4 Hz, 2H), 2.24 (ddd, J= 17.4, 10.3, 5.4 Hz,
1H), 1.88 — 1.74 (m, 4H), 1.61 (dddd, J=20.4, 15.2, 10.2, 3.7 Hz, 2H), 1.46 — 1.30 (m,

2H), 1.27 — 1.16 (m, 1H).

3C NMR (101 MHz, CDCl): 8 168.6, 145.7, 133.0, 130.5, 128.4, 71.1, 58.3, 43.5, 40.0,

33.5,31.1,25.5,24.9,22.1.
FTIR (NaCl, thin film): 3053, 2942, 1633, 1362, 1265 cm’!.
HMRS: (ESI-TOF) calc’d for C17H23SO4N [M+H]" 338.1424, found 338.1421.

TLC: 50% acetone in 50% hexane, Rf=0.36 (KMnOy).

O,
OTs
H Gilutarimide N
+BuOK H
—»

o)
N DMF, 100 °C

Preparation of (£)-imide 113:

N
o) 93% yield

112 113

An oven dried N flushed 250 mL flask was charged with glutarimide (9.56 g,

84.5 mmol, 2.3 equiv) and DMF (184 mL, 0.2 M). To the solution was added ~-BuOK
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(5.77 g, 51.4 mmol, 1.4 equiv) after which the mixture was allowed to stir for 15 minutes.
A separate oven dried N flushed 500 mL flask was charged with tosylate 112 (12.4 g,
36.7 mmol, 1.0 equiv) and DMF (92 mL, 0.4 M). The glutarimide solution was
cannulated into the tosylate solution over the course of 5 minutes. The reaction mixture
was then heated at 100 °C until complete consumption of the starting material was
observed by TLC (ca. 3 hours). Upon completion, the reaction mixture was cooled to

21 °C. The flask was equipped with a shortpath distillation head, and the majority of the
DMF was removed by distillation (35 °C, 0.3 torr). The residue was diluted in sat.
NaHCOs3 (100 mL) and was extracted with DCM (3 x 75 mL). The combined organic
layers were dried over anhydrous Na>SOys, filtered, and concentrated under reduced
pressure. The crude product was purified by SiO> column chromatography (500 g SiO»,
80 mm column, 50% Acetone/50% Hexanes) to yield the product 113 as a white
crystalline solid (9.50 g, 93% yield).

(¥)-glutarimide 113:

'"H NMR (400 MHz, CDCl3): 5 4.81 (ddt, J=13.2, 4.3, 2.2 Hz, 1H), 4.15 — 3.55 (m,
2H), 3.00 (ddd, /=10.5, 7.5, 2.4 Hz, 1H), 2.69 (t, J = 6.5 Hz, 4H), 2.48 (dt, /= 17.3, 5.0
Hz, 1H), 2.38 (td, /= 12.9, 2.8 Hz, 1H), 2.18 (ddd, /= 16.8, 10.7, 5.3 Hz, 1H), 2.03 —

1.92 (m, 3H), 1.90 — 1.80 (m, 2H), 1.65 (ddt, J= 13.7, 9.3, 4.6 Hz, 2H), 1.55 — 1.34 (m,

3H), 1.29 (qd, J= 12.7, 3.6 Hz, 1H).

3C NMR (101 MHz, CDCl3): 8 173.2, 169.1, 60.9, 43.5, 42.3, 39.4, 33.8, 33.6, 31.5,

25.7,25.2,23.2, 17.6.

FTIR (NaCl, thin film): 3053, 2943, 1679, 1631, 1264 cm’!.
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HMRS: (ESI-TOF) calc’d for C15sH2203N> [M+H]" 279.1705, found 279.1703.
TLC: 50% acetone in 50% hexane, Rf = 0.48 (Seebach’s “Magic” Stain).

Preparation of (£)-tetracycle 114:

ij H
H LDA N
O —F—>
THF, =78 °C N :
N OH
56% yield o)

o 114

A 250 mL oven dried N> flushed flask was charged with diisopropylamine (8.61
mL, 61.4 mmol, 1.8 equiv) and THF (68 mL, 1.0 M). The solution was cooled to 0 °C
then n-buthyllithium (2.5 M in hexanes, 24.6 mL, 61.4 mmol, 1.8 equiv) was added
dropwise after which the reaction was allowed to stir for 15 minutes at 0 °C. A separate
500 mL oven dried N> flushed flask was charged with glutarimide 113 (9.50 g, 34.1
mmol, 1.0 equiv) and THF (341 mL, 0.1 M) and was then cooled to —78 °C. The LDA
solution was cannulated into the glutarimide solution at —78 °C rapidly over the course of
2 minutes. The reaction was stirred for an additional 2 minutes at —78 °C and then
quenched with acetic acid (9.8 mL, 171 mmol, 5.0 equiv) at —78 °C. The reaction mixture
was removed from the cooling bath and concentrated under reduced pressure. The crude
reaction mixture was diluted in sat. NH4Cl1 (100 mL) and extracted with DCM (3 x 75
mL). The combined organic layers were dried over anhydrous Na>SOs, filtered, and
concentrated under reduced pressure. The crude product was purified via SiO; column
chromatography (500 g SiO2, 80 mm column, 15% MeOH/85% EtOAc) to yield the

product 114 as a white crystalline solid (5.30 g, 56% yield).
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(¥)-tetracycle 17:

'H NMR (400 MHz, CDCL3): § 4.93 (dd, J= 14.2, 10.7 Hz, 1H), 4.74 (ddt, J= 13.1, 4.2,
1.9 Hz, 1H), 4.07 (s, 1H), 3.02 — 2.97 (m, 1H), 2.72 (dt, J= 4.1, 2.0 Hz, 1H), 2.57 — 2.46
(m, 3H), 2.33 (ddd, J= 17.6, 12.6, 6.7 Hz, 1H), 2.23 (pq, J = 9.2, 3.2 Hz, 2H), 1.99 —
1.90 (m, 2H), 1.88 — 1.79 (m, 2H), 1.76 — 1.66 (m, 2H), 1.66 — 1.51 (m, 3H), 1.48 — 1.36

(m, 2H).

13C NMR (101 MHz, CDCls): 5 170.8, 168.9, 84.6, 62.9, 49.1, 44.4, 38.7, 38.5, 32.3,
31.8,31.2,26.1,25.2,20.4, 16.4.

FTIR (NaCl, thin film): 3053, 1641, 1615, 1269, 1407 cm".

HMRS: (ESI-TOF) calc’d for C15sH203N> [M+H]" 212.1705, found 212.1703.

TLC: 15% methanol in 85% ethyl acetate, Ry = 0.26 (Seebach’s “Magic” Stain)

Preparation of sparteine (115):

H H
N LiAIH, N
e
N B THF, reflux N B
OH H

fo) 30% yield
114 sparteine (115)

An N flushed oven dried 1L round bottom flask was charged with bis-amide 114
(5.00 g, 18.0 mmol, 1.0 equiv) and THF (180 mL, 0.1 M). To the solution at 21 °C was
added LiAlH4 (1.0 M solution in THF, 341 mL, 341 mmol, 19 equiv). The solution was
heated to reflux for 16 hours. Upon completion, the solution was cooled to 21 °C then
poured into a solution of sat. aq. Rochelles salt (500 mL) and ice (500 g). After
quenching, 3 M NaOH (100 mL) was added, and the mixture was stirred for 15 minutes

to break apart the aluminum solids into a white slurry. The mixture was concentrated



Chapter 2 — A Pyridine Dearomatization Approach to the Matrine-Type Lupin Alkaloids 148

under reduced pressure to remove the THF. Subsequently the mixture was extracted with
Et;0 (3 x 100 mL). The combined organic layers were washed with brine (100 mL),
dried over anhydrous Na,SOg, filtered, and concentrated under reduced pressure. The
crude residue was purified via distillation under reduced pressure (300 mTorr, 80.0 °C —
82.1 °C, 120 °C oil bath temperature) (2.30 g, 80% purity by gNMR in CDClI3, pyrazine
standard). The obtained pale-yellow oil was treated with 2 M H>SO4 (8 mL, 16 mmol, 2.1
equiv) followed by freezing and water removal through lyophilization. The obtained
solids were dissolved in boiling EtOH, cooled to 0 °C, and the crystals were isolated by
vacuum filtration to provide sparteine bis-sulfate pentahydrate as a white crystalline solid

(2.50 g, 30% yield).
(¥)-sparteine (115):

'H NMR (600 MHz, CDCL3): § 4.93 (dd, J= 14.2, 10.7 Hz, 1H), 4.74 (ddt, J= 13.1, 4.2,
1.9 Hz, 1H), 4.07 (s, 1H), 3.02 — 2.97 (m, 1H), 2.72 (dt, J= 4.1, 2.0 Hz, 1H), 2.57 — 2.46
(m, 3H), 2.33 (ddd, J= 17.6, 12.6, 6.7 Hz, 1H), 2.23 (pq, J = 9.2, 3.2 Hz, 2H), 1.99 —
1.90 (m, 2H), 1.88 — 1.79 (m, 2H), 1.76 — 1.66 (m, 2H), 1.66 — 1.51 (m, 3H), 1.48 — 1.36

(m, 2H).

13C NMR (101 MHz, CDCl): § 170.8, 168.9, 84.6, 62.9, 49.1, 44.4, 38.7, 38.5, 32.3,

31.8,31.2,26.1,25.2,20.4, 16.4.
FTIR (NaCl, thin film): 2985, 2933, 1421, 1268 cm’!.
HMRS: (ESI-TOF) calc’d for CisH27N2 [M+H]" 235.2169, found 235.2177.

TLC: 15% methanol in 85% ethyl acetate, Ry = 0.26 (Seebach’s “Magic” Stain)
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Table 2.30. 'H NMR data for authentic vs synthetic (+)-sparteine bis-sulfate (DO).

17 15
s N 7 N 14
! 6 s Mo i
3 N 9 |E| 12
2 10
Sparteine literature o
ppm (400 MHz, Sparteine recorded ¢ ppm (600
D,0)* MHz, D-0O)
3.59 (brt,J=13.0
Hz, 1H) 3.66 (dd, J=14.5, 11.3 Hz, 1H)
3.48-3.31 (m, 4H) 3.52-3.45 (m, 3H)

- 3.41 (dt, J=12.1,3.3 Hz, 1H)

3.24 (brd,J=11.0
Hz, 1H) 3.31(dd, J=11.9, 2.5 Hz, 1H)

3.17-2.96 (m, 4H) 3.20 - 3.14 (m, 2H)

- 3.11 (td, J = 12.7, 3.5 Hz, 2H)

2.55 (brd, J=10.0
Hz, 1H) 2.62 (d, J=11.3 Hz, 1H)

2.22 (brs, 1H) 2.30 (s, 1H)

- 2.15 (dq, J = 15.3, 4.1 Hz, 1H)

2.08 (brd, J=15.0
Hz, 1H) 2.04 (d, J=14.7 Hz, 1H)

2.01-1.44 (m, 13H) 1.98 — 1.86 (m, 6H)

- 1.86 — 1.71 (m, 3H)

- 1.71 — 1.56 (m, 3H)
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Table 2.31. ”"C NMR data for authentic vs synthetic (+)-sparteine bis-sulfate (D,O).

17 15
s N 7 N 14
4
6 ) i
3 N z
9 g 12
2 10
Carbon Sparteine literature 6 Ad
Number ppm (101 MHz, Sparteine literature & ppm (101
D,0) MHz, D>O)
6 66.5 66.5 0.0
11 63.2 63.2 0.0
10 57.2 57.1 -0.1
2 56.5 56.5 0.0
15 55.0 55.0 0.0
17 49.0 48.9 -0.1
9 32.0 32.0 0.0
12 31.3 31.3 0.0
7 29.1 29.1 0.0
5 26.8 26.8 0.0
3 22.7 22.7 0.0
4 22.5 22.5 0.0
14 22.4 22.4 0.0
8 21.9 21.9 0.0
13 21.5 21.5 0.0
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2.8 X-RAY CRYSTALLOGRAPHY REPORTS

Low-temperature diffraction data (¢- and w-scans) were collected on a Bruker AXS
D8 VENTURE KAPPA diffractometer coupled to either a PHOTON 100 CMOS detector
with Mo-Ka radiation (A = 0.71073 A) or a PHOTON II CPAD detector with either Mo-
Ka radiation (., = 0.71073 A) or Cu-Ka radiation (A = 1.54178 A) from a fine-focus sealed
X-ray tube. All diffractometer manipulations, including data collection integration and
scaling, were carried out using the Bruker APEXII software.* Absorption corrections were
applied using SADABS.* The structure was solved by intrinsic phasing using SHELXT>!
and refined against F2 on all data by full-matrix least squares with SHELXL-2014%2 using
established refinement techniques.>® All non-hydrogen atoms were refined anisotropically.
All hydrogen atoms were included into the model at geometrically calculated positions and
refined using a riding model. The isotropic displacement parameters of all hydrogen atoms
were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for methyl
and hydroxyl groups). Absolute configuration was determined by anomalous dispersion
and confirmed by Bayesian statistical analysis using the program PLATON.>> Graphical
representation of the structure with 50% probability thermal ellipsoids was generated using

Mercury visualization software.>¢
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Crystallographic Analysis of (£)-105.

Special Refinement Details

Compound (£)-105 crystallizes in the triclinic space group P-1 with two

molecules in the asymmetric unit. CCDC number: 2159774.

Table 2.32. Crystal data and structure refinement for (+)-105.

Identification code V22048
Empirical formula CisH25N3
Formula weight 259.39
Temperature/K 200.0
Crystal system triclinic
Space group P-1

a/lA 10.3418(10)
b/A 11.0488(9)
c/A 13.5340(12)
a/° 71.002(5)
B/° 75.301(7)
v/° 89.676(5)
Volume/A3 1409.4(2)

V4 4

Pealcg/cm’ 1.222
w/mm-! 0.560
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F(000) 568.0

Crystal size/mm? 0.3x0.15%x0.15

Radiation CuKa (A =1.54178)

20 range for data collection/°7.166 to 150.084

Index ranges -12<h<12,-13<k<13.-16<1<16
Reflections collected 32777

Independent reflections 5743 [Rint = 0.0603, Rgiema = 0.03971
Data/restraints/parameters  5743/0/343

Goodness-of-fit on F? 1.051

Final R indexes [I>=26 (I)] Ri=0.0497, wR> =0.1416

Final R indexes [all datal R1=0.0579, wR, =0.1522

Largest diff. peak/hole / e A~ 0.34/-0.22

Crystallographic Analysis of (-)-30 monohydrate.

Special Refinement Details

Compound (-)-30 monohydrate crystallizes in the monoclinic space group P2;
with one molecule in the asymmetric unit. Absolute configuration was determined by
anomalous dispersion (Flack = 0.09(15). Bayesian statistics further confirm the absolute
stereochemistry: P2(true) = 1.000, P3(true) = 0.992, P3(rac-twin) = 0.008, and P3(false)

=0.1x10'°, CCDC number: 2163777.
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Table 2.33. Crystal data and structure refinement for (—)-30 monohydrate.

Identification code V22047
Empirical formula CisH2sN203
Formula weight 266.38
Temperature/K 100.0
Crystal system monoclinic
Space group P2,

a/A 6.5987(12)
b/A 14.549(5)
c/A 7.3792(15)
o/° 90

pB/e 99.85(2)
v/° 90
Volume/A3 698.0(3)

Z 2
Pealeg/cm? 1.267
wmm-! 0.665
F(000) 292.0

Crystal size/mm?

Radiation

0.15 x 0.1 x 0.05
CuKa (= 1.54178)

20 range for data collection/° 12.166 to 148.87

Index ranges -7<h<8,-18<k<17,-9<1<9
Reflections collected 10516

Independent reflections 2832 [Rint = 0.0508, Rsigma = 0.0415]
Data/restraints/parameters 2832/1/175

Goodness-of-fit on F? 0.895

Final R indexes [[>=2c ()] R1=0.0357, wR, =0.1073
Final R indexes [all data] R: =0.0396, wR>=0.1131
Largest diff. peak/hole / e A3 0.22/-0.18

Flack parameter 0.09(15)

Crystallographic Analysis of (+)-27.

154
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Special Refinement Details

Compound (+)-27 crystallizes in the monoclinic space group P2; with one
molecule in the asymmetric unit. Absolute configuration was determined by anomalous
dispersion (Flack = -0.16(18). Bayesian statistics further confirm the absolute
stereochemistry: P2(true) = 1.000, P3(true) = 0.988, P3(rac-twin) = 0.012, and P3(false)

=0.2x10®%. CCDC number: 2159773.

Table 2.34. Crystal data and structure refinement for (+)-27.

Identification code V22044
Empirical formula Ci15sH24N>O
Formula weight 248.36
Temperature/K 100.0
Crystal system monoclinic
Space group P2,

a/lA 6.6233(8)
b/A 8.0886(11)
c/A 12.9022(19)
o/° 90

B/ 103.235(9)
y/° 90
Volume/A3 672.85(16)
Z 2
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Pealeg/cm’

wmm:!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / ¢ A3

Flack parameter

1.226

0.599

272.0

0.3 x0.15x0.15

CuKoa (A =1.54178)

7.038 to 159.11
-8<h<8,-10<k<10,-16<1<14
11330

2847 [Rint = 0.0738, Rsigma = 0.0617]
2847/1/163

1.056

R1=10.0485, wR>=0.1361
R1=10.0527, wR>=0.1420
0.36/-0.25

-0.16(18)

Crystallographic Analysis of (£)-29.

Special Refinement Details

Compound (£)-29 crystallizes in the monoclinic space group P2:/n with one

molecule in the asymmetric unit. CCDC number: 2159772.

Table 2.35. Crystal data and structure refinement for (+)-29.

156
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Identification code V22037
Empirical formula Ci5sH24N>0
Formula weight 248.36
Temperature/K 100.0
Crystal system monoclinic
Space group P2i/n

a/A 7.700(3)
b/A 22.520(9)
c/A 8.384(2)

o/° 90

pB/e 116.574(15)
v/° 90
Volume/A3 1300.4(8)

Z 4

Pealeg/cm? 1.269
wmm-! 0.620
F(000) 544.0
Crystal size/mm? 0.3x0.2x0.1

Radiation

CuKa (= 1.54178)

7.852 to 148.692

Index ranges -8<h<9,-22<k<27,-8<1<10
Reflections collected 9620

Independent reflections 2589 [Rint = 0.0383, Rsigma = 0.0318]
Data/restraints/parameters 2589/0/163

Goodness-of-fit on F? 0.971

Final R indexes [[>=2c (I)] R1=10.0368, wR>=0.1194

Final R indexes [all data] R: =0.0462, wR>=0.1291

Largest diff. peak/hole / e A3 0.25/-0.18

20 range for data collection/°

Crystallographic Analysis of (+)-25.

Special Refinement Details

157
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Compound (+)-25 crystallizes in the orthorhombic space group P21212; with one

molecule in the asymmetric unit. Absolute configuration was determined by anomalous

dispersion (Flack = -0.11(11). Bayesian statistics further confirm the absolute

stereochemistry: P2(true) = 1.000, P3(true) = 1.000, P3(rac-twin) = 0.1x10%, and

P3(false) = 0.4x10-3°. CCDC number: 2159771.

Table 2.36. Crystal data and structure refinement for (+)-25.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/lA

b/A

c/A

o/°

p/°

v/°

Volume/A3

V4

Pealeg/cm’

wmm:!

V22027
Ci5sH24N20
248.36
100.0
orthorhombic
P212124
7.4690(6)
11.4564(13)
15.6304(13)
90

90

90
1337.5(2)

4

1.233

0.602
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F(000) 544.0

Crystal size/mm? 0.4 x0.15x0.15

Radiation CuKa (A =1.54178)

20 range for data collection/® 9.572 to 149.208

Index ranges -8<h<9,-14<k<13,-19<1<19
Reflections collected 19281

Independent reflections 2724 [Rint = 0.0440, Rsigma = 0.0240]
Data/restraints/parameters 2724/0/163

Goodness-of-fit on F? 0.973

Final R indexes [[>=2c (I)] R1=10.0341, wR> = 0.1044

Final R indexes [all data] Ri1=0.0346, wR> =0.1052

Largest diff. peak/hole / ¢ A3 0.18/-0.24

Flack parameter -0.11(11)

Crystallographic Analysis of (+)-89.

Special Refinement Details

Compound (£)-89 crystallizes in the triclinic space group P-1 with two molecules

in the asymmetric unit. CCDC number: 2159770.

Table 2.37. Crystal data and structure refinement for (+)-89.



Chapter 2 — A Pyridine Dearomatization Approach to the Matrine-Type Lupin Alkaloids

Identification code V21098
Empirical formula Ci5sH26N20
Formula weight 250.38
Temperature/K 100.0
Crystal system triclinic
Space group P-1

a/A 10.6426(13)
b/A 10.6776(12)
c/A 13.7940(13)
a/° 107.937(7)
B/° 108.100(5)
v/° 101.232(6)
Volume/A3 1342.4(3)

V4 4

Pealcg/cm’ 1.239
w/mm-! 0.601
F(000) 552.0

Crystal size/mm?

Radiation

0.2 x0.15x0.15
CuKa (A =1.54178)

20 range for data collection/®7.34 to 149.188

Index ranges -12<h<13,-13<k<13.-17<1<17
Reflections collected 14327

Independent reflections 5244 [Rint = 0.0274, Rgiema = 0.03171
Data/restraints/parameters ~ 5244/0/327

Goodness-of-fit on F? 1.057

Final R indexes [I>=26 (I)] Ri;=0.0379, wR>=0.1033

Final R indexes [all datal R1=0.0395, wR, =0.1047

Largest diff. peak/hole / e A3 0.26/-0.26

Crystallographic Analysis of (+)-76.

Special Refinement Details
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Compound (+)-76 crystallizes in the orthorhombic space group P2:212; with one

molecule in the asymmetric unit. Absolute configuration was determined by anomalous

dispersion (Flack = 0.13(8). Bayesian statistics further confirm the absolute

stereochemistry: P2(true) = 1.000, P3(true) = 1.000, P3(rac-twin) = 0.7x107, and

P3(false) = 0.4x10-3*. CCDC number: 2159768.

Table 2.38. Crystal data and structure refinement for (+)-76.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

pre

v/°

Volume/A3

Z

Pealeg/cm?

wmm-!

V19453
Ci6Hi6N202
268.31
100.0
orthorhombic
P212124
8.8059(15)
11.451(2)
12.474(3)
90

90

90
1257.9(4)

4

1.417

0.764
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F(000) 568.0

Crystal size/mm? ?x9x7?

Radiation CuKa (A =1.54178)

20 range for data collection/° 12.302 to 149.394

Index ranges -11<h<10,-14<k<14,-15<1<15
Reflections collected 23931

Independent reflections 2557 [Rint = 0.0554, Rsigma = 0.0245]
Data/restraints/parameters 2557/0/182

Goodness-of-fit on F? 1.027

Final R indexes [[>=2c ()] R1=0.0329, wR, =0.1071

Final R indexes [all data] R; =0.0339, wR>=0.1113

Largest diff. peak/hole / e A3 0.17/-0.20

Flack parameter 0.13(8)

Crystallographic Analysis of (£)-24.

Special Refinement Details

Compound (£)-24 crystallizes in the monoclinic space group P2i/c with two

molecules in the asymmetric unit. CCDC number: 2159767.

Table. 2.39. Crystal data and structure refinement for (+)-24.
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Identification code V19355
Empirical formula CisHa6N>
Formula weight 234.38
Temperature/K 100
Crystal system monoclinic
Space group P2i/c

a/lA 10.738(2)
b/A 17.591(4)
c/A 14.316(3)
a/° 90

B/° 103.629(10)
v/° 90
Volume/A3 2627.8(9)
V4 8

Pealcg/cm’ 1.185
w/mm-! 0.521
F(000) 1040.0

Crystal size/mm?

Radiation

0.22 x 0.08 x 0.03
CuKa (A =1.54178)

20 range for data collection/°8.102 to 161.38

Index ranges -13<h<12,-21<k<22,-17<1<17
Reflections collected 38183

Independent reflections 5498 [Rint = 0.0594, Rgiema = 0.0296]
Data/restraints/parameters ~ 5498/0/307

Goodness-of-fit on F? 1.029

Final R indexes [I>=26 (I)] Ri=0.0455, wR>=0.1109

Final R indexes [all datal R1=0.0542, wR, =0.1175

Largest diff. peak/hole / e A3 0.27/-0.26

Crystallographic Analysis of (£)-23.



Chapter 2 — A Pyridine Dearomatization Approach to the Matrine-Type Lupin Alkaloids 164

Special Refinement Details

Compound (£)-23 crystallizes in the monoclinic space group P2i/c with two

molecules in the asymmetric unit. CCDC number: 2159766.

Table 2.40. Crystal data and structure refinement for (+)-23.

Identification code V18405 a
Empirical formula Ci5H14N20»
Formula weight 254.24
Temperature/K 99.97
Crystal system monoclinic
Space group P2i/c

a/A 7.0167(3)
b/A 15.8509(6)
c/A 20.6888(9)
a/° 90

B/° 91.261(2)
v/° 90
Volume/A3 2300.47(17)
V4 46
Pealcg/cm’ 1.468
w/mm-! 0.099
F(000) 1072.5

Crystal size/mm? 0.51 x 0.41 x 0.32
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Radiation Mo Ka (A=0.71073)

20 range for data collection/°4.7 to 55.02

Index ranges -9<h<9,-20<k<20,-26<1<26
Reflections collected 40432

Independent reflections 5233 [Rint = 0.0603, Rgiema = 0.0348]
Data/restraints/parameters ~ 5233/0/343

Goodness-of-fit on F? 1.049

Final R indexes [I>=2c (I)] Ri=0.0463, wR> =0.0897

Final R indexes [all datal R1=0.0608, wR> =0.0929

Largest diff. peak/hole / e A3 0.48/-0.51

Crystallographic Analysis of (£)-91.

Special Refinement Details

Compound (£)-91 crystallizes in the triclinic space group P-1 with one molecule

in the asymmetric unit. CCDC number: 2159765.

Table 2.41. Crystal data and structure refinement for (+)-91.

Identification code d20015
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Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pre

v/°

Volume/A3

Z

Pealeg/cm’?

wmm-!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

CisHaeNa

234.38

100

triclinic

P-1

5.129(5)

9.175(10)

14.500(7)

106.65(3)

93.82(3)

92.81(6)

650.7(10)

2

1.196

0.070

260.0

0.47 x 0.18 x 0.05

MoKa (A =0.71073)

2.942 to 74.252
-8<h<8§,-15<k<15,-24<1<24
41718

6408 [Rint = 0.0428, Rsigma = 0.0339]
6408/0/155

1.034

R =0.0465, wR, = 0.1095
R1=0.0753, wR, =0.1238
0.41/-0.24

Crystallographic Analysis of (£)-101 mono-chloroform adduct.

Special Refinement Details

166
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Compound (£)-101 mono-chloroform adduct crystallizes in the monoclinic space

group P2i/n with one molecule in the asymmetric unit. CCDC number: 2159764.

Table 2.42. Crystal data and structure refinement for (+)-101 mono-chloroform

adduct.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o

o/
p/e

y/°

Volume/A3

Z

Pealeg/cm’?
wmm-!

F(000)

Crystal size/mm?

Radiation

D20014
Ci16H27CI3N20
369.74

100

monoclinic
P2i/n

5.771(4)
13.008(10)
23.438(6)

90

96.271(16)

90

1748.9(17)

4

1.404

0.528

784.0

0.45x 0.4 x0.32
MoKa (A =0.71073)
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20 range for data collection/° 3.496 to 79.03

Index ranges -10<h<10,-23<k<23,-39<1<41
Reflections collected 113231

Independent reflections 10352 [Rint = 0.0335, Rsigma = 0.0183]
Data/restraints/parameters 10352/0/199

Goodness-of-fit on F? 1.042

Final R indexes [[>=2c (I)] R1=10.0342, wR> = 0.0843

Final R indexes [all data] Ri =10.0442, wR> = 0.0886

Largest diff. peak/hole / e A3 0.95/-0.85

Crystallographic Analysis of (£)-90.

Special Refinement Details

Compound (£)-90 mono-chloroform adduct crystallizes in the triclinic space group P-1

with one molecule in the asymmetric unit. CCDC number: not publication quality.

Table 2.43. Crystal data and structure refinement for (+)-90.

Identification code V22045
Empirical formula Ci6H2s5N3
Formula weight 259.39
Temperature/K 100.0
Crystal system triclinic

Space group P-1
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a/A
b/A
c/A

o

o/
/e

v/°

Volume/A3

V4

Pealeg/cm’

wmm:!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / ¢ A3

Crystallographic Analysis of (-)-81.

Special Refinement Details

5.0835(7)

11.3220(13)

12.058(2)

94.182(7)

94.487(11)

95.227(12)

686.75(18)

2

1.254

0.575

284.0

0.4x0.1x0.1

CuKoa (A =1.54178)

7.866 10 99.416
-4<h<2,-4<k<10,-2<1<11
475

474 [Rint = 0.0376, Rsigma = 0.0211]
474/0/77

1.113

R1=10.0377, wR>=0.1220
R1=10.0488, wR>=0.1389
0.07/-0.08
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170

Compound (—)-81 crystallizes in the monoclinic space group Cc with one molecule in the

asymmetric unit. Absolute configuration was determined by anomalous dispersion (Flack

=-2.3(10). Bayesian statistics further supports the absolute stereochemistry: P2(true) = -

0.630, P3(true) = 0.422, P3(rac-twin) = 0.330, and P3(false) = 0.248. CCDC number: not

publication quality.

Table 2.44. Crystal data and structure refinement for (-)-81.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/lA

b/A

c/A

o/°

p/°

v/°

Volume/A3

V4

Pealeg/cm’

wmm:!

D21063
Ci7H19N30
281.35
296.15
monoclinic
Cc
5.201(3)
14.167(7)
16.404(18)
90
98.21(3)
90
1196.4(16)
4

1.562
0.100
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F(000)

Crystal size/mm?

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / ¢ A3

Flack parameter

600.0

0.4 x0.25 x0.1

MoKa (A =0.71073)

5.018 to 53.262
-5<h<5,-15<k<15,-19<1<19
3029

1770 [Rint = 0.0862, Rsigma = 0.1507]
1770/2/163

0.978

R1=10.0563, wR> = 0.0893
R1=10.1330, wR2 = 0.1092
0.22/-0.26

-2.3(10)

Crystallographic Analysis of (£)-85.

Special Refinement Details

171

Compound (£)-85 crystallizes in the orthorhombic space group Pbca with one molecule

in the asymmetric unit. CCDC number: not publication quality.

Table 2.45. Crystal data and structure refinement for (+)-85.

Identification code

Empirical formula

V21213
C19H24N204
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Formula weight
Temperature/K
Crystal system
Space group
a/lA

b/A

c/A

o

o/
/e

v/°

Volume/A3

V4

Pealeg/cm’

wmm:!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

344.413

100.0

orthorhombic

Pbca

13.504(4)

9.889(2)

14.150(7)

90

90

90

1889.5(11)

4

1.211

0.085

736.4

0.4 x0.35 x0.35

Mo Ka (A =10.71073)

5.76 to 71.94
-18<h<16,-12<k<13,-18<1<22
12367

2452 [Rint = 0.0700, Rsigma = 0.0588]
2452/0/62

1.049

R1=10.0675, wR>=0.1607
Ri1=0.1149, wR> = 0.1894
0.72/-0.74

Crystallographic Analysis of (£)-83.

Special Refinement Details

172
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Compound (£)-83 crystallizes in the monoclinic space group C2/c with one molecule in

the asymmetric unit. CCDC number: not publication quality.

Table 2.46. Crystal data and structure refinement for (+)-83.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/lA

b/A

c/A

o/°

p/°

v/°

Volume/A3

V4

Pealeg/cm’

wmm'!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/®

Index ranges

V21215
Ci7Hi1sN20;
282.345

100.0

monoclinic

C2/c

23.208(15)
9.265(3)
16.238(16)

90

127.920(18)

90

2754(3)

8

1.362

0.090

1200.5

0.38 x 0.32 x 0.185
Mo Ka (A =0.71073)
4.44 t0 59.14
-27<h<29,-10<k<12,-22<1<22

173
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Reflections collected 9241

Independent reflections 3236 [Rint = 0.1607, Rsigma = 0.2114]
Data/restraints/parameters 3236/0/192

Goodness-of-fit on F? 0.958

Final R indexes [[>=2c (I)] R1=10.0770, wR> = 0.1696

Final R indexes [all data] R1=0.1798, wR> =0.2363

Largest diff. peak/hole / ¢ A3 1.00/-0.95

Crystallographic Analysis of (£)-88.

Special Refinement Details

Compound (£)-88 crystallizes in the monoclinic space group P21/n with one molecule in

the asymmetric unit. CCDC number: not publication quality.

Table 2.47. Crystal data and structure refinement for (+)-88.

Identification code V20006
Empirical formula Ci16H24NO
Formula weight 246.36
Temperature/K 99.99
Crystal system monoclinic

Space group P2i/n
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a/A
b/A
c/A

o

o/
/e

v/°

Volume/A3

V4

Pealeg/cm’

wmm:!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / ¢ A3

5.4330(11)

13.383(4)

18.052(2)

90

90.171(11)

90

1312.6(5)

4

1.247

0.077

540.0

?7x9x9

MoKa (A= 0.71073)
5.444 t0 72.732
-9<h<9,-22<k<22,-30<1<30
34154

6337 [Rint = 0.0685, Rsigma = 0.0544]
6337/0/163

1.123

R;1=0.2513, wR, =0.5841
R1=0.2577, wR2 = 0.5904
1.01/-1.12

Crystallographic Analysis of (£)-93.

Special Refinement Details

175
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176

Compound (£)-93 crystallizes in the monoclinic space group P21/n with one molecule in

the asymmetric unit. CCDC number: not publication quality.

Table 2.48. Crystal data and structure refinement for (+)-93.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/lA

b/A

c/A

o/°

p/°

v/°

Volume/A3

V4

Pealeg/cm’

wmm'!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/®

Index ranges

d19147
C15H26C12CuN2
368.82

99.98
monoclinic
P2i/n

8.918(4)
13.094(9)
13.774(9)

90

105.34(5)

90

1551.1(17)

4

1.579

1.744

772.0

0.44 x 0.2 x 0.08
MoKa (A =0.71073)
4.368 to 75.22
-15<h<15,-22<k<22,-23<1<23
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Reflections collected 69103

Independent reflections 7997 [Rint = 0.0372, Rsigma = 0.0240]
Data/restraints/parameters 7997/0/182

Goodness-of-fit on F? 1.013

Final R indexes [[>=2c (I)] R1=10.0244, wR>=0.0512

Final R indexes [all data] R1=0.0361, wR> =0.0543

Largest diff. peak/hole / ¢ A3 0.49/-0.49

Crystallographic Analysis of (£)-98.

Special Refinement Details

Compound (£)-98 crystallizes in the monoclinic space group P21/n with one molecule in

the asymmetric unit. CCDC number: not publication quality.

Table 2.49. Crystal data and structure refinement for (+)-98.

Identification code V22009
Empirical formula C15H24N»0I
Formula weight 280.42

Temperature/K 100.0
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Crystal system

Space group

a/lA

b/A

c/A

o/°

/e

v/°

Volume/A3

V4

Pealeg/cm’

wmm:!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / ¢ A3

monoclinic

P2i/n

12.8228(19)

8.3093(12)

14.078(2)

90

95.136(13)

90

1494.0(4)

4

1.247

1.870

608.0

?7x?x%x0.15

CuKa (A= 1.54178)

8.938 to 148.562
-14<h<14,-10<k<9,-15<1<8
4460

1887 [Rint = 0.0649, Rsigma = 0.0726]
1887/0/78

1.075

R1=10.0738, wR> = 0.2057
R1=10.0886, wR>=0.2214
3.40/-4.19

Crystallographic Analysis of (£)-97.

Special Refinement Details

178
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Compound (£)-97 crystallizes in the triclinic space group P1 with two molecules in the

asymmetric unit. CCDC number: not publication quality.

Table 2.50. Crystal data and structure refinement for (+)-97.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/lA

b/A

c/A

o/°

p/°

v/°

Volume/A3

V4

Pealeg/cm’

wmm'!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/®

Index ranges

V20119
CisHaeN2

234.38

100.0

triclinic

Pl

4.6048(5)
10.8544(11)
13.5496(16)
91.728(14)
90.179(10)
102.239(8)
661.52(13)

2

1.177

0.517

260.0

0.2 x 0.08 x 0.07
CuKoa (A =1.54178)
6.526 to 159.182
-5<h<5,-13<k<13,-1651<16

179
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Reflections collected 14702

Independent reflections 4817 [Rint = 0.0688, Rsigma = 0.0680]
Data/restraints/parameters 4817/3/134

Goodness-of-fit on F? 3.790

Final R indexes [[>=2c (I)] R1=10.2362, wR> = 0.5409

Final R indexes [all data] Ri1=0.2639, wR> = 0.5655

Largest diff. peak/hole / ¢ A3 2.67/-0.95

Flack parameter 0.4(4)

Crystallographic Analysis of (£)-96 dihydrate.

Special Refinement Details

Compound (£)-96 dihydrate crystallizes in the orthorhombic space group Pbcn with one

molecule in the asymmetric unit. CCDC number: not publication quality.

Table 2.51. Crystal data and structure refinement for (+)-96 dihydrate.

Identification code v20120
Empirical formula Ci15H26N200.13
Formula weight 236.38
Temperature/K 100.0

Crystal system orthorhombic
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Space group
a/lA
b/A
c/A

o

o/
/e

v/°

Volume/A3

V4

Pealeg/cm’

wmm:!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / ¢ A3

Pben

22.990(9)

6.991(2)

19.007(6)

90

90

90

3054.8(18)

8

1.028

0.458

1048.0

?7x?x7?

CuKa (A= 1.54178)

9.306 t0 99.616
-14<h<22,-2<k<6,-18<1<12
3454

1343 [Rint = 0.0459, Rsigma = 0.0553]
1343/0/178

1.239

R1=0.1127, wR> = 0.2674
R1=10.1385, wR>=0.2786
0.33/-0.28

Crystallographic Analysis of (£)-133.

Special Refinement Details

181
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Compound (£)-133 crystallizes in the monoclinic space group P2i/n with one molecule in

the asymmetric unit. CCDC number: not publication quality.

Table 2.52. Crystal data and structure refinement for (+)-133.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/lA

b/A

c/A

o/°

/e

v/°

Volume/A3

V4

Pealeg/cm’

wmm:!

F(000)

Crystal size/mm?

Radiation

V21317
Ci5sH20N302
274.34

100.0
monoclinic
P2i/n
12.249(11)
8.778(6)
12.919(13)

90

98.75(3)

90

1373(2)

4

1.327

0.090

588.0

0.2 x0.15x0.1
MoKa (A =0.71073)
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20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / ¢ A3

4.976 to 72.256
-13<h<16,-11<k<14,-18<1<15
9867

3365 [Rint = 0.1918, Rsigma = 0.2293]
3365/0/176

1.682

R1=10.2035, wR>=0.5010
R1=10.3340, wR> = 0.5603

4.93/-0.56

Crystallographic Analysis of (£)-87.

Special Refinement Details

183

Compound (£)-87 crystallizes in the monoclinic space group P2i/c with one molecule in

the asymmetric unit. CCDC number: not publication quality.

Table 2.53. Crystal data and structure refinement for (+)-87.

Identification code
Empirical formula
Formula weight

Temperature/K

V19018
Ci5sH22N20;
262.34
99.99
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Crystal system

Space group

a/lA

b/A

c/A

o/°

/e

v/°

Volume/A3

V4

Pealeg/cm’

wmm:!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / ¢ A3

monoclinic

P2i/c

13.8942(11)

9.0952(9)

10.4946(9)

90

105.846(4)

90

1275.8(2)

4

1.366

0.726

568.0

?7x?x%x7?

CuKa (A= 1.54178)

6.612 to 148.632
-13<h<15,-10<k<11,-10<1<12
4850

2197 [Rint = 0.0557, Rsigma = 0.0566]
2197/0/77

1.054

R1=10.0745, wR>=0.1975
R1=10.0771, wR> = 0.2008
0.51/-0.67

Crystallographic Analysis of (£)-26 monohydrate.

Special Refinement Details

184
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Compound (£)-26 monohydrate crystallizes in the tetragonal space group P432:2 with

one molecule in the asymmetric unit. CCDC number: not publication quality.

Table 2.54. Crystal data and structure refinement for (+)-26 monohydrate.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/lA

b/A

c/A

o/°

/e

v/°

Volume/A3

V4

Pealeg/cm’

wmm:!

F(000)

Crystal size/mm?

Radiation

V22034
CisH24N20
248.36

100.0
tetragonal
P432,2
11.6747(9)
11.6747(9)
21.878(5)

90

90

90

2981.9(8)

8

1.106

0.540

1088.0
0.45%x0.4x0.3
CuKa (A= 1.54178)

185
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20 range for data collection/® 8.584 to 148.596

Index ranges -10<h<8,-7<k<13,-23<1<14
Reflections collected 7045

Independent reflections 2250 [Rint = 0.0371, Rsigma = 0.0286]
Data/restraints/parameters 2250/0/175

Goodness-of-fit on F? 2.458

Final R indexes [[>=2c (I)] R1=10.0896, wR>=0.2715

Final R indexes [all data] Ri1=0.0939, wR>, =0.2742

Largest diff. peak/hole / ¢ A3 2.50/-0.40

Flack parameter 0.10(15)

Crystallographic Analysis of (£)-95 dihydrate.

Special Refinement Details

Compound (£)-95 dihydrate crystallizes in the monoclinic space group C2/c with one

molecule in the asymmetric unit. CCDC number: not publication quality.

Table 2.55. Crystal data and structure refinement for (+)-95 dihydrate.

Identification code V21361
Empirical formula Ci16H25N300.13
Formula weight 261.39
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Temperature/K

Crystal system

Space group

a/lA

b/A

c/A

o/°

/e

v/°

Volume/A3

V4

Pealeg/cm’

wmm:!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

100.0

monoclinic

C2/c

23.605(6)

7.0420(12)

19.453(5)

90

97.767(14)

90

3203.9(13)

8

1.084

0.502

1144.0

0.25 x 0.05 x 0.05

CuKa (A= 1.54178)

7.56 to 148.54
-21<h<24,-6<k<8§,-13<1<17
3621

1967 [Rint = 0.0441, Rsigma = 0.0533]
1967/0/196

1.214

R1=10.0638, wR>=0.1738
R1=10.0893, wR>=0.1877
0.46/-0.25

Crystallographic Analysis of (£)-79.

Special Refinement Details

187
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Compound (£)-79 crystallizes in the monoclinic space group P2; with one molecule in the

asymmetric unit. CCDC number: 2159769.

Table 2.56. Crystal data and structure refinement for (+)-79.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/lA

b/A

c/A

o/°

/e

v/°

Volume/A3

V4

Pealeg/cm’

wmm:!

F(000)

Crystal size/mm?

Radiation

V19479
C23H17N304
399.39

99.99
monoclinic

P2,

5.1166(7)
15.6750(16)
11.2761(15)

90

102.567(9)

90

882.71(19)

2

1.503

0.864

416.0

0.15x 0.1 x0.05
CuKa (A= 1.54178)
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20 range for data collection/® 8.032 to 149.378

Index ranges -6<h<6,-19<k<19,-14<1<14
Reflections collected 9371

Independent reflections 3529 [Rint = 0.0436, Rsigma = 0.0431]
Data/restraints/parameters 3529/1/271

Goodness-of-fit on F? 1.032

Final R indexes [[>=2c (I)] R1=10.0325, wR>=0.0787

Final R indexes [all data] R; =0.0355, wR> = 0.0804

Largest diff. peak/hole / ¢ A3 0.20/-0.17

Flack parameter 0.23(11)

2.9 COMPUTATIONAL METHODS

Density functional theory (DFT) calculations were performed with Gaussian 16.°7
A comprehensive conformer search was performed for each intermediate and transition
state using the CREST program.>* Geometry optimizations, frequency calculations, and
energy calculations were performed using the ®B97XD?® functional and def2-TZVP basis
set.>%0 Dichloromethane solvation was modeled using the SMD solvation model.%! A
chloride anion was included when necessary to create a neutral species. Frequency
calculations confirmed the optimized structures as minima (zero imaginary frequencies) or
transition state structures (one imaginary frequency) on the potential energy surface. A
quasi-harmonic correction was applied using the GoodVibes program.®? PyMOL was used
to render visualizations of structures.® Initial structures were made using GaussView.%*
For calculations analyzing the effects of dispersion on the transition states, the B3LYP-
D3/def2-TZVP/SMD(DCM) and B3LYP/def2-TZVP/SMD(DCM) levels of theory were

used.
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Figure 2.47. Second C-C Bond Formation Energies.

TS2a TS2b
AGis = 20.2 kcal/mol AGis = 21.8 kcal/mol
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Figure 2.48. Deprotonation of Int2a with Pyridine Energies.

;

v
1.42
! o

| A ) '129'
z 0O
N Cl j\((
H i :

Int2a 23 TS3a
—2.5 kcal/mol —20.6 kcal/mol AGys = 10.1 kcal/mol




Chapter 2 — A Pyridine Dearomatization Approach to the Matrine-Type Lupin Alkaloids 192

Figure 2.49. Initial C-C Bond Formation with an acyl-Cl/acyl-pyridinium Starting

Material.
TS1Cl-a: syn (boat)
AGis = 3.4 kcal/mol
[ D
~.N__O N__O
@ —_—
Cl Y Cl T
O@ o
SM-acylICl Int1Cl-a (syn)

0 kcal/mol

TS1Cl-b: anti (boat)
AGis = 3.7 kcal/mol

41°

2.37
[

TS1Cl-c: anti (chair)
AGis = 8.6 kcal/mol

Int1CI-b (anti)
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Figure 2.50. C—C Bond Formation with a Ketene Starting Material Resulting in the

Formation of a Cyclobutanone Intermediate.
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Tszk z CF) C ) /
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Figure 2.51. Relative Energy of Starting Material Species.
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Table 2.57. Summary of Energies.

195

Structure E gh-H gh-S qh-G(T) gqh-G(T) AG relative
(au) (au) (au) (au) (kcal/mol) to SM
(kcal/mol)
Figure 2.
1.65 -1300.829 | -1300.542 | 0.064877 | -1300.606 -816142.2 0.0
2.TS1a -1300.820 | -1300.532 | 0.062761 | -1300.595 -816134.9 7.3
3.TS1b -1300.816 | -1300.529 | 0.063230 | -1300.592 -816133.4 8.8
4.TS1c -1300.809 | -1300.519 | 0.066721 | -1300.586 -816129.2 13.0
5.Intla -1300.853 | -1300.563 | 0.062907 | -1300.626 -816154.8 -12.6
6. Intlb -1300.849 | -1300.560 | 0.063824 | -1300.623 -816152.9 -10.7
7.TS2a -1300.823 | -1300.534 | 0.060381 | -1300.594 -816134.6 7.6
8. TS2b -1300.820 | -1300.530 | 0.058511 | -1300.589 -816131.1 111
9. Int2a -1300.851 | -1300.553 | 0.057899 | -1300.610 -816144.7 -2.5
10. Int2b -1300.859 | -1300.567 | 0.058893 | -1300.626 -816154.2 -12.0
11.TS3a -1549.130 | -1548.752 | 0.073312 | -1548.825 -971901.5 10.1
12. TS3b -1549.125 | -1548.746 | 0.073075 | -1548.819 -971897.9 13.7
13.Int3a -840.012 -839.736 | 0.055476 -839.791 -526976.5 -20.6
14. Int3b -840.020 -839.743 | 0.055101 -839.798 -526981.1 -25.2
15. Pyr -248.294 -248.202 | 0.032670 -248.235 -155769.4
16. Pyr-HCl -709.151 -709.044 | 0.039009 -709.083 -444955.7
SI
17. SM-acylCl -1052.506 | -1052.313 | 0.053085 | -1052.366 -660369.2 0.0
18. TS1Cl-a -1052.502 | -1052.310 | 0.051096 | -1052.361 -660365.8 3.4
19. TS1CI-b -1052.501 | -1052.309 | 0.051295 | -1052.360 -660365.5 3.7
20.TS1Cl-c -1052.492 | -1052.301 | 0.051695 | -1052.352 -660360.6 8.6
21. SM-ketene -1052.514 | -1052.321 | 0.056199 | -1052.378 -660376.4 0.0




Chapter 2 — A Pyridine Dearomatization Approach to the Matrine-Type Lupin Alkaloids

196
22.TS1k -1052.491 | -1052.300 | 0.052884 | -1052.352 -660360.7 15.8
23.Int1k -1052.499 | -1052.307 | 0.053175 | -1052.360 -660365.5 10.9
24.TS2k -1052.485 | -1052.294 | 0.052200 | -1052.346 -660356.6 19.8
25. Int2k -1052.537 | -1052.341 | 0.049466 | -1052.390 -660384.4 -8.0
SM species
26. di-acylPyr -2009.980 | -2009.586 | 0.084118 | -2009.670 | -1261086.0 6.4
27. -2009.971 | -2009.579 | 0.085215 | -2009.664 | -1261082.1 10.3
acylCl/acylPyr
28. ketene -2009.984 | -2009.592 | 0.087969 | -2009.680 | -1261092.4 0.0
Table 2.58. Coordinates.
1
C 4241804 -0.634410  0.109065
C 3.688490 -1.777624 -0.447706
C 2.395767 -1.735813 -0.913047
N 1.679201 -0.606082 -0.849794
C 2.187084  0.505890 -0.299249
C 3.475550  0.516688  0.186345
H 3.855962  1.425019  0.631595
H 1.539952  1.375440 -0.225545
C 0.246192 -0.667665 -1.377307
C -0.198668  0.478885 -1.948167
C -1.602848  0.566770 -2.450576
H -1.673252  1.340472 -3.215910
H -1.910565 -0.374284 -2.914120
C -2.674652  0.939926 -1.385415
C -2.930778 -0.180457 -0.436496
0) -3.799951 -0.987369 -0.550315
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-0.549269
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4.579819
3.500353
4.262655
4.130271
3.372675

5.604905
6.186759
4.963611
3.789715
3.785504
2.443808
2.035538
2.646751
0.701592
0.103616
-1.116657
-1.727310
-1.096951
0.121612
0.647308

-0.335074
-1.349131
-2.620916
-2.827686
-1.752134
-0.527588
-3.437404

0.671643
-1.137769
-3.802372
-1.880014

-1.261563
-2.201250
-0.195110

0.388975

0.047616

0.079596
-1.339720
-2.193368
-1.720829
-2.797067
-3.217856
-2.519881
-1.410045
-1.020749
-0.161587

-0.376381
-1.223890
-0.702835
0.644875
1.411154
0.918395
-1.335409
-0.757263
-2.269217
1.097798
2.467977

-0.255488
-0.607473
0.139634
-0.608227
-1.643372
0.037992
-0.161871
-0.717346
0.390618
-0.151099
0.309324
1.340768
1.879066
1.381164
1.782339

228



Chapter 2 — A Pyridine Dearomatization Approach to the Matrine-Type Lupin Alkaloids

—Z =T T =T

a

O o o 0 z O @&OD @D o @&m o @m =T O a0 a a o Z oo

-1.539497
-2.692686
-1.584283
0.638094
0.085672
1.648768
2.466989
3.902368
5.294584
1.272091
0.425961
-0.004001
-1.296357
-1.878907
-1.099084
0.243930
0.772732
1.805015
0.876403
-1.534951
-2.924089
-1.834430
-4.716529
-3.668906
-3.205506
-3.763785
-4.852921
-5.338900

-0.837027
-2.834050
-4.077621
-3.281797
-0.163617
0.679404
0.319752
1.473368
0.237539
1.810659
2.521796
2.879362
2.641927
3.100668
3.796392
4.022164
3.547825
3.678826
4.555324
4.157684
2.898932
2.076564
-0.267095
0.310821
-0.240180
-1.370346
-1.962646
-1.401060

2.680594
1.715151
-0.147066
-0.952821
-2.555358
-0.414005
1.104559
-0.633800
1.076351
3.133342
1.489201
0.596469
0.364939
-0.794053
-1.704871
-1.436764
-0.259973
0.031929
-2.131261
-2.626944
-0.977146
1.112829
0.940064
0.353852
-0.767210
-1.345032
-0.728413
0.442519

229



Chapter 2 — A Pyridine Dearomatization Approach to the Matrine-Type Lupin Alkaloids

Z =T T T =

-6.186740
-5.314802
-3.339176
-2.334320
-5.076232

-1.828088
-2.847038
-1.772766
0.221170
0.198394

0.962070
-1.149885
-2.255393
-1.223954

1.852077

230



Chapter 2 — A Pyridine Dearomatization Approach to the Matrine-type Lupin Alkaloids 231

2.10 NOTES AND REFERENCES

(1)

2)

€)

(4)

©)

(6)

(7

(8)

)

(10)

(11)

(12)

Kerkovius, J. K.; Stegner, A.; Turlik, A.; Lam, P. H.; Houk, K. N.; Reisman, S. E.
A Pyridine Dearomatization Approach to the Matrine-Type Lupin Alkaloids. J.
Am. Chem. Soc. 2022, 144 (35), 15938—15943.

Ohmiya, S.; Saito, K.; Murakoshi, I. Chapter I Lupine Alkaloids. In The Alkaloids:
Chemistry and Pharmacology., Cordell, G. A., Ed.; Academic Press, 1995.

Zhang, H.; Chen, L.; Sun, X.; Yang, Q.; Wan, L.; Guo, C. Matrine: A Promising
Natural Product With Various Pharmacological Activities. Front. Pharmacol.
2020, /1.

You, L.; Yang, C.; Du, Y.; Wang, W.; Sun, M.; Liu, J.; Ma, B.; Pang, L.; Zeng, Y ;
Zhang, Z.; Dong, X.; Yin, X.; N1, J. A Systematic Review of the Pharmacology,
Toxicology and Pharmacokinetics of Matrine. Front. Pharmacol. 2020, 11.

Wang, Q.; Li, Y.; Li, K.-W.; Zhou, C.-Z. Sophoridine: A Review of Its
Pharmacology, Pharmacokinetics and Toxicity. Phytomedicine 2022, 95, 153756.

Bunsupa, S.; Katayama, K.; Ikeura, E.; Oikawa, A.; Toyooka, K.; Saito, K.;
Yamazaki, M. Lysine Decarboxylase Catalyzes the First Step of Quinolizidine
Alkaloid Biosynthesis and Coevolved with Alkaloid Production in Leguminosae.
Plant Cell 2012, 24 (3), 1202-1216.

Yang, T.; Nagy, I.; Mancinotti, D.; Otterbach, S. L.; Andersen, T. B.; Motawia, M.
S.; Asp, T.; Geu-Flores, F. Transcript Profiling of a Bitter Variety of Narrow-
Leafed Lupin to Discover Alkaloid Biosynthetic Genes. J. Exp. Bot. 2017, 68 (20),
5527-5537.

Golebiewski, W. M.; Spenser, 1. D. Biosynthesis of the Lupine Alkaloids. II.
Sparteine and Lupanine. Can. J. Chem. 1988, 66 (7), 1734—1748.

Mancinotti, D.; Frick, K. M.; Geu-Flores, F. Biosynthesis of Quinolizidine
Alkaloids in Lupins: Mechanistic Considerations and Prospects for Pathway
Elucidation. Nat. Prod. Rep. 2022, 39 (7), 1423—-1437.

Abdusalamov, B. A. Biosynthesis and Metabolism of Some Matrine Alkaloids
InGoebelia Pachycarpa. Chem. Nat. Compd. 1984, 20 (1), 1-9.

Leeper, F. J.; Grue-Serensen, G.; Spenser, I. D. Biosynthesis of the Quinolizidine
Alkaloids. Incorporation of Al-Piperideine into Matrine. Can. J. Chem. 1981, 59
(1), 106-115.

Warneke, J.; Plaumann, M.; Wang, Z.; Bohler, E.; Kemken, D.; Kelm, S.;
Leibfritz, D.; Azov, V. A. New Insights into the Old Reaction between Acryloyl
Chlorides and Pyridine. Tetrahedron Lett. 2015, 56 (9), 1124-1127.



Chapter 2 — A Pyridine Dearomatization Approach to the Matrine-type Lupin Alkaloids 232

(13)

(14)

(15)

(16)

(17)

(18)

(19)
(20)
21
(22)
(23)

(24)

(25)

(26)

27

Ueno, A.; Morinaga, K.; Fukushima, S.; litaka, Y.; Koiso, Y.; Okuda, S. Studies on
Lupin Alkaloids. VI. Isolation and Structure of (+)-Isomatrine. Chem. Pharm. Bull.
(Tokyo) 1975, 23 (11), 2560-2566.

Galasso, V.; Asaro, F.; Berti, F.; Pergolese, B.; Kovac, B.; Pichierri, F. On the
Molecular and Electronic Structure of Matrine-Type Alkaloids. Chem. Phys. 2006,
330 (3), 457-468.

Magann, N. L.; Westley, E.; Sowden, M. J.; Gardiner, M. G.; Sherburn, M. S.
Total Synthesis of Matrine Alkaloids. J. Am. Chem. Soc. 2022, 144 (43), 19695—
19699.

Mandell, Leon.; Singh, K. P.; Gresham, J. T.; Freeman, Walter. Total Synthesis of
d,I-Matrine. J. Am. Chem. Soc. 1963, 85 (17), 2682-2683.

Mandell, L.; Singh, K. P.; Gresham, J. T.; Freeman, W. J. The Total Syntheses of
d,I-Matrine and d,l-Leontinel. J. Am. Chem. Soc. 1965, 87 (22), 5234-5236.

Okuda, S.; Yoshimoto, M.; Tsuda, K. Studies on Lupin Alkaloids. IV. Total
Syntheses of Optically Active Matrine and Allomatrine. Chem. Pharm. Bull.
(Tokyo) 1966, 14 (3), 275-279.

Chen, J.; Browne, L. J.; Gonnela, N. C. Total Synthesis of (+)-Matrine. J. Chem.
Soc. Chem. Commun. 1986, No. 12, 905-907.

Boiteau, L.; Boivin, J.; Liard, A.; Quiclet-Sire, B.; Zard, S. Z. A Short Synthesis of
(£)-Matrine. Angew. Chem. Int. Ed. 1998, 37 (8), 1128-1131.

Watkin, S. V.; Camp, N. P.; Brown, R. C. D. Total Synthesis of the Tetracyclic
Lupin Alkaloid (+)-Allomatrine. Org. Lett. 2013, 15 (17), 4596—4599.

Lyu, X. Stereoselective Total Synthesis of Lupin Alkaloids. phd, University of
Southampton, 2018. https://eprints.soton.ac.uk/429608/ (accessed 2023-03-16).

Paull, D. H.; Weatherwax, A.; Lectka, T. Catalytic, Asymmetric Reactions of
Ketenes and Ketene Enolates. Tetrahedron 2009, 65 (34), 6771-6803.

Pracht, P.; Bohle, F.; Grimme, S. Automated Exploration of the Low-Energy
Chemical Space with Fast Quantum Chemical Methods. Phys. Chem. Chem. Phys.
2020, 22 (14), 7169-7192.

Maheswaran, H.; Prasanth, K. L.; Krishna, G. G.; Ravikumar, K.; Sridhar, B.;
Kantam, M. L. Enantioselective Nitroaldol (Henry) Reaction Using Copper(II)
Complexes of (—)-Sparteine. Chem. Commun. 2006, No. 39, 4066—4068.

Wink, M.; Hartmann, T.; Witte, L. Enzymatic Synthesis of Quinolizidine
Alkaloids in Lupin Chloroplasts. Z. Fiir Naturforschung C 1980, 35 (1-2), 93-97.

Jiang, G.; Chen, J.; Huang, J.-S.; Che, C.-M. Highly Efficient Oxidation of Amines
to Imines by Singlet Oxygen and Its Application in Ugi-Type Reactions. Org. Lett.
2009, /1 (20), 4568-4571.



Chapter 2 — A Pyridine Dearomatization Approach to the Matrine-type Lupin Alkaloids 233

(28)

(29)

(30)

€2))

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

Loh, Y. Y.; Nagao, K.; Hoover, A. J.; Hesk, D.; Rivera, N. R.; Colletti, S. L.;
Davies, I. W.; MacMillan, D. W. C. Photoredox-Catalyzed Deuteration and
Tritiation of Pharmaceutical Compounds. Science 2017, 358 (6367), 1182—1187.

Griffiths, R. J.; Burley, G. A.; Talbot, E. P. A. Transition-Metal-Free Amine
Oxidation: A Chemoselective Strategy for the Late-Stage Formation of Lactams.
Org. Lett. 2017, 19 (4), 870-873.

Su, J.; Ma, X.; Ou, Z.; Song, Q. Deconstructive Functionalizations of Unstrained
Carbon—Nitrogen Cleavage Enabled by Difluorocarbene. ACS Cent. Sci. 2020, 6
(10), 1819-1826.

Grierson, D. The Polonovski Reaction. In Organic Reactions; John Wiley & Sons,
Ltd, 2004; pp 85-295.

Lee, S.; Kang, G.; Chung, G.; Kim, D.; Lee, H.-Y.; Han, S. Biosynthetically
Inspired Syntheses of Secu’amamine A and Fluvirosaones A and B. Angew. Chem.
Int. Ed. 2020, 59 (17), 6894-6901.

Kessar, S. V.; Singh, P.; Singh, K. N.; Singh, S. K. Facile a-Deprotonation—
Electrophilic Substitution of Quinuclidine and DABCO. Chem. Commun. 1999,
No. 19, 1927-1928.

Chuang, T.-H.; Yang, C.-C.; Chang, C.-]J.; Fang, J.-M. Base-Catalyzed
Autoxidation of a-Aminonitriles. An Efficient Method for Conversion of
Aldehydes to Amides and 2-Amino-2-Sulfenylacetonitrile to Carbamates. Synlett
1990, 7990 (12), 733-734.

Garcia-Valverde, M.; Pedrosa, R.; Vicente, M. A Novel and Efficient Oxidation of
1,2-Amino Alcohols to Dialkylamides. Synlett 2002, 2002 (12), 2092—-2094.

Ibragimov, B. T.; Tishchenko, G. N.; Kushmuradov, Yu. K.; Aripov, T. F.;
Sadykov, A. S. Molecular and Crystal Structure of Sophoridine. Chem. Nat.
Compd. 1979, 15 (3), 308-314.

Wink, M.; Meiliner, C.; Witte, L. Patterns of Quinolizidine Alkaloids in 56 Species
of the Genus Lupinus. Phytochemistry 1995, 38 (1), 139-153.

Gray, D.; Gallagher, T. A Flexible Strategy for the Synthesis of Tri- and
Tetracyclic Lupin Alkaloids: Synthesis of (+)-Cytisine, (£)-Anagyrine, and (£)-
Thermopsine. Angew. Chem. Int. Ed. 2006, 45 (15), 2419-2423.

Still, W. C.; Kahn, M.; Mitra, A. Rapid Chromatographic Technique for

Preparative Separations with Moderate Resolution. J. Org. Chem. 1978, 43 (14),
2923-2925.

Ibragimov, B. T.; Talipov, S. A.; Tischenko, G. N.; Kushmuradov, Y. K.; Aripov,
T. F. Molecular and Crystal-Structure of Matrine. Kristallografiva 1978, 23, 1189—
1195.

Ling, J. Y.; Zhang, G. Y.; Cui, Z. J.; Zhang, C. K. Supercritical Fluid Extraction of
Quinolizidine Alkaloids from Sophora Flavescens Ait. and Purification by High-



Chapter 2 — A Pyridine Dearomatization Approach to the Matrine-type Lupin Alkaloids 234

Speed Counter-Current Chromatography. J. Chromatogr. A 2007, 1145 (1), 123—
127.

(42) Bai, G.-Y.; Wang, D.-Q.; Ye, C.-H.; Liu, M.-L. 1H And13C Chemical Shift
Assignments and Stereochemistry of Matrine and Oxymatrine. Appl. Magn. Reson.
2002, 23 (2), 113-121.

(43) Ibragimov, B. T.; Tishchenko, G. N.; Kushmuradov, Yu. K.; Aripov, T. F.;
Sadykov, A. S. X-Ray Structural Investigation of Allomatrine and Its N-Oxide.
Chem. Nat. Compd. 1979, 15 (3), 368-369.

(44) Qiao, L.; Huang, L.; Gao, C.; Zhao, Y.; Yang, X.; Zhang, L. NMR Studies of the
Matrine Alkaloids. J Peking Univ Health Sci 1994, 26, 485—486.

(45) [Ibragimov, B. T.; Tishchenko, G. N.; Talipov, S. A.; Kushmuradov, Y. K.; Aripov,
T. F. Structure of Isosophoridine. Khimiia Prir. Soedin. 1981, 460—465.

(46) Ibragimov, B. T.; Talipov, S. A.; Tishchenko, G. N.; Kushmuradov, Y. K.; Aripov,
T. F. Molecular and Crystal Structure of Isosophoridine. Khimiia Prir. Soedin.
1979, 586-588.

(47) Santos, L. S.; Mirabal-Gallardo, Y.; Shankaraiah, N.; Simirgiotis, M. J. Short Total
Synthesis of (-)-Lupinine and (-)-Epiquinamide by Double Mitsunobu Reaction.
Synthesis 2011, 2011 (1), 51-56.

(48) Firth, J. D.; Canipa, S. J.; Ferris, L.; O’Brien, P. Gram-Scale Synthesis of the (—)-
Sparteine Surrogate and (—)-Sparteine. Angew. Chem. Int. Ed. 2018, 57 (1), 223—
226.

(49) APEX2, Version 2 User Manual, M86-E01078, Bruker Analytical X-Ray Systems,
Madison, WI, 2006.

(50) Sheldrick, G.M. SADABS (Version 2008/1): Program for Absorption Correction
for Data from Area Detector Frames, University of Géttingen, 2008.

(51) Sheldrick, G. Acta Crystallogr., Sect. A: Found. Crystallogr. 2008, 64, 112.
(52) Sheldrick, G. M. Acta Crystallogr., Sect. C: Struct. Chem. 2015, C71, 3.
(53) Miiller, P. Crystallogr. Rev. 2009, 15, 57.

(54) Parsons, S.; Flack, H. D.; Wagner, T. Use of Intensity Quotients and Differences in
Absolute Structure Refinement. Acta Crystallogr. Sect. B Struct. Sci. Cryst. Eng.
Mater. 2013, 69 (3), 249-259.

(55) Van Der Sluis, P.; Spek, A. L. BYPASS: An Effective Method for the Refinement
of Crystal Structures Containing Disordered Solvent Regions. Acta Crystallogr.
Sect. 41990, 46 (3), 194-201.

(56) Macrae, C. F.; Sovago, I.; Cottrell, S. J.; Galek, P. T. A.; McCabe, P.; Pidcock, E.;
Platings, M.; Shields, G. P.; Stevens, J. S.; Towler, M.; Wood, P. A. Mercury 4.0:
From Visualization to Analysis, Design and Prediction. J. Appl. Crystallogr. 2020,
53(1),226-235.



Chapter 2 — A Pyridine Dearomatization Approach to the Matrine-type Lupin Alkaloids 235

(57)

(58)

(39)

(60)

(61)

(62)

(63)
(64)

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.;
Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuji, H.; Li,
X.; Caricato, M.; Marenich, A. V.; Bloino, J.; Janesko, B. G.; Gomperts, R.;
Mennucci, B.; Hratchian, H. P.; Ortiz, J. V.; Izmaylov, A. F.; Sonnenberg, J. L.;
Williams-Young, D.; Ding, F.; Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.;
Petrone, A.; Henderson, T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.;
Zheng, G.; Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Throssell,
K.; Montgomery, Jr, J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M. J.; Heyd, J. J.;
Brothers, E. N.; Kudin, K. N.; Staroverov, V. N.; Keith, T. A.; Kobayashi, R.;
Normand, J.; Raghavachari, K.; Rendell, A. P.; Burant, J. C.; Iyengar, S. S.;
Tomasi, J.; Cossi, M.; Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.;
Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox,
D. J. Gaussian 16 Rev. A.03, 2016.

Chai, J.-D.; Head-Gordon, M. Long-Range Corrected Hybrid Density Functionals
with Damped Atom—Atom Dispersion Corrections. Phys. Chem. Chem. Phys.
2008, 70 (44), 6615-6620.

Weigend, F.; Ahlrichs, R. Balanced Basis Sets of Split Valence, Triple Zeta
Valence and Quadruple Zeta Valence Quality for H to Rn: Design and Assessment
of Accuracy. Phys. Chem. Chem. Phys. 2005, 7 (18), 3297-3305.

Weigend, F. Accurate Coulomb-Fitting Basis Sets for H to Rn. Phys. Chem. Chem.
Phys. 2006, 8 (9), 1057-1065.

Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. Universal Solvation Model Based
on Solute Electron Density and on a Continuum Model of the Solvent Defined by
the Bulk Dielectric Constant and Atomic Surface Tensions. J. Phys. Chem. B 2009,
113 (18), 6378-6396.

Luchini, G.; Alegre-Requena, J. V.; Funes-Ardoiz, I.; Paton, R. S. GoodVibes:
Automated Thermochemistry for Heterogeneous Computational Chemistry Data.
F1000Research April 24, 2020.

The PyMOL Molecular Graphics System.
Dennington, R.; Keith, T. A.; Millam, J. M. GaussView, 2016.



Appendix 1 — Spectra Relevant to Chapter 2 236

Appendix 1

Spectra Relevant to Chapter 2:
A Pyridine Dearomatization Approach to the Matrine-Type Lupin

Alkaloids



Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
0- 00 S0 oL Sl 0 Sz o€ g€ ov Sv S 09 59 oL gL 08 g8 06 56
L 1 1 1 1 1 1 1 1 . 1 . . 1 . 1 . 1 . 1 . 1 . . 1 . 1 .
= 2 oo o o o oo o o o o
2 2 gg © @ © ©vg © ® ®
88 8 8§ 82 88 23
Pl ey ih Aol A Wk i il

00T

N
kS
]

€9C—

98C—

veT—

9€599
000v2

HL

0'LE0}-
0°0008
19°'661
81:92:811€1-90-6102
0000°€
0008'S
0000'+

oy

8

ak

|ndgs

o€

€19p2

BAOUl
uelep
LONOLOHd

Pl /P LONOLOYd /SX-922- IV /SX-9.22- LMNI /S8li4 HIAIN /Siuswinoog /sninosuasyal /s1esn /

69—

o
o

8E€G—

anfep

009—
e0L—
oLL—

aa o
Q0
28 9

9z|S |esjoads

92Ig paiinboy
snajonN
Aousenbai jsemo
UIPIM [e1100dS
Aouanbai4 Jsjpwonoadg
ajeQ uonisinboy
awi] uosinboy
UIPIM 8sind

Kejaq uonexejoy
ules) JoAleoay
SUBOS JO JequinN
juswiadxy
aouanbag esing
ainjesadwa]
JUBA|0S
juawnisu|

uibuo

amL

SweN 9|4 eleg

J9)eweled

6L
8l
L
9l
Sk
4
€l
cl

LE
oL

o

- N M T 0O N©



(wdd) 14

g6l
98T
6'9¢
TES~
re5—"

Appendix 1 — Spectra Relevant to Chapter 2

oW omr on‘_‘ owr omr ow_. omr ow_\ okn_‘ owe omr o(
9€5599 9zIS [esoads 0z
89/¢¢ 9zig paiinboy 61
ogl snaonN 8L
18881~ Aouanbai 1semo LI
Sovvie UIPIM [B1100dS 91
9'Gzg1 Aousnbai4 Jejewoinoads gL
80:92:8}1€1-90-6102 sjeq uomsinboy 41
020’ awi] uosinboy gL
GE8Y UIPIM 8sind 21
0000+ Keja@ uonexejay ||
o uren) Janeday 0l
962 SUBDS JO JISqWINN 6
at juswuadx3y 8
Indgs aouanbeg esind £
o€ ainesedws) 9
€1op2 JuUsAl0S G
BAOUl juswnisul ¢
ueep ubupg ¢
LONOGHVO SlL ¢
Pl /Pl LONOSHYD /SX-9L2- ENI /SX-922- IMMI /S8lid HIAN /Siudwinoo /sninosasyel /siesn / sweN 9|4 Ble@ |
® L ohrw= © SN}



Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 1y
o- 00 50 oL ol 0z 5z ot gt ov av 0s gs 09 59 oy 5L 08 a8 06 56
L " Il " Il " Il " Il " Il " Il " Il Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " " Il " Il "
oo wans oo o - o .
$8 3388 ggee 8 8 8 ER]
ol e Ly Ly Wbk Wl

oo Do pMNRNN N
PR o2l
88 88 eRES 8

9€599

000v2

HL

v'yi0L-

0°0008

€9'661
L0:8¥: v L 1ve-10-610C
0000°€

0008'S

0000'+

8¢

8

ak

Indgs

o€

€19p2

BAOUl

uelep

LONOLOHd

Pl /Py LONOLOHd /9-8E L- LM /S8lI4 HINN /Sluswnooq /sninoxaxyal /siesn /

w w BB mj_m> ~
o 9 88 S
8 ¥ NE ]

9z|S |esjoads

92Ig paiinboy
snajonN
Aousenbai jsemo
UIPIM [e1100dS
Aouanbai4 Jsjpwonoadg
ajeQ uonisinboy
awi] uosinboy
UIPIM 8sind

Kejaq uonexejoy
ules) JoAleoay
SUBOS JO JequinN
juswiadxy
aouanbag asind
ainjesadwa]
JUBA|0S
juawnisu|

uibuo

amL

SweN 9|4 eleg

J9)eweled

6L
8l
L
9l
Sk
4
€l
cl
LE
oL

o

- N M T 0O N©



S
= (wdd) 14
@\

L- 0 oL 014 oge o 09 09 oL 08 06 ool oLL ocL o€l ovL 0SL 09L osL 0osL o6l o(
L . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
PRI J WP AN N " - NN " e
9€5599 9zIS [esoads 0z
N 89/2¢ 9zig paiinboy 61
~ ogl SNSPPNN 81
3 cv68L- Kousnbai4 1semo /1
wz Sovvie UIPIM [B1100dS 91
S 9'Ge L Aouanbai4 Jajowoloads G|
S 0S:8%:7 L L¥2-10-6102 ajeq uonisinboy |
m 0cv0' L awi| uonisinboy €1
m 00S9°S UIPIM 8sind ¢k
S 0000'L Kejoq uonexeley L1
W oe uren) JaAIvoay 0L
d 2Ls SUBOS JO JoquinN 6
S at juswadxy g8
m |ndgs aouanbeg esind £
Mw o€ ainesedws) 9
L €lopo jusnloS G
VDH eAOUI uawnisy|
| ueLEA ubuo ¢
~ LONOGHVO SlL ¢
VIA. Pl /P LONOSHVD /9-8E L- I /5814 HINN /Sluswnooq /sninoxaxyal /siesn / SweN 9|4 ereq |
K b ML L] Lol Ll
N ahows Ghe o b o 2 anfeA 33 Jejoweled
p SCoOooe =H3 © © © o N M ﬂ
Y
~



Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14

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

L =% (x4 x4 oe g'e oY =i 0'g 9’9 09 el oL S'L 08 a8 06 g6

o @ pen oo oLo,L L

g 8 888 =8 NEQE8 8

P Wil i
—

9€599

8€91

HL

¥'80C1-

6°1196

65665
¥¥:92:811L1€-10-0c02
9v0L'L

00s9°¢C

0000'+

81

9l

ak

|ndgs

0'se

€19p2

BAOUl

uelep

10"NOLOHd

Pl /P L0 NOLOHd /L0 LELO0Z0Z dSX-760-2YMI /S8lI4 HINN /Sluswnooq /sninoxaxyal /siesn /

anfep

4

We—
L6z—
9€'e

9z|S |esjoads

92Ig paiinboy
snajonN
Aousenbai jsemo
UIPIM [e1100dS
Aouanbai4 Jsjpwonoadg
ajeQ uonisinboy
awi] uosinboy
UIPIM 8sind

Kejaq uonexejoy
ules) JoAleoay
SUBOS JO JequinN
juswiadxy
aouanbag esing
ainjesadwa]
JUBA|0S
juawnisu|

uibuo

amL

SweN 9|4 eleg

J9)eweled

6L
8l
L
9l
Sk
4
€l
cl
LE
oL

o

- N M T 0O N©



(wdd) 14

Appendix 1 — Spectra Relevant to Chapter 2

o 09 09 oL 08 06 ool oLL ocL o€l ovL 0SL 09L osL 0osL o6l o(
1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
9€599 ozIS |enoads gz
89/2¢ 9z painboy /g
o€l SN8ONN 92
€/V61- Aouanbaig 1samo G2
§'8E0v2 UIPIM [B408dS 2
29001 Aousnbaid 1sjpwonoads £z
SSe|D cg
00:€2:61L1€-10-0202 dje UOHBIYIPON Lg
65:22:61L1E-10-0202 aleq uonisinboy 0g
LE9E"} awi] uomsinboy 6L
Aousnbai4 uoneiniesald gL
00000} UYIPIM 8sind L1
0000+ Kejaq uonexejpy 91
€05 ules) J9AI909Y G
20l SUBOS JO JaquINN 1
(z $0-a-4'8H-89 LS00 088 ddD) S¥00 €2922+Z eqoid €l
at juswadx3y gL
0gbdbz aousnbag asind L1
2'L62 ainjesadwal QL
€10a0 JUGAIOS 6
Joyiny 8
10ads juswinisu| /2
8IS 9
nsiwu BuUMQ S
Hqwp uidsolg Jaxnig ubuo ¥
wawwoy ¢
P’ dSX-160-eHMM sl ¢
PY /¥ /dSX-¥60-gHMI /S8lid HIANN /Siudwnooq /sninosesyel /siesn / SweN 9|4 ereq |
N anjep J9)eweled

Erg—
60€9~—

@@ I o
oo 13 a
@ o o I
@ o N )

vLLS
2089



243

erL—
8TL—
91—

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 1y

0 Sz o€ g€ ov Sv 0g g'g 09 g9 0z Sz 08 g8 06 96

P T U S S S S S AU S RN
2% R 382 2 2 3 2z 2
8 g 2%8% 8 @ 8 &% 8
[ EPE R R 1 I P PR P P L

s }zm»
<

9€599 ozIS |enoads gz
89/2¢ 9z painboy /g

HL SnaoNN 92
¥'SPSL- Aouanbaig 1samo G2
82108 UIPIM [B408dS 2

€1°00y Aousenbaig selowonoads €2

SSe|D cg

0€'€1:021£0-0}-1202 8leQ UOWBOIPON 12
0€:€1:02120-01-k202 aleq uonisinboy 0g
680V awi uonisinboy 61

Aousnbai4 uoneiniesald gL

00052+ uIpIM 8sind L

0000°L ARejoq uonexejey 9t

1'8L uren JoAIgddY G

9l SUBdS JO JaquinN 1

(z S0-a-4'8H-G9 1S00¥ 08¢ ddD) S¥00 €2922+Z aqoid €l

at swuedx3 gt

0gbz aousnbag asind L1

1262 ainjesadwal QL

€000 UBNOS 6

loyny g8

uomn_w juswnisul /2

s 9

nsJjwu »LsumQ ¢

HAqwp uidgolg Jaxnig ublo ¥

juswwo) ¢

Py L"sX-dwI-€90-F0MM oL 2

Ve Pl /1 JSX-ALI-EQ0-P3ISI /HYINIF /5S8114 HINN /Siuewnood /sninosiaxyal /siesn / sweN a4 Bl |
Son e NN N w &
388 ¥ g 2 g3 3 @

aneaA Jajeweled



244

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
oL- oL (014 oge ov 09 09 (074 08 06 ooL OLL ocL O€L ovL 0sL o9L osL osL o6l o(
L 1 1 . 1 1 1 . 1 1 1 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
0
U 1 1
005+
9€599 ozIS |enoads gz
%o 89/2¢ 9z painboy /g
ogl SNBPNN 92
1 1'9¥61- Aouanbai4 1samo Gz
§'8E0v2 UIPIM [B408dS 2
¥ Aouanbai4 Ja)swoload
0051 2900k E| S €2
sse|) ¢e
1 82:G€'021£0-01-1202 dje UOHBIYIPON Lg
82:G€:02120-01-+202 aleq uonisinboy 0g
: awi] uomsinbo
000z LE9E’L 1| uonisiNboy 61
Aousnbai4 uoneiniesald gL
1 00000} UYIPIM 8sind L1
0000+ Kejaq uonexejpy 91
¥ BY) JONI09)
0osz 8'/8 uley IdAI808Y G
2is SUBOS JO JaquinN {1
(z $0-a-4'8H-89 LS00 088 ddD) S¥00 €2922+Z eqoid €l
| at juswuadx3 gL
ogbdbz aousnbag asind L1
000€— 2’162 ainjesadwal QL
€10a0 UBAI0S 6
1 Joyiny 8
10ads juswinisu| /2
005€—
8IS 9
nsiwu BuUMQ S
1 Haws uidsolg sexnig ubuo v
uawIwio:
0007 ¥ o €
TN i i I N Py g SX-dwi-€90- MMM L ¢
Sa NN © IS IS o o o EF\N /SX-AWI-E90-FMMI /PMMP /SS@lId HINN /Suswinooq /Sninosuaxyel /siesn / SweN 9|4 ereq |
| pb o500 @ s o NS o w »
QO=2=2N © @ © N NN N
Rs Z8ams Q 3 8 &R s R © anjep J9)eweled
nnctz



245

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
§0- 00 S0 oL gl 0z ST o€ g€ oy Sv 0g §'g 09 §9 0z SL 08 g8 06 §'6
L 1 ! T A AU N A E U N | ! 1 I U R R R
0Z-— N2OWDNNS =222 = P
J %R8e53338888 && {88
o] P L PN als By
0 v
™ N
oL
0z
o€
Ot
05
09
0z
08
06
oo 9€599 9zIS [esoads 0z
] ¥8€91 9ziS paiinboy 61
o1 HL snaonN 8L
] 12611 Aouanbai 1semo LI
0zl X IPIM [e10ad
aupjewos!-(+) §'€696 UWPIM | S 91
1 ’ ’ 15665 Aousnbai4 sejowoinoads gL
o8 L¥:01:91122-04-1202 aleq uonisinboy 1
‘ 8L0L°L awi| uonisinboy €1
o] 0059°¢ UIpIM 8sind 2L
| 0000° L Kejoq uonexepy ||
%] 92 ules) J9AI909Y 01
] 8 SUEOS JO JAqUINN 6
™ at juswuadx3y 8
] Indgs aousnbag asind £
0zl .
0'6e ainesedws) 9
opo UBAO!
08l €10p! A0S §
BAOUl juswnisul ¢
06l ~ uelep ubupg ¢
| L0 NOLOHd SlL ¢
00z FINSN AN TZA T Py /1 1O NGLOH /10722041202 AIP-SX-2L0-b3MI /I /SS8lld HIAN /Siuawnood /sninossvyal /188 / oweN ol4 Bleq |
PRS2 2 S SN NN NN w W W
558838853828 AN B33
1 anfeA J8)80Weled
oLz




O
= (wdd) 14
(@] (0] oL (014 oge ov 09 09 (074 08 06 ooL OLL ocL O€L ovL 0sL o9L osL osL o6l o(
. 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
00L-—
o . g i S o— .
00l
00z
] 9€599 ozIS |enoads gz
] 89/2¢ 9z painboy /g
007~ o€l SNs|PNN 92
L'Sy61L- Aouanbaig 1samo G2
‘ §'8E0v2 UIPIM [B408dS 2
005 29001 Aousnbaid 1sjpwonoads £z
| SSe|D cg
0097 62:7¥:61122-01-1202 8leQ UOHBOHIPON 12
1 62:v¥:61122-04-1202 ajeq uonisinboy 0z
LE9E"} awi] uomsinboy 6L
004+
| Aousnbai4 uoneiniesald gL
N 008 000001 WPIM 8sIng 21
g : Aeleq uonexeje!

W aujewos|-(+) 0000'+ |oQ uonexejay 91
S | ocL ules) J9AI909Y G
wz 006+ 21s SUBDS 0 JaqUINN ¥}
% i (z 50-a-4'°H-99 1S00¥ 088 ddO) §¥00™ €29221Z eqoid €t

at juswadx3y gL
S 000L— 0gbdbz sousnbag asind L1
m ] 1262 ainjesadwal QL

N
W 00LL— €10a0 aA0S 6
d | Joyiny 8

d
& 0021 100ds uawnysu|] /£

N
m 1 aus 9

nsiwu J9UM

N 00€L— O &
N9 Hawp uidgolg Jaxnig wbuo
) j

uawIwio:

! 0oL~ 3 0 €
= YNNI NT PUTSXTLODIN oML 2
2 1 L0 mbew o & aha o Pl /2 1SX-2LO-YMMI /MNP /5S84 HINN /S1uawno0q /sninosiaxyal /siesn /- L swen a4 elea |

IR FNLY 8 & gRa 2 3
S 0051 R2%3 ghag & R gse B 8

v anjep g Jeewered
. ]

Y
~



247

Appendix 1 — Spectra Relevant to Chapter 2

00L—

0zl

Oot7L—

09L—

08L—

002

02z

ove—

09¢—

08¢

00—

0ce—

ove—

09€—

08—

(wdd) 1y
00 g0 oL gl 0c ST o) g€ oy Sy [o)e] o) 09 g9 0L Sz 08 a8 06 g'6

1 I 1 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . I . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
828355858 g 8 2 g
el e L oL Wy

——

9€5599 9zIS [esoads 0z

¥8€91 9zig paiinboy 61

HL snejonN g1

/611" Aouanbai 1semo LI

auLew-(+) :

G'€656 WIPIM [e2108ds 91

% 15'66S Aouanbai4 sajowoloads G|

7 65:22:2+110-20-2202 ajeq uonisinboy |

8L0L°L awi| uonisinboy €1

00592 WYIPIM 8sind 21

0000' Kejoq uonexepy ||

2 uren) Janeday 0l

8 SUBDS JO JISqWINN 6

at juswuadx3y 8

Indgs aouanbeg esind £

0'Se ainesedws) 9

€1op2 JuUsAl0S G

BAOUl juswnisul ¢

ueliep ubuo ¢

10" NOLOHd SlL ¢

/L/L/L ,L foL/z h z\ H H pY /Py SHzoFom_n_ \Wow—omommomé.mm—.vx% [P /SS8lI4 HIAN /Siudwinoog /sninosesyel /siesn / oweN ol erea L
R3AB88EYRS ® 2 ® IS

anfep

Je)eWweled



248

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 1y
oL- oL (014 oge ov 09 09 (074 08 06 ooL OLL ocL O€L ovL 0sL o9L osL osL o6l o(
L 1 1 . 1 . 1 1 1 . 1 1 1 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
002-—
i _
| I
00z A = ‘ 7
1 A I Hi
00—
009
008 96559 0z|g [enoads 8z
89/2¢ 9z painboy /g
o€l SN8ONN 92
1 6'v¥61- Aouanbai4 1samo Gz
| §'8E0v2 UIPIM [B408dS 2
0021 29001 Aousnbaid 1sjpwonoads £z
00vL— Sse|) ce
1 ¥€:65:21110-20-2202 8leQ UOHBOHIPON 12
009L— ¥€:6G:21L10-20-2202 ajeq uonisinboy 0z
LE9E"} awi] uomsinboy 6L
008L— Aousnbai4 uoneiniesald gL
] 00000} UYIPIM 8sind L1
0002+ auLew-(+) 0000+ Aejeq uonexejey 9|
1 . 92 0eL ules) JoAleo8Y Gl
0022+ (0] 2ls SUBdS JO JaquinN 1
| (z $0-a-4'8H-89 LS00 088 ddD) S¥00 €2922+Z eqoid €l
at juswadx3y gL
7] 0gbdbz aousnbag asind L1
] 2162 ainjesadwal QL
0% €10ad jusnios 6
008z Joyiny 8
] 10ads juswnisu;  /
00087 ous 9
] nsiwu BuUMQ S
00Ze- Hqwy uidgolg Jexnig ubuo ¥
| wawwoy ¢
] /NN | I A | Py V-SEL-IMM i oL ¢
| LN NN e RA o e o Pl /2 IV-SEL-PYNI [N /SS81I4 HINN /Sluswnooq /sninoxaxyal /siesn /L oweN ol erea L
009¢-| 280 aaus S8 @a o ¥r o 8
588 B8S BRI &Y R 865 8 o
1 anjep a J8)80Weled
nngs-|



249

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
g'0- L gl 0c € g€ oy Sy [o)e] o) 09 g9 0L Sz 08 a8 06 g'6
. [ 1 P | A IR N L. P | P | A R [
05 SONNEN ° ° ° N
BRE3Y 8 g 2 8
| e N a pHE . - Wb
7 v Al
054
00L—
0S5l
002
052+
| 9€599 9zIS [esoads 0z
0oe ¥8€91 9zig paiinboy 61
mc_bm_.c.?v HL snaonN 8L
1 92 LLLLL- Kousnbaid 1somo £|
0 G'£656 UIPIM [es0eds 91
0587 15665 Aousnbai4 sejowoinoads gL
9%:21:04122-20-2202 ejeq uomisinboy
‘ 8L0L°L awi| uonisinboy €1
ooy 00592 UIPIM 8sind 21
1 0000+ Keja@ uonexejay ||
1 oe uren Janeosy 01
8 SUBDS JO JISqWINN 6
* at juswuadx3y 8
Indgs sousnbag esind  /
| 0'6e ainesedws) 9
9p92 JuUsAl0S G
008 eAOUI uawnisy|
] ueleA ubupg ¢
10"NOLOHd SlL ¢
0559 Pl /Pl L0 NOLOHd /10 22202202 909D-V-GE L-MI /PMMI /SS3lI4 HINN /SIUswinodq /sninoxaxyal /s1esn / swep o|4 elea |

anfep

Je)eWweled



[}
e) (wdd) 14
(@] oL- (0] oL (014 oge ov 09 09 (074 08 06 ooL OLL ocL O€L ovL 0sL o9L osL osL o6l o(
L . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
00t
00Z-—
0 .ﬁ < v 4
1 il ,
00z ] Pl
00—
009
| 9€G99 az|g |esoads Gz
008 89/2¢ 8215 paunboy 2
ogl SNSPNN €2
| 0'0€61- Aouanbai4 1samo gz
0001 S'8E0Ve UIPIM [e108dS 12
29001 Aousnbaid 1ajewonoeds og
SSED 61
00zl
21621+ 122-20-2202 ojeq UOHEOYIPOW 81
o 1 ¢h:6¢: L 1ee-20-¢coe ajeq uonisinboy /|
N auijew-(+) Le9et auwyl uosinboy 91
) 007L—
)
wz | Aousnbai4 uoneiniesald gL
-~ 00000+ UIpIM 8sind ¥ 1
@) 0091 0000+ Aejoq uonexejay €1
,m 1 08¢ ulen IoAI8dsY g1
~ 0081 20l SUedS JO JequinN L1
M (z s0-a-44H-ag 1S00¥ 0O8d ddD) S¥00 €2922+Z 9Qq0.d 0}
W 1 at juswnadxy 6
~
3 000z 0ebdbz aousanbag asind 8
S+ 1,62 ainjesadwal £
S 1 €10ad jusaios 9
&
w 002CH oyiny g
Q ] 100ds juswnisu| ¥
|%5)
| 00tz S €
~ nsiwu mBump 2
= 1 (NN T T ] f
s SRR B8R 88 88 a g 9 HAwo uidsolg Jaxnig 5 ublo 1
S 0092+ 222 B8 8y ga g 5 @ e
m anjeA Jajeweled
S, ]
Y
~



251

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
g'0- 00 g0 oL gl 0c ST o) g€ oy Sy [o)e] o) 09 g9 0L Sz 08 a8 06 g'6
L . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
22 SoomsaNNS s N N
0L 38 2833Ra=8888% = 8 8
B [ SN TFT, VI Wb
7 ‘ 2 v
oL+
0cH
0€—
ov—
094
9€G59 9z|S |esjoads
‘ ¥8E9} 92Ig paiinboy
09 HE snajonN
G'/6LE- Aousnbal4 y1samo]
] G'€656 UIPIM [e4108ds
/566G Aousnbai4 Jejewonoads
] m:_bmc._o__m-?v L¥'00:¢elLe-10-¢c0e a1eq uonisinboy
8/0L°L awi] uosinboy
‘ 00592 UIPIM 8sind
084 0000°L Aeje@ uonexejoy
t44 uren) JaAIeoay
1 8 SUBDS JO JISqWINN 6
at juswuadx3y 8
% Indgs sousnbag esind  /
0'Se ainesedws) 9
| €1opd JuUsAl0S G
BAOUI uswinJisuy|
00L ! ¥ sul
uelieA ubupg ¢
] 10"NOLOHd sl ¢
H,o H H Pl /P L0 NOLOYd :ow&v—ommomwm.mm—.vx% PP /SS81I4 HINN /siuawindoq /sninoxiesyal /siesn / oweN o|i4 eleq |
oLl 3 g B :
anfep Je)eWweled




252

Appendix 1 — Spectra Relevant to Chapter 2

00¢-—

00L-—

0

00L—

002

00€—

00V~

005

009+

004+

008+

006+

000L—

00LL—

002l

00€L—

00rL—

0051

009L—

004L—

008L—

006L—

wdd
oL- oL 0z o€ oy 0S 09 oL 08 06 ool Hoivz ozL 0€L ovL 051 09L osL o8l 061 00z [0 0zz o€z
1 I N S Y S RS S S S S S St Sy S S Y S S SO S HN SAS AU SR B
9€5599 9zIS [esoads 0z
89/2¢ azig paunboy 61
ogl SNSPPNN 81
aujewoje-(+) 5'6881- Kousnbai 1sam0 /|
Le Sovvie UIPIM [B1100dS 91
% £9'Ggl Aouanbai4 1elowonoads gL
62:80:221.2-10-2202 aleq uonisinboy 1
02y0'H awi] uonisinboy g1
SLE8'V UpiM 8sind g1
0000'L Kejoq uonexeley L1
o uren) Janeday 0l
8zl SUBDS JO JISqWINN 6
at juswuadx3y 8
Indgs aouanbeg esind £
o€ ainesedws) 9
€1op2 JUBAI0S G
BAOUl juswnisul ¢
ueep ubupg ¢
LONOGHVO SlL ¢
wn\w@fafu% Mm w>w %f%_w N Pl /PY LONOSHYO /8-62 L-yXMI" /PMNF /53l HINN /Siuawinoog /sninostiaxyal /siesn / oweN ol erea L
5538588 8 RY 89N e 8

6T

anfep

J9)eweled



253

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 1y
g0- 00 S0 ol gl 0 Sz o€ g€ ov Sv 0g g'g 09 g9 0z Sz 08 g8 06 96
L 1 L D S S A S AU MU R MY
02— = NN S 0N S SossonN =
J 8 2330333 228888R 3
o1 Wbk SRy g L R h
0+ ) ~ w .5 ~
oL
0z
o€
o7
05
09
oz
08
06
00t 9€599 9zIS [esoads 0z
] ¥8€91 9ziS paiinboy 61
Ry HE snajonN 81
| v L6LL- Aouanbai 1semo LI
0zl §'€696 UIPIM [B1108dS 91
1 auipoydososi-(+) 16665 Aouenbaid ssjewonoeds G|
ogL— 6£:62:81181-10-2202 ajeq uomsinboy ¢
] 8L0L°L awi| uonisinboy €1
ovL— 00s9°¢C UIPIM 8sind ¢k
] 0000+ Keja@ uonexejay ||
o5 82 ules) J9AI909Y 01
| 8 SUeog JO JequINN 6
™ at juswuadx3y 8
| |ndgs aouanbeg esind £
] 0'Se ainesedws) 9
] €1op2 JUBAI0S G
08l BAOUI juswinisu| ¥
] uelep ubupg ¢
061 _
1 L0 NOLOHd SlL ¢
LAYV SNAN 272/ Pl /Py LONOLOHd /10781 10220272Q- LLL-bYMI /731 /558114 HINN /SIusWinood /Sninossexyal /51880 / sweN 4 Bleq |
00z S 2 moooan R0 0 0 19 10 19 A
g 8 823288 B3853a88 3
| on[ep Jsleweled
oLz




<
] (wdd) 14
(@] oL- (0] oL (014 oge ov 09 09 (074 08 06 ooL OLL ocL O€L ovL 0sL o9L osL osL o6l o(
L . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
0 - y — .
005
9€599 ozIS |enoads gz
89/2¢ 9z painboy /g
000L— ogl SNBPNN 92
6'GY61- Aouanbaig 1samo G2
] §'8E0v2 UIPIM [B408dS 2
29001 Aousnbaid 1sjpwonoads £z
0051 sse|) ¢e
20:8€'€0161-10-2202 aje@ UONBOYIPOWN |2
20:8€:€0161-10-¢c0e aleq uonisinboy 0g
‘ LEOE"L awi uonisinboy 61
Aousnbai4 uoneiniesald gL
~ 0002+ 00000+ yipim esind L1
) Aejag uonexe|o!
W aulplioydososi-(+) 0000+ 19Q uonexeigy 91
1S 1 L'Ey ules) J9AI909Y G
Mz 201 SUBOS JO JaquinN {1
% (z $0-a-4'8H-89 LS00 088 ddD) S¥00 €2922+Z eqoid €l
0052+ at juswuadx3 gL
m 0gbdbz aousnbag asind L1
m 1 2162 ainjesadwal QL
m €10ad jusnios 6
)
S 0008 opny g
= 10ads juswinisu| /2
N
5 | aIs 9
w nsiwu mBumQ G
N9 Hawp uidgolg Jaxnig wbuo
) 005€E-|
! wawwoy ¢
= NIZN NY || i || Py a-LEL-pIAP i oL ¢
M SBBREE 888 55 2 32 Pl /2 /Q-LLL-PMC /EMNE /SSBII HIAN /Siudwinoog /sninosasyel /siesn / 3 oweN ol erea L
S TEasEE waw = ® i anjep g J8)80Weled
N 000t
N9
Y
~



255

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 1y
50 oL [ 0z %4 o€ g€ oY Sv 0's g's 09 59 oL S 08 g8 06 56
L Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il "
= & =N o = oo
S 2 e s 83 288
0 wr Y ﬁ Y
0001
000z 96559 9z|S [esjoads 82
89/2¢ 9z painboy /g
J HE SnoNN 92
2'SPSH- Aouanbaig 1samo G2
82108 UIPIM [B408dS 2
000€
€1°00y Aousenbaig selowonoads €2
1 sse|0 22
¥2:60:20161-10-2202 ajeQ UOHBOYIPOI 12
0007~ ¥2:60:2016-10-2202 ejeQ uowsnboy 0z
6807 awi] uonisinboy 61
1 Aouanbai4 uoneinyesal,
auipuoydos-(—) 4 UoneImesald 8L
0005°2Zk UIPIM ®sind L1
0005 0000'k Kejaq uonexejey 91
v'L6k uren JoAIgddY G
4 9l SUBdS JO JaquinN 1
(z S0-a-4'8H-G9 LS00y 089 ddD) S¥00 €2922+Z aqoid €l
00094 at swnedx3 gL
ogbz aousnbag asind L1
1262 ainjesadwal QL
€10a0 JUGAIOS 6
000 Joyiny 8
~omn_w juswnisul /2
1 s 9
nsiwu »LsumQ ¢
0008 Hqws uidgolg sexnig ubuo ¥
juswwo) ¢
PY 1O LLL-PYNP oL 2
[ [ [ DU /1 10 LLL-B3IP /6MIIF /SS911 HINN /Sluatinoog /sninoxsexyal /siesn / sweN a4 Bl |
0006 5 3 [ 8k [
o B 3 ~ ~N o oB®
anjeA Jajeweled




256

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
oL- (0] oL (014 oge ov 09 09 (074 08 06 ooL OLL ocL O€L ovL 0sL o9L osL osL o6l o(
L . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
05—+
|
054 ,
00L—
9€G99 ozIS |enoads gz
| 89/2¢ 9z painboy /g
o€l SN8ONN 92
* 9V6l- Aouanbai4 1samo Gz
1 §'8E0v2 UIPIM [B408dS 2
29001 Aousnbaid 1sjpwonoads £z
] SSe|D cg
4 91:16:20161-10-2202 a)eq UOHBIYIPON |2
91:16:2016}-10-¢202C aleq uonisinboy 0g
05 LE9E} awi] uonisinboy 61
Aousnbai4 uoneiniesald gL
00000} UYIPIM 8sind L1
00 aulpuoydos-(—) 0000+ AKejo@ uonexejey 91
0'8¢ ules) J9AI909Y G
] 20l SUBOS JO JaquINN 1
(z $0-a-4'8H-89 LS00 088 ddD) S¥00 €2922+Z eqoid €l
] at juswuadx3 gL
0gbdbz aousnbag asind L1
| 1262 ainjesadwal QL
0o €10ad JUBAIOS 6
Joyiny 8
] 10ads juswinisu| /2
0S| 8IS 9
nsiwu BuUMQ S
1 Haws uidsolg sexnig ubuo v
008 wawwoy ¢
[AV AN f LA | P O-LEL-PINP f opL 2
| BRRE R38Y 5 5g ga g Pl /2 /O~ LLL-PMMP /MNP /SS31I4 HINN /Siuswinooq /sninoxiaxyal /siesn /- swen a4 elea |
2R Nwoo S S5 wo IS [
0554 WrOR WO S ® o b [SHNY ~N m3_m> 3 hmum_.tm‘_.mn‘




257

Appendix 1 — Spectra Relevant to Chapter 2

0

005

000L—

0051

0002+

0092+

000€—

005€—

000v7—

0091

ST~
6L
6EL—"

Wi—
00—
sec—

S0'L—

PY /1 NY-OTT1dH-V-82 L-vMMI /7P /8S311d HIAN /Suswindo(g

€8T

gee—
we—
9aLe—

anfep

/sninoxenyal /siesn /

sweN 9|i4 eyeq

J9)eweled

(wdd) 14
o) g€ oy Sy [o)e] o) 09 g9 0L Sz 08 a8 06 g'6

1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
= o = o
8 88 g
H (R

Ty “ _ Y

9€599 ozIS |enoads gz

89/2¢ 9z painboy /g

HL SNejONN 92

£'GYS1- Aouanbaig 1samo G2

82108 UIPIM [en10ads 2

€1°00y Aousenbaig selowonoads €2

sse|) ¢e

9€: 1121 120-2¢0-¢c0e dje UOHBIYIPON Lg

9€:11:2k120-20-2e0e aleq uonisinboy 0g

6801 awi] uonisinboy 61

Aousnbai4 uoneiniesald gL

000S°CH UiptMm esind L1

0000° Kejaq uonexejey 91

j1onpoud |esnjeuun-(-) z'951 uEe JonBo8Y S|

9l SUBOS JO JaquinN {1

(z $0-a-4'8H-88 LS00 08¢ ddD) S¥00 €2922+Z eqoid €l

ak awuadx3 ZL

0gbz aousnbag asind L1

1262 ainjesadwal QL

€10a0 UBAI0S 6

Joyiny 8

10ads juswinisu| /2

8IS 9

nsiwu BuUMQ S

Haws uidsolg Jexnig ubuo v

wawwoy ¢

PY |'V-O1dH-V-82 L-#IMP L ¢



258

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 1y
oL- 0 oL 0z o3 ov 05 09 oL 08 06 ooL oLl ozl o€l ovL oSl 09L osL osL 06L o(
(I [ N [ P | P | A N TR R L. A R A A A R
00L-—
O~ v AN 4 A ANAMA 0 A E:s_...}i AP AN A MV Sl Vo ! |
00L i
1 I
I
002
0087 9€599 ozIS |enoads gz
89/2¢ 9z painboy /g
o€l SNSIONN 92
00— 9Yr6L- Aouanbai4 1samo Gz
1 5’8802 UIPIM [e2103dS 12
29001 Aousnbaid 1sjpwonoads £z
005
i sse|) 22
0G:¢€:21120-¢0-¢c0e 9je UOHEOUIPON |2
0997 0G:¢€:¢1120-¢0-¢e0e aje uonisinboy 0z
g LE9E"} auwi] uonisinboy 61
004 Aousnbai4 uoneiniesald gL
| 00000+ UiptMm esind L1
jonpoud |eunjeuun-(-) 0000°L Aeja@ uonexeley 9l
008 0eL uren JoneoRY Gl
4 2l SUBOS 4O JequINN Y|
0064 (z $0-a-4'8H-89 LS00 088 ddD) S¥00 €2922+Z eqoid €l
at swnedx3 gL
4 ogbdbz oouanbag asind L1
000L 1,62 ainjesadwal QL
€10a0 JUGAIOS 6
00LL— loyiny 8
~omn_w juswnisul /2
El
00z14 WS 9
nsiwu »LsumQ ¢
1 Haws uidsolg sexnig ubuo v
008l Juswwo) ¢
1 i .///// _ i i \\/ i PYEV-O1dH-V-8C L-vMNI i SlL ¢
i S RN N W 0 00 S oo o Pl /2 V-OTTdH-V-82 L-MMI //MNF /SS8lId HIAN /Siudwinoo /sninosasyel /siesn / = SweN 9|4 ereq |
0oovL © RR&ENERE S 5 L& a N
8 =yIBBII & N Bes & N
] anjep N Jglowered




259

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
g'0- 00 g0 oL gl 0c ST o) g€ oy Sy [o)e] o) 09 g9 0L Sz 08 a8 06 g'6
L 1 I 1 . 1 . 1 . 1 . 1 1 1 . 1 . 1 . 1 . I . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
1 a b ° ° 2eo@o 5
% o © © ®OONO o
00k I e Y T e
i 4 B
00L—
00z
00€—
oo 9€599 ozIS |enoads gz
| 89/2¢ 9z painboy /g
00G— HE SNSIONN 92
£'6pGL- Aouanbai4 1samo Gz
82108 UIPIM [B408dS 2
009+ .
€1'00 Aouanbai4 ssjowonoads gz
00/~ SSe|D cg
1 evi9€:LLLIL-0L-1202 ajed UoNeoyIPON |2
008 Zri9e:/11L1-01-1202 aje@ uonisinboy 0z
| 680V auwi] uonisinboy 61
006 Aousnbai4 uoneiniesald gL
1 000S°CH UiptMm esind L1
000L— 0000'k Kejaq uonexejey 91
1 vL6L ufen Jeniedey GL
00LL— 9l Sueog Jo JaquinN 1
] (z $0-Q-4'8H-88 LS00 08¢ ddO) S¥00 €2922+Z eqoid €l
10} uswinadx
00zi ak ewuadx3 21
ogbz aousnbag asind L1
‘ 1262 ainjesadwal QL
00€L €10a0 enos 6
00l loyiny 8
] 10ads juswnisu;  /
00SL— S 9
1 nsiwu »LsumQ ¢
0091 Hqwy uidgolg Jexnig ubuo ¥
1 swwo) ¢
0014 Pi'€'0Y-69¢-L-SYV SlL ¢
1 ool D DIV T dyse ron-692- 18wy /15w /HINN Tdd 49UAO /55811 HIAN /Siuswinood] /sninosesyel /siesq / oweN ol Bleq |
0081 3 2 g 3 2388 8% g
| anjep J9)oweled
nnARl1L-A




260

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 1y

oL- 0o oL 0C oe oy 0§ 09 0L 08 06 ooL oLL ocL O€EL ovL oSl ool osL osL o6l
L L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il Il Il Il Il Il Il Il Il Il

P00 0 O

*1 9€599 ozIS |enoads gz
89/2¢ 9z painboy /g
| o€l SnajoNN 92
8'EV61L- Aouanbaig 1samo G2
0GL— G'880¥C YIPIM [e1108dS $2
29°001 Aousnbaiy sejowouoads €2
SSe|D cg
002 £G4 LLLLL-0L-1202 18 UOHEOYPON |2
€G:/G:LLLI-0L-1e0e ajeq uonisinboy 0z
LE9E"} awi] uomsinboy 6L
Aousnbai4 uoneiniesald gL
%4 oL 0000°0}+ YIPIM 8sind L1
0000" + Aejoq uonexejay 91
] H 00 L'eh ulen J1en1gdey Sl
21s Sueog Jo JaquinN 1
008 (z 0-a-4'3H-89 1S00% 088 ddO) §+00” €2922}+Z agoid €1
at juswadx3y gL
| 0ebdbz souanbeg esind L1
2'L62 ainjesadwal QL
7 €10ad JUGAIOS 6
1 oyny 8
100ds ewnusu]  /
1 S 9
nsiwu »LsumQ ¢
| Hqwp uidsolg Jaxnig ubuo ¥
o5t swwo) ¢
7NN\ S~ ANN Py OH-692- L-SVYV T
1 NNERNRNER® q993 N ¥ 104-692- 1-SVYV /LSVY /HIAN Tdd J8Ui0 /5S8]i4 HINN /siuawinooq /sniroxiexyal /siesn / sweN 9|4 Ble@ |
cRRBEL3HR @b 2
anjep Jajeweled
005




261

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
0- 00 S0 oL gl 0Z 4 o€ ge ov Sv 0s g'g 09 g9 0z Sz 08 58 06 56 ol
L 1 1 1 . 1 . 1 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . . 1 . 1 .
onwapm N Son -~ w
YBRBYRY 8 882 88
R VR PR VT e A

oLZ—

16

P4 /P L0"NOLOHd /L0 0+€00202™ 9-200- FTHd /S84 HINN /Siuawr

anfep

WT—~—
esCc—
19—

9€959

¥8€91t

HL

€'9641-

6'1196

65'665
0:¥5:00L01-£0-0c02
9r0L’L

00s9'c

0000+

Ve

8

ak

Indgs

0'se

€1op2

eAoul

ueuep

L0 NOLOHd

00Q /sninoxiexyel /s1esn /

az|g |esjoadg
921S palinboy
snajonN
Aousnbai 1samo
UIPIMW [eL100dS
Aouanba.4 Jejowonoadg
ajeQ uonisinboy
awi] uoisinboy
UIPIM 8sind
Aejaq uonexelpy
uren) Janleoay
SUBOS JO JoquinN
juswiadxy
aouanbag as|nd
ainjesadwa]
JusA0S
awnisuj

ulblo

oL

SweN 9|i4 ered

Iaeweled

6}
8L
L
9l
St
vl
el
cl
L
ok

o

- AN MO T 0 O N~N©



(wdd) 14

Appendix 1 — Spectra Relevant to Chapter 2

oge o 09 09 oL 08 06 ool oLL ocL o€l ovL 0SL 09L osL 0osL o6l o(
1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
9€599 ozIS |enoads gz
89/2¢ 9z painboy /g
o€l SN8ONN 92
£9V61L- Aouanbaig 1samo G2
§'8E0v2 UIPIM [B408dS 2
29001 Aousnbaid 1sjpwonoads £z
SSe|D cg
1€:22:10101-€0-0202 8leQ UOHBOHIPON 12
1€:22:1010}-€0-0202 aleq uonisinboy 0g
LE9E"} awi] uomsinboy 6L
Aousnbai4 uoneiniesald gL
00000} UYIPIM 8sind L1
0000+ Kejaq uonexejpy 91
€05 ules) J9AI909Y G
2IS SUBOS JO JaquinN {1
16 (z 50-a-4'8H-99 1S00¥ 099 ddO) S¥00 €2922+Z 2qoid €1
at juswadx3y gL
0gbdbz aousnbag asind L1
2'L62 ainjesadwal QL
€10a0 JUGAIOS 6
Joyiny 8
10ads juswinisu| /2
8IS 9
nsiwu BuUMQ S
_ Hqwyo uidgolg Jexnig ubuo v
wawwoy ¢
Py a-£00-HTHd oL ¢
PY /2 /8-200- L THd /S@lid HIANN /Suswinooq /sninosuaxyel /siesn / SweN 9|4 ereq |
RO O T Y
% BEBENR 8 08 aR R8I



263

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
§0- 00 S0 ol Sl 0 k4 o€ g€ oy R4 0S ] 09 g9 oL S’ 08 S8 06 6 0"
L 1 1 [ P | P | A IR R IR N TR P | P | A R
1 NDONWRWNO S N 2 2 =
0z 8IPBIR2Zgaw 3 8 g 8
] “mahad Ll e e I v
07 e v .
0z
ov
09
08
00L
0zl
e 9€959 az|S |esjoads 02
1 ¥8891 9215 paiinboy 61
(1] HE SnajoNN 81
091 .
L6} Aousnbali4 1semo /|
| S'€656 UIPIM [enoeds gl
08l /566G Aousnbaig Jsjewonoads G|
Sv:22:L11£0-20-2202 ayeq uonisinboy 1
‘ 80t awi) uomsinboy €|
00¢7 00592 WPIM 8SInd 21
1 0000°} Kejoq uonexejpy ||
e ulen) JaAI903Y Q1L
* 8 SUBDS JO JOqWINN 6
1 ak juswadxy g
ove— Indgs aousnbag asind £
0'Se ainesadwsl 9
| €1opd JUBAI0S G
09z BAOUL wewnisu|
] uelep ubuo ¢
10 NOLOHd 9L ¢
0827 L\L\ ?Lft ,L N ,L/L/z/z ! H W: Py —owzsgom_n_ /10 €0202202 V-LE L-FYNM /FMNF /SS8II4 HINN /Siuswndod /sninoxaxyal /siesn / sweN o4 eled |
] 555837888823 3 8 8 8
anep lajoweled
00€4




<
O (wdd) 14
(@) oL- 0 oL oz og ov 0s 09 oL 08 06 ool oLl ozl o€l oyl [ol<]8 o9l oLL o8l 06l o(
L " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il "
005~
0+ v
005 — 7 A — —7
0001
9€G659 9715 |esjoads g2
) 89/2¢ 8ziS paunboy /g
o€l SN3IONN 92
0051 1'9v6L- Aouanbai4 1semo gz
S'8E01C UIPIM [en109dS 2
1 29°00} Aousnbaig sejowoioads €2
SSE|
000z 10 22
£0:01:611€0-20-¢20c djeq UohedyIpoN L2
1 £0:0}:611€0-20-¢202 ajeq uonisinboy 0z
LE9E" L awi| uomsinboy 61
0052 AKouanbai4 uoneinyesaid g1
~ soi 0000°01 upIA esind Z1
W 0000"+ Kejog uonexejay 9|
: urer) I1aA1909
m 00084 2v9 1B 1oneosy Gl
S cls SUBDS JO JISqWINN {1
% j (Z 50-a-4'9H-89 +S00Y 088 ddD) S¥00 €29221Z eqoid €}
ak uswuedx3 z|t
,m 005€ 0ebdbz aouanbag asind ||
m 1262 ainjesadwal 0O}
m 1 €000 uanoS 6
)
~
) 000t Joyiny 8
R ﬂomnw uswnisul £
S )
5 oS 9
Q nsiwu BumQ S
N 0057
N9 HAwp uidsolg Jexnig uwbuo ¢
|%5)

, 1 juswwo) €
™~ P S V-LEL-PIMM SML ¢
K] 0008+ z\zxﬂ/#z/z/z p‘a ﬁ.& _v g\ 9\ p\U: "fu PY /2 IN-LEL-bXNP 3&“ /88114 HINN /Siuawnooq /sninosuaxyal /siasn / swenN ajid elea |
d SNNNQO® o N o ANNN N °

N BReBBe 59 g I28L 3 Q
S 4 anjep lajoweled
N8
L
~



265

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
z € 4 ] 9 L 8 6 oL L zL €l
1 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
w S = Somoos 2 o=
N R&3 8 BRakis 3 83
i pu WL i’ v iy
-
I
|
9€G99 az|S |esjoads 02
9L 000v2 9215 paiinboy 61
HL snaonNN 81
S'0e0L- Aousnbali4 1semo /|
00008 UIPIM [e1108dS 91
19'66% Aousnbai Jejowosoeds G|
€2:66:2LLL0-11-6102 ayeq uonisinboy 1
0000 swi] uomsinboy g1
0099°'S UIPIM 8sind gt
00002 Kejoq uonexejey ||
8 ures) JoAI90aY Q|
9l SUBDS JO JOqWINN 6
ak juswadxy g
Indgs aousenbag asind £
o€ ainesadwsl 9
€19p2 JUBAIOS G
eAoul uswnisu| ¢
ueLiep ubuo ¢
LONOLOHd SML ¢
Pl /P LONOLOHd /SX-LLL-ZHMI /S8II4 HINN /Siuswndoq /sninoxaxyal /siesn / SweN 9|4 erea |
2 N R A.EM_M % _‘_ _u o\u /mfz anfeA Jsjpweled
2 S §2a82 3 R 8



(wdd) 14

Appendix 1 — Spectra Relevant to Chapter 2

o3 ov 05 09 oL 08 06 0oL oLl ozl 0€L ol 0SL 09l osL oslL 06L o(
. 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
9€5599 9zIS [esoads 0z
89/2¢ azig paunboy 61
ogl snejonN g1
o G'8881- Aouanbai 1semo LI
Soryie WIPIM [es10ads 91
9'Gzg1 Aousnbai4 Jejewoinoads gL
LO:LPi2LLL0-LE-61L02 ajeq uonisinboy |
0201 awi] uonisinboy g
SLE8'V UpiM 8sind g1
0000'L Kejoq uonexeley L1
o uren) Janeday 0l
000+ SUEJS JO JsqWNN 6
at juswuadx3y 8
Indgs aouanbeg esind £
o€ ainesedws) 9
€1op2 JUBAI0S G
BAOUl juswnisul ¢
ueep ubupg ¢
LONOGHVO SlL ¢
| | N Py \ocx. _fozom_mdo \mx\.:—wmw,xﬂ \wﬂ__“_ HIAIN /Sluawinooq /sninoxaxyel /siesn f\ | esweN ol eled |
g m m H e m 83 ISRBR  BeneA 3 3 Jopwerd
° " A s EE SRR g 8



267

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
§0- 00 S0 ol Sl 0 k4 o€ g€ oy R4 0S ] 09 g9 oL S’ 08 S8 06 6 0"
L 1 1 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
G-
o T
[
oL+
=
0z
Sz
0+
J N
ge+ P
| il alwsaoel 9€559 az|S |esjoads 02
ot 44 ¥8891 9215 paiinboy 61
| (pr) @ HL SnajonN 81
Sy L6 Kousnbal4 1semo /|
G'€656 UIPIM [el}0ads 91
‘ 16'665 Aoienbal Jejewonoeds G
05+ €¥:09'G1180-¢l-1c0c areq uonisinboy 1
] 80t awi) uomsinboy €|
. 00s9'c UIPIM 8sind ¢t
000009 Kejoq uonexejey L1
1 0z uren Jenigoey 0k
09 L SUBDS JO JOqWINN 6
] SN at wawuadxgy g
G0 Indgs aousenbag asind £
0'Se ainesadwsl 9
1 €10p2 enos g
0L+ BAOUI juswnisu| ¢
) UBLEA ublo €
o 10 NOLOHd 9L ¢
TN ISR Pl /P L0 NOLOYd /L0 802 HE202 U0-90 L-¥MMI /MMI /SSBlId HIAIN /Siuawinood, /SniAosiexyel /s1esn / SweN 9|4 erea |
J RR556688
an|e, Jajswele,
o en 1OWBIE  yo-g0L-tomir
LO"NOLOY¥d



268

Appendix 1 — Spectra Relevant to Chapter 2

0

0z

ot

09—

08—

0oL+

0zl

Oovl—

09l

08L—

002

0z

ove—

092

(wdd) 1y

X4 oe g'e oy =4 0’9 g'g 09 g9 0L

L 1 L 1 L 1 L 1 L 1 L 1 L 1 L

S00
00'L

b

°
28

,\.‘ / Pl /P10

SN

99 %06
ve

SN

OLOHd /L0 G2 }++h20g snid-gsx3-E90-yMMI /yMMI /SSall4 HIAN /siuawinood

anfep

9€599
8€91
HL
0'8611-
§'€696
15665
c0-v¥SL1Seyll-1e0e
8/0L°L
00s9°¢C
0000'+
Ve

8

ak
|ndgs
0'se
€19p2
BAOUl
uelep
10"NOLOHd
/sninoxiesyel /siasn /

8z|g [eoads 02
azi pannbay 61
snejonN g1
Aousnbal4 1samo /1L
UIPIM [B1108dS 91
Aouanbai4 Jejpwonoads gL
ajeq uowsinboy ¢
sl uomisinboy g1
UIPIM 8sind g1
Kejoq uonexepy ||
uren) JaAIvoay 0L
SUedS JO JaquinN
juswiadxy
aouanbag esing
ainjesadwa]
JUBA|0S
juswin.su|

uibuo

sl

SweN 9|4 ereq

o

- N M T 0O N©

hwﬁEm‘%ﬂﬂmem.moo.QxV_ﬂ
L0O"NO.LO¥d



269

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
g0~ 00 g0 ol gl 0 g o€ g'e oy gy 0’9 g'g 09 g9 0L gL 08 g'8 06 9’6 ooL goL
S Y S A R S S A O A MU NS I AN S NS N NS AU R R A
Nos o 2 = =2 = °
388 & 3 N S 3 N
1 o by b Wi T P Wi i
04 ?Jj v ‘ s
oL
89/2¢ 97|15 |esjoads gz
02 000v2 2215 paunboy /z
HE Sn8oNN 92
1'S661- Aousnbai4 1samo gz
8'666. UIPIM [1108dS 2
£9'66% Aousnbaid Jeyowoinoads €2
0e+
SSe|D ¢e
1 £1:6€:0112-€0-610C djeq UoHeOHIPON L2
<6HpZ L2 1enN> ajeq uonisinboy 0z
7 0000°€ awi] uowsinboy 61
AKousnbai4 uoneinyesaid g1
00000 UIpIM 8sind L1
S 0000k Kejoq uonexejoy 9|
" ovi ulen) JoAI90aY Gl
8 SUBOS JO JaquinN |
8qold gl
7 ak JUETITIIET M= P A
aousnbag asind |}
ainjesadwal 0O}
0L+ €19po anos 6
1 Joyiny g
00S-VAONI AJINN uelep wawnisu| L
% ous 9
Jasnojne BumMQ S
1 (euou)Aput ubuo ¥
oWIWO!
06 uswwo) ¢
f, \\ i , SulWOog-Lee- XM Sl ¢
N Nru.Sow%\mozokom_n_%:omaﬁw;nc_om.&M,.G_v:.:xv_zmwm__“_.r_\,__, /SBwWNooQ /Sninosuddal /s1esn / oweN a|i4 eleq |+
1 Rig83 & & ] 8 <
anfep Iaeweled
00L—




270

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
S0~ 00 S0 ol Sl 0C 4 o€ g€ oy Sv oS §g 09 59 oL S’ 08 58 06 56
L 1 . I 1 . 1 . 1 1 1 . 1 . 1 . 1 . 1 . 1 . I 1 1 1 . 1 . 1 . 1 . 1 .
05--
[
7 ‘_r— e Y < \J Jé ?’{(lt[xf)\lnf j\J7I‘1l|
| I
05
00L
051
002
052
00€
€
| H o 9€559 oz|g [es0ads 0z
05€— 000¥2 9zig paiinboy 61
1 N HL snejonN g1
2'8€01- Aouanbai 1semo LI
%7 © | H H 00008 UIPIM [e2102dS 91
1 X €966 Aougnbai4 1e1owonoads gL
LOJoE 01 LgE-€0-6102 e1e@ uonisinboy |
7 0000°€ awi)] uonisinboy g1
1 0008'S UIPIM 8sind ¢k
0000°G2 Kejoq uonexeley L1
. [14 uren) JaAIvoay 0L
1 1 SUBOS JO JBqUINN 6
at juswuadx3y 8
* Indgs oouenbeg esind
] o€ ainesedws) 9
2logpo jusnios g
** BAOUl juswnisul ¢
| ueLep ubuo ¢
LONOLOHd SlL ¢
059
it 7_u h V 7; Py /Py FonPow_..r \wsospm.&mix&w;rxr /ss@lid HNN \mEm%Looo /sfinosyexyfel /s1esn / oweN 9|4 eleq@ L
9 gan @0 > =Y > 20 ® @ ©o
o o o = a N o o = o N B @ ~N
aneaA Jajeweled
00£




271

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 1y
G0~ 00 S0 oL Sl 0Z x4 o€ oY Sv 0'S §'g 09 g9 oL SL 0’8 g8 06 g6 ok}
L Il Il Il " Il " Il " Il " Il Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il "
002~ o > Sgsagga 2 9 2 238 2
© o a—"ougo—"o © ~ © NN o
| . [ Y= P, o Lo Wl Y2 WL
T r I ) e
00z v
00v—
0094
008+
000L—
oozl 9£959 82Ig [el10ads 02
) 000t2 82| paunboy 61
HE SnejonN 81
00t7L— 1'8101L- Aousnbali4 1semo /|
1 00008 UIPIM [enoeds gl
85°'66% Aouanbai4 Jeyowonoads G|
0091 0S:€:81LY1-04-1202 ajeq uowsinboy 1
18 0000'€ awi| uowsinboy g1
1 0059°'S UIPIM 8sind zk
008L- 0000+ Kejoq uonexejey L1
2s uren Jonieoay Ok
1 8 SUBOS JO JIOQWNN 6
0002+ ak juswadxy g
Indzs aousnbag asind £
| 00} ainesadwsl 9
€lopo ueAes g
0022+
eAoul uswnisu| ¢
] uelep ubuo ¢
LONOLOHd ETR
0ove Pl /Pl LONOLOY /SX-Y~ LE0-bMIF //MNIF /SS8lId HIAN /SIUawnooq /sninoxasiyal /siesn / suEN oI BIRQ |
‘ L LWL Ll L e | oI o
2 T BREYBEE 88 & egs 2 XY oNoLONd
0092+



272

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
oL- (0] oL (014 oge ov 09 09 (074 08 06 ooL OLL ocL O€L ovL 0sL o9L osL osL o6l o(
L . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
002+
0 . U W
002
00—
009— 9€559 92|15 [e4)0adS 82
89/2¢ 9z painboy /g
ogl SNBPNN 92
%57 '8G561- Aouanbai4 1samo Gz
1 5'880v2 UIPI [e1100dS 2
29°001 Aousnbaiy sejowouoads €2
000L—
] Sse|0 g
LGS L0LSH-0L-120C 9je UOHEOUIPON |2
oozl 1SS 10LSH-0L-1e0e aje uonisinboy 0z
1 LE9E’L awi] uonisinboy 61
00vL— Aousnbai4 uoneiniesald gL
] 00000} UYIPIM 8sind L1
0000'k Kejaq uonexejey 91
0091 1'8L ules JoAleoay Gl
1 20l SUeOS JO JSqUINN 1
0081 (z 50-a-4'°H-99 1S00¥ 088 ddO) §¥00™ €29221Z eqoid €t
at swnedx3 gL
1 ogbdbz sousnbag asind L1
0002+ 2’62 ainesedwal 0}
4 €10ad jusnios 6
0022 Joyiny 8
10ads juswinisu| /2
00vz s 9
nsiwu BuUMQ S
1 Haws uidsolg sexnig ubuo v
0092+
wawwoy ¢
1 PY'E'SX-V-LEO-PUNP sl ¢
0082 i i \ , . \\ ‘ PY /2 /SX-Y-LEO-PHMI \vv_v:.\\\wiwﬂ__n_ im_\,_z /sluswnooQ /sninoxaxyal /siesn / i SweN 9|4 ereq |
1 RR 88 RESRR 3 SRRE ahen I Jejeweled
8t g ansl g -
000€- B © © PY'T'SX-V-LEO-UMNM



273

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
0- 00 g0 ol gl 0c g [k g'e ov S 0's g'g 09 g9 0L Sz 0’8 g8 06 §'6 (o

L . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .

° = = » oo o o o= o o

8 & 2 N 88 & 8 83 8 3

- —L (N P A N e e Ll i B
9€G659 9715 |esjoads g2
89/2¢ az|g palinboy /2
HL SNeONN 92
o 60551~ Aouanbaig 1semo G2
82108 UIPIM [en109dS 2
€1°00% Aousnbaig Jejowoioads €2
SSBID g2
1€:65:04192-+1-6102 areq UoNeOYIPON |2
o 1€:65:0+192-11-6102 ajeq uonisinboy 0z
¥680% awi) uonsinboy 61
AKouanbai4 uoneinyesaid g1
00052k UIpIM 8sind L1
0000° Kejaq uonexejoy 9|
.61 uren Janeody Gl
9l SUBOS JO JaquinN |
(Z 50-a-4'9H-89 +S00Y 088 ddD) S¥00 €29221Z eqoid €}
ak wawuadxg gi
oebz oouanbag asind L
2’62 ainjesedwsal 0}
210ead JUBAIOS 6
Joyiny g
100ds wawnisu]
ous 9
nsiwu BumMQ S
Hawo uidsolg sexnig ubuo ¥
uswwo) ¢
PY'1°2102d0-SX-vE L-eHMr Sl ¢
Pl /1 /2102AD-SX-FE L-gHMI /58114 HINN /Siuswnooq /sninoxiasyal /siesn / SweN 9|4 erea |
anjep Jojoweled

PYL'ZIOZAD-SX-VEL-TIMII



(wdd) 14

Appendix 1 — Spectra Relevant to Chapter 2

014 oge o 09 09 oL 08 06 ool oLL ocL o€l ovL 0SL 09L osL 0osL o6l o(
1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
I
I g
| |
9€599 ozIS |enoads gz
89/2¢ 9z painboy /g
ogl SNBPNN 92
61061 Aouanbaig 1samo G2
S'8€0V2 UIPIM [en10ads 2
29°001 Aousnbaiy sejowouoads €2
sse|) ¢e
20gyLE192-11-6102 dje UOHBIYIPON Lg
20:ey-LH192-L1-6102 aje uonisinboy 0z
LE9E’L awi] uonisinboy 61
Aouanbaig uoneiniesaid 8|
6L 00000+ UIPIM 8sind L1
0000° Kejaq uonexejey 91
L'ey uley IdAI808Y G
¥col SUeOS JO JSqUINN 1
(z $0-a-4'8H-89 LS00 088 ddD) S¥00 €2922+Z eqoid €l
at swnedx3 gL
ogbdbz aousnbag asind L1
2'.62 ainjesadwal 0}
2l0ead jusnios 6
Joyiny 8
10ads juswinisu| /2
8IS 9
nsiwu BuUMQ S
Haws uidsolg sexnig ubuo v
wawwoy ¢
PY'2'2102aD-SX-VE L-eHAr sl ¢
i i n_ﬂ \Ni \N_UNDO.wx.\wm\—.\N\xjxﬁ \wJ__n_ m\_\f,_z /sluswnooQ /sninoxaMyal \w._wwﬂ/\ SweN 9|4 ereq |
8 5 88 g3 EENEE 5 EA 53 lewowereg
@ 3 8 = NQ Yorgy B o P .
& HOND © oo an PI'Z2I0ZAD-SX-VEL-CHNAr



275

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
g0~ 00 S0 ol gl 0 ST [k g'e oy a4 0'g g'g 09 g9 0L A 08 g'8 0’6 g6 (o
L . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
000L-- = o o woNN 20N = =
8 g 3 8IS S B & 8
] R P U S-S WP SR I L .
04 j v -
000L—
0002+
000€
000v—
0005+
9€959 az|S |esjoads 02
‘ 7891 9215 palinboy 61
HL SnePNN 81
0009 8'G61L- Kouanbai4 1semo L
) 61196 UIPIW [BA108dS 91
65665 Aouanbai4 Jeyowoinoads G|
00044 €1:90: L+ 181-2}+-6102 ajeq uonisinboy |
9v0L’t awi) uomsinboy €|
] 00592 WPIM 8sind 21
0000+ Kejoq uonexejey ||
0008+ vz ulen) JaAI903Y Q1L
9l SUBDS JO JOqWINN 6
1 ak juswadxy g
Indgs aousenbag asind £
0006+ .
0'se ainesadwsl 9
] €1opa ueAes g
eAoul uswnisu| ¢
00001~ uelep ubuo ¢
i i i / / \ \ i i i 10 NOLOHd SML ¢
1 U = Sonn P4 \_W_M_CO\ZO._.ONE /10 81216102 V-100-LTHG /L THd /4IAN Tdd 480 /SSalld HININ /Siuawinooq, /SniAosiexyel /s1esn / SweN 9|4 erea |
s 8 8 L3Ry 33 & 2
an|e, lsjowele,
000LL 1EA ' 9 V-100-1THd
L0"NOL1Odd



276

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
oL- (0] oL (014 oge ov 09 09 (074 08 06 ooL OLL ocL O€L ovL 0sL o9L osL osL o6l o(
L . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
00L-—
O\.
00L—
002
00€—
1 9€599 ozIS |enoads gz
00v 89/28 o215 panboy /2
| ogl SNBPNN 92
1°'8561- Aouanbaig 1samo G2
] S'8€0V2 UIPIM [en10ads 2
1 29001 Aousnbaid 1sjpwonoads £z
009
SSe|D cg
1 £€:61:021¥0-80-0202 8leQ UOHBOHIPON 12
0047 1€:61:021¥0-80-020C aje uonisinboy 0z
1 1€9€°} awi] uonisinboy 61
0084 Aousnbai4 uoneiniesald gL
1 0000°0}+ WP 8sind L1
006 0000'+ Aejoq uonexejoy 9L
| €05 ules) J9AI909Y G
000L 2LS SUBOS JO JaquinN {1
(z $0-a-4'8H-89 LS00 088 ddD) S¥00 €2922+Z eqoid €l
1 at wewedx3 zk
00LL+ 0ebdbz souanbag asind L1
] 2'L62 ainjesadwal QL
0021 €10a0 jusnios 6
| jouiny 8
00€L- 10ads uawnysu|] /£
| ous 9
oovi~ nsiwu JBUMO S
1 HAqwp uidgolg Jaxnig ublo ¥
00817 wawwoy ¢
1 P ¥'V-100-FTHd sl ¢
0091~ k\\f/ i i i i \f \, Pl /% /¥-100- 1 THd /L THd /HIAN Tdd 42Ul0 /SS@lid HINN /Suswinooq /Sniaosuaxyel /siesn / i SweN 9|4 ereq |
| BRBNRE 88 B3 & 99 33 anfep 3 19)8Weley
0041~ 888883 ®§ 3 e 28 9 -
PY'7'V-1L00-LTHd



~
o~ (wdd) 14
(@)l 00 S0 oL Sl 0 ST o€ g€ ov a4 0§ S 09 59 oL S/ 08 58 06 56 ol
P S A AN RN R RN R
- pos N o e oow =
oo BEE ¥ 3 8% 3Ry 3
1 Mt Ly el Sy Wb
05-+
O\.
05
0oL
05l
002+
05z
00e
N 0g€e+
N 1
H
oov
S
% )
S 057
~
- )
<
S 005
N
2 )
)
89 059+ HE snejonN 8
m 1 15665 Aousnbai4 Jejowonoads /£
Mw 009 8 Suedg JO JaquinN 9
Mz ejuad aqoid §
*%) 1 ar ewuedx3 f
| 059+ Indgs souanbag asind €
P 062 ainjesadws) g
m oo €1opo UBAI0S |
< // , \ i _ . f \x anjep Jsloweled
N 1 Sezz & DO g ZX-TEL-D
. 8838 B 8% 289 3 LO"NOLO¥d
L
~



278

X
9['[27
7
>

Tyl —
SLeL—
€0've
v8'sz
88'sT
99'82
ve'6T
szor—
£957—
Levs
£EVS
€165~
€865~
Sr'z9—

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 1y
06 ooL OoLL ocL oeL ovL 0§L o9l (o74% osL o6l 00z ol
T N TS A S BN U S B EN U R S
oel SN9IANN 8
€9°'Gel Aousnbai4 Jeyewonoads /£
2Is SUBOS Jo JoquinN 9
166/Xx0INe 8qoid §
ak juswadxy ¢
Indgs aousnbag asind €
oe ainjesedwsa)] g
€19pd wanos |
m anjep IBloWeIRd o oo oo
© LONOGYYO



279

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
g0~ 00 S0 ol gl 0 ST [k g'e oy a4 0'g g'g 09 g9 0L A 08 g'8 0’6 g6 (o
L 1 . 1 . 1 . 1 . 1 1 1 . 1 . 1 . 1 . 1 1 1 1 1 . 1 . 1 . 1 . 1 . 1 .
002-+ ww= = N = ) = o =
J 835 a2 8 8 3 8 8 3
001 Wl Ll L NP N WLy
0 Ama <
00L— : !
0024 i
00€-
00t
005+
009+
0044
008
006
000L—
00LL—
| 9€£G659 az|S |esjoads 02
00z 000v2 oI5 paunboy 61
00€L- HL snajonNN gl
] €8 2'866- Kousnbai 1semo /|
00vL- (0] 0°0008 UIPIM [el}0ads 91
] N 65667 Aouanbai4 Jeyowonoads G|
0051 S L1:/G:€1120-L0- 1208 ejeq uonisinboy ¥
0091 P> 0000€ awi) uonisinboy €}
] o7 N A _ 0059°G WPIM 8sind Z1
0021 ™ Bl 0000k AKejaq uonexejey |1
1 144 uren Jenigoey 0k
008L- aN 8 SUBDS JO JOqWINN 6
oomT‘ ar uewuedxg g8
] Indgs aousenbag asind £
0002 0e ainmesadwa] 9
] €lopo JUSAlOS G
001z eoul ewnisu| ¢
| ueLe, ulbL
- Len Buo €
] LONOLOHd SML ¢
00£2- Pl /Pl LONOLOYd /SX-0€0- L THd /L THd /4NN Tdd 48U0 /SSalld HININ /SIuawinooq /Sninosexyel /s1esn / SweN 9|4 erea |
1 N [ i i bn L lojowele
007z 588 5 B e 53 S 2 OB sx-080-11Hd
4 w oo © o N © o a a L) _\OZOFOK&



280

Appendix 1 — Spectra Relevant to Chapter 2

002

00V

009+

008+

000L—

002l

0oovL—

009L—

008L—

0002+

00¢¢H

00vC—

0092+

0082+

000€—

(wdd) 14
oL (014 [0} oy 09 09 0oL 08 06 ooL OoLL ocL oeL ovL 0§L o9l (o74% osL o6l 00z ol
[ [ I S N TS R O S BN TS R EA U TS B S A
9€599 ozIS |enoads gz
89/2¢ 9z painboy /g
o€l SN8ONN 92
Lvv6lL- Aouanbaig 1samo G2
§'8E0v2 UIPIM [B408dS 2
29001 Aousnbaid 1sjpwonoads £z
SSe|D cg
0cvviellel-0L-120e aje@ UONBOYIPOWN |2
Oc:vvellel-0L-1e0e ajeq uonisinboy 0z
LE9E"} awi] uomsinboy 6L
Aousnbai4 uoneiniesald gL
00000} UYIPIM 8sind L1
0000+ Kejaq uonexejpy 91
1'8L ules) J9AI909Y G
€8 201 SUBOS JO JaquinN {1
o (z $0-a-4'8H-89 LS00 088 ddD) S¥00 €2922+Z eqoid €l
at juswadx3y gL
0gbdbz aousnbag asind L1
1'262 ainjesadwal QL
€10a0 JUGAIOS 6
Joyiny 8
10ads juswinisu| /2
8IS 9
nsiwu BuUMQ S
Hqwyo uidgolg Jexnig ubuo v
wawwoy ¢
P2 gsxX-0€0-THd oL ¢
I\ | | I PY /2 /2SX-0€0-LTHd \i—.__._n_ JHAN ._n\_n__ ﬁﬁOAwfww__m HIAN /siuswnooq \m:_>o{mxtm_x\fm._mw3\ oweN a4 Bl |
SN N © a o 3 22338 33 J9)oWele,
EEREETR roueree
& 2882888 Sa PY'Z'ZSX-0€0-LTHd



281

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
§0- 00 S0 ol Sl 0 k4 o€ g€ oy R4 0S ] 09 g9 oL S’ 08 S8 06 6 0"
L . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
4 - =0 - » = = = =
005 & &g 8 g g < 8 8
L My iy Wb L L H
0 : ‘2__ : ‘_ < .
005 I d z l
000L-
0051
0002
0052+
000€
005€-
000V
1 9€959 82| [eJ)0adS 02
00Sv+ 000v2 82| paunboy 61
1 HL SnoPNN 81
0005 1'8101L- Aousnbali4 1semo /|
1 0°0008 UIPIM [enoeds gl
85'66% Aousnbalq Jejewonoeds G
0055
2G9:€S:LL1EL-01-1202 ajeq uonisinboy 1
1 0000'€ awiL uonisinboy g1
0009+ 00S9°S UIPIM 8sind ¢t
1 0000k AKejaq uonexejey |1
0059 09 uren Jenigoey 0k
] 8 SUBDS JO JOqWINN 6
0002+ ak juswadxy g
Indgs aousenbag asind £
0€ee ainmesadwa] 9
00SZ- £1opo JuaAl0S G
1 eAoul uswnisu| ¢
0008 uelep ubuo ¢
q LONOLOHd SML ¢
0058 PY /Pl LONOLOY /2-A109H-0-090- 1 THd /+THd /HIN Tdd JUl0 /SS8li4 HIANN /Siuswndoq /sninoxaxyel /siesn / SweN 9|4 erea |
1 xf i i i i aneaA i ‘_mﬂwEw‘_m.m
o oo © IS o o ~ ¢-A394-0-090-1THd
0006 3 9= 2 3 R é 3 2 LONOLOY¥d



(ol
0 (wdd) 14
(@] oL- oL (014 oge ov 09 09 (074 08 06 ooL OLL ocL O€L ovL 0sL o9L osL osL o6l o(
L 1 1 1 1 1 1 . 1 . 1 . 1 . 1 . 1 . 1 1 1 . 1 . 1 . 1 . 1 . 1 .
i e ] ! .
|
| | | |
| | | |
005
1 9€599 ozIS |enoads gz
89/2¢ 9z painboy /g
ogl SNBPNN 92
000L— L'SP6L- Aouanbai4 1samo Gz
§'8E0v2 UIPIM [B408dS 2
29001 Aousnbaid 1sjpwonoads £z
sse|) ¢e
SL Y vLLEL-0L-1202 aleQ uonedlipolN L2
0051 SLYLIEL-01-1202 ale@ uonisinboy 0z
LE9E’L awi] uonisinboy 61
| Aousnbai4 uoneiniesald gL
N 00000} UYIPIM 8sind L1
S 0000" + Aejoq uonexejay 91
ml 0002 0cL ules JoAleoay Gl
N cls SUeOS JO JSqUINN 1
% (z $0-a-4'8H-89 LS00 088 ddD) S¥00 €2922+Z eqoid €l
| at juswuadx3 gL
,m ogbdbz aousnbag asind L1
m 2'L62 ainjesadwal QL
m 005¢H €10a0 jusnios 6
)
> loyny 8
S+ 1 10ads juswinisu| /2
N
5 aus 9
w 000 nsiwu BuUMQ S
%u. HAqwp uidgolg Jaxnig ublo ¥
| | Juswwo) ¢
™~ Py | "uoqeD-A1084-0-090-  THd L ¢
m | | | | Py /1 /uogren-A10eH-0-090- _.__ﬂn_ /VIHd /4NN ._fn_n_ JEe) f\wwc__“_ HAN \wﬂcwezooo /sninosiexyal /siesn / | | esweN ol eled |
w 009€ 3 5 8 8 3 g Senep @ 3 Jejowered
8 23 R R & g 3 N 5~ 5
W ~ @ piyPuoqie)-A199y4-0-090-LTHd
~



283

Appendix 1 — Spectra Relevant to Chapter 2

002-+

0+

00Z+

00—

009

008

0001

002l

00vL—

0091

008l

0002+

002z

00vZ—

(wdd) 14
00 S0 ol Sl 0 k4 o€ g€ oy R4 0S ] 09 g9 oL S’ 08 S8 06 6 0"
1 . 1 . 1 . 1 . 1 1 . 1 . 1 1 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
o NN o w N S o =
& 568 2 2 8 3 8 2 8 B e 8
WL Hiihy fix il de bk -
rouny |
|
9€959 82| [eJ)0adS 02
98 ¥8€91 8215 paunboy 61
0 HL SnN3PNN 8L
H /611" Aousnbali4 1semo /|
N G'€656 UIPIM [el}0ads 91
16'665 Aousnbal Jejewonoeds G
0 N Z (oIl 6%:02:81160-}1-120C areq uonisinboy 1
H H 8L0L't swi uowsinboy g1
X 00s9'c UIPIM 8sind ¢t
0000k AKejaq uonexejey |1
e uren) JaAledsY 01
8 SUBDS JO JOqWINN 6
ak juswadxy g
Indgs aousnbeg esind £
0'Gge w:.zm‘_wnc._m._. 9
€1opd jusAl0s g
eAoul uswnisu| ¢
uelep ubuo ¢
10 NOLOHd SML ¢
PY /Pl L0 NOLOHd /L0 60111202 SX-8Y k-LTHd /L THd /HINN Tdd JoUl0 /SS8li4 HINN /Siuswndoq /sninoxaxyal /siesn / SweN 9|4 erea |
Looale b Lo Lodeal |1 L] oo
© PN © @ N = W o N o o w =
= R L ° N aa & ® o S ° LO"NOLOY¥d



284

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
oL- oL (014 [0} oy 09 09 0oL 08 06 ooL OoLL ocL oeL ovL 0§L o9l (o74% osL o6l 00z ol
L 1 1 1 1 [ 1 I S T A TS EAS S S H S SN IS B S SRR R
00L-—
0 ' Y ' y y
00L—
002+
| 9€599 ozIS |enoads gz
00€— 89/2¢ 9213 paiinboy /g
ogl snajonNN 92
‘ ¥'Sv61- Aouanbai4 1samo Gz
oov| S'8€0V2 UIPIM [en10ads 2
29°001 Aousnbaiy sejowouoads €2
005 SSe|D cg
€1:0v:61160-}-1202 aje@ UONBOYIPOWN |2
| EL:0V:61160-LL-1202 ajeq uonsNboy’ 0z
: awi] uomsinbo
009 LEOE"L 1] uonis! Vv 6}
| Aousnbai4 uoneiniesald gL
00000} UYIPIM 8sind L1
* 0000" + Aejoq uonexejay 91
1 L'Ey ules) J9AI909Y G
2l SUBOS 4O JequINN Y|
0084 (Z 50-a-4'%H-G8 +S00¥ 088 ddO) S¥00 €2922+Z 8qoid €F
4 ak juswadx3y gL
0gbdbz aousnbag asind L1
006 98
lo} 2'L62 ainjesadwal QL
1 H €10ad JUBAIOS 6
0001 N7 ouny g
> 10ads juswinisu| /2
1 o N b _ 5 O3
8IS 9
oo X nsiwu BuUMQ S
4 Haws uidsolg sexnig ubuo v
00ZL- wawwoy ¢
] PyesX-8¥1-11Hd sl ¢
PY /2 /SX-8¥ -1 THd /L THd /HAIN Tdd J9Ul0 /SSali4 HIAIN /Siuawinooq /sniosaxyel /siesn / SweN 9|4 ereq |
oogL f f A N/ |/l f f A\
BEE ONE\ sojoweied
1 ° ° - T S23 R&S 2 S 33 PIZ'sX-8VL-LTHd




285

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
g0~ 00 S0 ol gl 0 ST [k g'e oy a4 0'g g'g 09 g9 0L A 08 g'8 0’6 g6 (o
L 1 1 . 1 . 1 . 1 1 1 1 1 1 . 1 . 1 . 1 . 1 1 . 1 . 1 . 1 . 1 . 1 .
1 & © 3 2w
S g 3 g 8
0001~ | 1 Ly 1,
0 T Jﬁ 2
000L—
0002+
000€—
00017+ 9€G59 9715 |esjoads g2
1 89/2¢ az|g palinboy /2
HL SNeONN 92
] 8'1L/S1- Aouanbaig 1semo G2
| 82108 UIPIM [e1}08dS 2
0009 €1°007 Aousnbaid Jeyowonoads €2
SSe|Q 22
0002+
€Cv1:GL1S-01-120C aleq UONBOYIPO |2
| €2¥1:GLLSGL-0L-1202 ajeq uonisinboy 0z
0008+ ¥680°% awi| uomsinboy 61
A b
00064 ouanbai4 uoneinyesald gl
] 000SCH UIpIMm esind L1
0000 Aejaq uonexepy 9|
00001 61 uren JoAleday Gl
1 9l SUBOS JO JaquINN V|
000t~ 16 (Z 50-Q-43H-818 1S00¥ O ddD) Sv00 €2922 12 8qoid €l
1 ak juswadx3 g|
0002ZL— oebz aousnbag asind ||
1 1262 ainjesadwal 0O}
000€L— €10a0 jusAl0S 6
1 loyny 8
0007 j0ads juswnisu| £
| S 9
0003~ nsiwu lBsumQ ¢
1 Hwp uidsolg Jexnig ublo ¥
00091
] uswwoy €
00021 Py v g-222-2Ir oML 2
PY /7 /9-222-ZHN /ZHNM /SSII4 HINN /Siuswndoq /sninoxaxyel /siesn / SweN 9|4 erea |
0008L- nﬁ iL iL iL ;c ;c anfep Jsjpweled
‘ & i 2 8 88 Py 7'8-22C-THAr



O
* (wdd) 1y
(@] oL- (0] oL (014 oge ov 09 09 (074 08 06 ooL OLL ocL O€L ovL 0sL o9L osL osL o6l
L . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
00S-—
0 v
|
I I _, — —
4 ; | |
005
000L—
1 9€599 ozIS |enoads gz
89/2¢ 9z painboy /g
00817 o€l SN8ONN 92
1 0v6l- Aouanbai4 1samo Gz
§'8E0v2 UIPIM [B408dS 2
0002 29001 Aousnbaid 1sjpwonoads £z
| sse|) gg
81:9G:G11S1-01-1202 8leQ UOHBOHIPON 12
0058 81:95:G115H-04-1202 ojeq uosinboy 0z
LE9E"} awi] uomsinboy 6L
Aousnbai4 uoneiniesald gL
000€—
N 6 00000} uIpIm esind 21

3 | 0000" + Aejoq uonexejay 91
w 1'8L ules) J9AI909Y G
Mz 005€ 201 SUBOS JO JaquinN {1
% (z $0-a-4'8H-89 LS00 088 ddD) S¥00 €2922+Z eqoid €l

] at juswadx3y gL
m 000t 0gbdbz aouanbag asind |1
m 2162 ainjesadwal QL

m | €1000 enoS 6
)

d 005t Joyiny 8
R~ 10ads juswinisu| /2

S ]

S 8IS 9

w 0005+ nsiwu laumQ ¢
X Hqwyo uidgolg Jexnig ubuo v
A ]

uawIwio:

! 0055+ 3 0 €
™~ PY'G'g-ggg-eMir sl ¢
m 1 Pl /S /9-222-2HNI /2N /SS8lI4 HINN /Sluswnooq /sninoxaxyal /siesn / SweN 9|4 ereq |
& FeusNes &R EEEL PG '8-2ZZ-TAC
Y
~



287

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
§0- 00 S0 ol Sl 0 k4 o g€ oy R4 0S ] 09 g9 oL S’ 08 S8 06 6 0"
L 1 1 1 . 1 . 1 1 . 1 1 1 1 . 1 . 1 . 1 . 1 . 1 1 . 1 . 1 . 1 . 1 .
| W
O\.
000L-
0002
9€G659 9715 |esjoads g2
0% 89/2¢ az|g palinboy /2
| HL SNeONN 92
¥'SYGL- Aouanbai4 1semo gz
0007 82108 UIPIM [en109dS 2
€1°00% Aousnbaig Jejowoioads €2
SSBID g2
0005 .
6%:60:G1181-0}-1202 djeq UohedyIpoN L2
1 6%:60:51181-0}-+202 ajeq uonisinboy 0z
7680 awi| uomsinboy 61
0009
AKouanbai4 uoneinyesaid g1
1 000SCH UIpIMm esind L1
000£+ 96 0000+ Kejeq uonexejey 9|
686 ulen) JoAI9daY Gl
1 9l SUBOS JO JaquINN V|
0008 (Z 50-a-4'9H-89 +S00Y 084 ddD) S¥00 €29221Z eqoid €}
ak juswadx3 g|
] osbz aouanbag asind ||
1262 ainjesadwal 0O}
0006 £1000 WenoS 6
1 loyny 8
0000L 100ds jawnisu] £
1 S 9
nsiwu lBsumQ ¢
000LL— Howo uidgolg Jexnig ubuo ¥
1 juswwo) €
000zL Pl }"0U00-0-22Z-2IM amL 2
Pl /1 /2U0D-D-2ZZ-ZHNI /NI /588114 HINN /Siuswnooq /sninoxiaxyal /siesn / SweN 9|4 erea |
,L iu w iL iL iL H H .ic anjep leloweled
000€L- gad & & 2 g @ 8 PlY’L'0U00-0-ZZZ-Z)NM




288

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
oL- (0] oL (014 oge ov 09 09 (074 08 06 ooL OLL ocL O€L ovL 0sL o9L osL osL o6l o(
L . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
002+
04
002+
00v7—
009+
1 9€659 92|15 [e4)0adS 82
008 89/2¢ 9215 pasnboy /2
1 ogl SNBPNN 92
8V¥6lL- Aouanbaig 1samo G2
000L—
96 S'8E0VE WPIM [e1080S b2
| 29°001 Aousnbaiy sejowouoads €2
00ZL—
Sse|0 g
PY1G:G1181-01-1202 8leQ UOHBOHIPON 12
o7 PYi1G:S1L181-04-1202 ale@ uonisinboy 0z
1 1€9€°} awi] uonisinboy 61
009L—
Aousnbai4 uoneiniesald gL
| 00000+ UIPIM 8sInd £+
0081 0000°L Kejaq uonexejey 9
4 0zL ufen Jeniedey GL
000z y20t SUEDS JO JBqUINN |
] (z $0-a-4'8H-89 LS00 088 ddD) S¥00 €2922+Z eqoid €l
at swuedx3 gt
002z ogbdbz sousnbag asind L1
1 1'.62 ainjesadwal 0}
00ve— €10a0 A0S 6
| ouny g
0092+ 108ds juawinisu]  /
oyl
008z 1S 9
nsiwu BuUMQ S
1 Haws uidsolg sexnig ubuo v
000€—
| wawwoy ¢
0oze Pl'2"0U00-0-g2Ze-gMMIM oL 2
] Pl /2 /9U0D-D-22Z-ZHMI /UM /SSBlId HINN /SIudWnooq /sninosasyel /siesn / SweN 9|4 ereq |
N
00v€— ®3 Ragys @i g ¥rm 0 g T
GO & & P1}'Z"0U0d-3-22Z-2HNM




289

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
ol gl 0c g [k g'e ov S 0's g'g 09 g9 0L Sz 0’8 g8 06 §'6 (o
1 . 1 . 1 . 1 . 1 . I . 1 . I . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
> S 290 2 B S5
& N 328 238 28
(PR Y S A
A

9€G99 az|S |esjoads 02

8E91 82|g palinboy 61

56 HL snaonNN 81

£26k1- Aousnbali4 1semo /|

§'€656 UIPIM [e1108dS 91

65665 Aouanbai4 Jeyowoinoads G|

CYvSEL1EL-21-6102 ajeq uonisinboy 1

80t awi) uomsinboy €|

00992 UIPIM 8sind gt

0000+ Kejoq uonexejey ||

0e ures) JoAI90aY Q|

8 SUBDS JO JOqWINN 6

ak juswadxy g

Indgs aousenbag asind £

0'Se ainesadwsl 9

€19p2 JUBAIOS G

eAoul uswnisu| ¢

uelep ubuo ¢

10 NOLOHd SML ¢

Pl /P L0 NOLOYd /L0 1216102 G-2S -2 /S2lld HININ /Siuawirfooq /Sninosuexyel /s1esn / SweN 9|4 erea |

B RN Y —
L0 NOL1O¥d



(wdd) 14

f

Le0z~"
£5'v2
98'v2

966l ~_
€0'52

Appendix 1 — Spectra Relevant to Chapter 2

okm Jv okm ow om o% okm om: ok_ L ow_ om._ ow_ of om: of om: omwr [o]¢
) T [
I
! I
L0 uonnjosay [enbla 62
9€599 ozIS |enoads gz
89/2¢ 9z painboy /g
o€l snajonNN 92
Ly16lL- Aouanbaig 1samo G2
§'8E0v2 UIPIM [B408dS 2

29001 Aousnbaid 1sjpwonoads £z

50's2

sse|D 2z

£S'91:€2102-04-+202 oyeq UOHBOYIPOW 12

£5'91:€2102-01-1202 ejeq uolisinboy 0g

LE9E"L awi] uonisinboy 61

G6 Aousnbai4 uoneiniesald gL

00000+ upIM 8sind £

0000" + Aejoq uonexejay 91

L'ey ules) J9AI909Y G

cLs SueOg JO JequinN 1

(z S0-a-4'8H-G9 1S00¥ 089 ddD) S¥00 €2922+Z aqoid €l

at juswadx3y gL

0ebdbz oousnbag asind L1

1262 ainjesadwal QL

€10a0 JUGAIOS 6

Joyiny 8

108ds juswnisu| £

s 9

nsiwu »LsumQ ¢

Hqwyo uidgolg Jexnig ubuo v

uswwo) ¢

NN 2L || , f P’ 1"004-PUZ-£4-€00-2-SVY omL 2

2 Sasagg g 2 Pl /1 /ODPUZ-E4-E00-2-SVV /WU /18UBaISE /| -BJBPIWIU /SOWIN|OA / sweN ol eled |

& 82853 b Y

® anjep lsjeweled

PY*1°304-pPug-€4-€00-2-SVV



291

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
§0- 00 S0 ol Sl 0 k4 o€ g€ oy R4 0S ] 09 g9 oL S’ 08 S8 06 6 0"
L IR R [ 1 1 P | A L. 1 [ TR P | P | A R
= © w = = o = 2 =
8 2 I 8 I &8 8
1 - 1 [ Ly Ll Ly
04 ﬂ\ T A T
005 €
000L-
0051
000z
0052+
| 86
HO
@
000 _Z
N
| N
005€— HL SNJPNN 8
€100 Aouanbai Jelowonoads £
1 9l SuedS Jo JaquinN 9
(z S0-a-4'8H-89 LS00 0g8 ddD) S¥00 £2922+Z aqoid §
at juswadxy ¢
0007
0gbz aouanbag asind €
2,62 ainjesadwa] g
] £10a0 wanos |
7 7 7 7 7 7 an|e, Jajawele,
00501 - 5 3 §% 58 = o owered
2 & g 8 3 & a8 & PIL'sX-g-€9L-LTHd



292

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 1y
oL- 0 oL 0z 0€ or 05 09 oL 08 06 ool oLL ozl o€l ovL oslL 09l oLl 08l 06l
L " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il "
00Z-
o - " N y
00z
00V
J |
009
008
000L
0021
00vL—
1 86 |
€]
0091+ HO
@
‘ A
008L— ™
N
0002
0022
1 Ogl Sn3PNN 8
oove 29°001 Aousnbai4 Jeyewonoads /£
20l SuUBOS JO JoaquinN 9
(Z S0-a-4'9H-89 +S00Y 088 ddD) S¥00 €29221Z aqoid §
0092+ ak wewuadx3y
| o0gbdbz aouanbag asind €
1'262 ainjesadwa] g
0082
2N ) ANl e s
w m NR w NS g m 3 2 2 3 anjep m m J9leweled
— Nowg oz alN N Y £
0008 ace ew or ¢ b 2 3 PUZ'SX-8-€9L-LTHd



293

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 1y
g'0- 00 g0 oL gl 0c ST o) g€ oy Sy [o)e] o) 09 g9 0L Sz 08 a8 06 g'6 0
I S S S S S S S A S St S S N N S R S RS U RS R
@ 2223 2 w =2 = o =
3 S8=8] & = 2 S @ 3
1 kel L bW e L
0+ v w T y ¥ < ‘ g d e
000L—
000CH
000€—
0007
0005+
9€599 9zIS [esoads 0z
] 000v2 9ziS paiinboy 61
HL snajnN 81
0009 0'8101- fouenbai4 1s8m0T /|
0°0008 UIPIM [B1108dS 91
1 201 85'667 Aouanbalg iejewonoads G|
02:LE:LLLG1-01-1202 ajeq uolsinboy |
00047 7 0000°€ owiL uopsinboy €1
N 0059'S YIpIM @sind 2k
] 0000+ Keja@ uonexejay ||
Z 09 ulen JoAIe0dY 0L
0008 i H 8 SUBDS JO JISqWINN 6
®_\,_O\/O at wewuedxg 8
] Indgs aouanbeg esind £
o€ ainesedws) 9
%] €1opd JuUsAl0S G
eAOUI uawnisy|
| ueLep ubuo ¢
0000L— LONOLOHd SlL ¢
Pl /P LONOLOYd /2ind-8- LGO-FMMI /FMMP /SS@lid HINN /Sluswinooq /Sninosuaxyel /siesn / SweN 9|4 ereq |
1 anpe, 1910Wele,
1eA ' m_:._n_ym.rmo.vv_v_ﬂ
LONOLOYdd



294

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 1y
oL- oL (014 oge ov 09 09 (074 08 06 ooL OLL ocL O€L ovL 0sL o9L osL osL o6l o(
L [ N 1 1 1 1 1 T T A R S R SN R
00Z-—
00L-—
° Il
001~ bl
002
00€—
00—
%] 9€599 ozIS |enoads gz
009 ‘ 89/2¢ azig paunbay /g
] o€l SNSIONN 92
0047 2'Sv6l- Aouanbai4 1samo Gz

] §'8E0v2 UIPIM [B408dS 2
008+ 29°001 Aousnbaid sejewonoads £z
006 Sse|) 2¢
000L] Lot 6€:68:€1 151011202 oleq UOIEOYIPON |2

1 (0] 6€:6€€L151-01-1202 ajeq uonisinboy 0z
00LL— LE9E"} auwi] uonisinboy 61
OON_M N Aousnbai4 uoneiniesald gL

1 F 00000+ WIPIM 3sInd L1
00€L{ i H 0000°L Kejaq uonexejey 9

] ~ } UIer) J9A1909)
00pL- sNO (0] 0cL D) JOAIB08Y GL

i 2Is SuBdS JO JoquinN |
00GL— (z 50-a-4'8H-99 1S00¥ 099 ddO) S¥00 €2922+Z 9q0.d €1

J ar uswiedxy Z1
0091~ 0ebdbz souanbag asind L1

1 : ainjeiedwa
0oz1- 2'L6¢ ) L OF

‘ €10ad JUGAIOS 6
008L—

] loyiny 8
0061 100ds juswnisu;  /
0002+ as 9

J nsiwu BUMO G
001z Hqwo uidsolg Jexnig ubuo v
0022 uswwoy ¢
oomu‘ Py | '8Ind-g-LS0-Y MMM oML 2

i i i i i i i i PY /1 /8Ind-g- LGO-PUMM \vxxﬂ\www_ﬁm 4:22 /sluswnooQ /sninoxaxyal /siesn / i i SweN 9|4 ereq |
0072 np o3 g 5 a g FONA 3 I Jevwered

] T8 8 83 & 3 © o o g
00SCH » ® *® PY’L'8ind-g-1G0-vXNAM




295

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
g0~ 00 S0 ol gl 0 ST [k g'e oy a4 0'g g'g 09 A 08 0’6 g6 (o
L 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
1 SN Y PR U P B L .
04 Y v g Y U € T
005
000L—
00GL—
0002+
9€G99 az|S |esjoads 02
000¥¢ 82|g palinboy 61
| HL snajonNN gl
801 9'810}- Kousnba.d 1semo L1
. 00008 UIPIM [e1108dS 91
7 85'66% Aousnbalq Jejewonoeds G
1 ¥b:6:9LL0L-11-1202 ayeq uonisinboy 1
i 0000°€ awi) uomsinboy €|
0099°'S UIPIM 8sind gt
000€— .
i H 0000+ Kejo@ uonexeldy ||
m_\,_O\IO 09 uren JoAi@09Y 0L
1 8 SUBDS JO JOqWINN 6
ak juswadxy g
00S€— Indgs aousenbag asind £
o€ ainesadwsl 9
J €1opo JUSAlOS G
eAOUI swnysu| ¢
uelep ubuo ¢
0007 LONOLOHd oML ¢
Pl /Pl LONOLOYd /O-6% k-1 THd /L THd /HIAN Tdd JUl0 /SS8li4 HINN /Siuswndo( /sninoxaxyel /siesn / SweN 9|4 erea |
on[eA Jejeweled ——
LONOLOYdd



296

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
oL (014 oge ov 09 09 (074 08 06 ooL OLL ocL O€L ovL 0sL o9L osL osL o6l o(
1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
| T T
[
[ i , [
9€599 ozIS |enoads gz
89/2¢ 9z painboy /g
€L SN8ONN 92
0'S¥61L- Aouanbaig 1samo G2
§'8E0v2 UIPIM [B408dS 2

29001 Aousnbaid 1sjpwonoads £z

SSe|D cg

804 80:80:ZLLII-11-1202 aje@ UONBOYIPOWN |2
(0] 80:80:LL1LL-LL-1202 ajeq uonisinboy 0z
LE9E"} awi] uomsinboy 6L

N Aousnbai4 uoneiniesald gL
00000} UYIPIM 8sind L1

i H 0000+ Aejoq uonexejay 91
®_>_O\/O 02L ulen 1oAieday Gl
2IS SUBOS JO JaquinN {1

(z $0-a-4'8H-89 LS00 088 ddD) S¥00 €2922+Z eqoid €l

at juswadx3y gL

0gbdbz aousnbag asind L1

1262 ainjesadwal QL

€10a0 JUGAIOS 6

Joyiny 8

10ads juswinisu| /2

8IS 9

nsiwu BuUMQ S

Haws uidsolg sexnig ubuo v

wawwoy ¢

Pl | 'uoqied-X-6¥ 1- 1 THd L ¢

ff Pl /1 H1004BD-0-6% L-LTHd /L THd /HINN Tdd J8Ui0 /SSalid HIAN /Siudwinoogq /sninosssyel /s1esn / SweN 9|4 ereq |

anjep Jajeweled

8e'8z—"
z91E~
ey~
oLvy—
oes—
£18g—

£9'6L—
S0'sT
LY'ST

68L9L—

LzeLL—

pYy’L'uogied-X-6vL-L1Hd



297

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
g0~ 00 S0 ol gl 0 ST [k g'e oy a4 0'g g'g 09 g9 0L A 08 g'8 0’6 g6 (o
L IR R [ L. P | A IR R L. 1 1 L. P | A R
00Z-+
- o ~ = o
1 3 8 8 & N
00L- 1 . P
0 ", j —
00L—
002+
00€-
00t
005+
009+
0044
008
006
000L—
1 9€959 82| [eJ)0adS 02
00LL- 0002 8215 paunboy 61
1 HL SnePNN 81
0021 9'8101- Kouenba. 1semo /|
| 00008 UIPIM [enoeds gl
00€L~ 85'66% Aousnbalq Jejewonoeds G
1 — L e v L1SE-HL-1e0e areq uonisinboy 1
4 suluidn|-(+
oovL (601) uludn|-(¥) 0000°€ awiy uosinboy g}
005L— N 00S9'S yIPIM 9sind 21
| 0000+ Kejo@ uonexeldy |1
009L— 144 ulen) JaAI903Y Q1L
] H 8 SUBDS JO JOqUINN 6
004l ak juswadxy g
] Indgs aousenbag asind £
008L- 0¢ ainmesadwa] 9
1 €1opd jusAl0s g
006L— eAOUI wewnyjsu| ¢
1 uelep ubuo ¢
0002+ LONOLOHd oML g
0oLz 1 PY /Pl LONOLOYd /48Ind-g- LS k-1 THd /FTHd /HIANN Tdd JoUl0 /SS8li4 HIANN /Siuswndoq /sninoxaxyel /siesn / SweN 9|4 erea |
1 an|e; Jajswele,
0022 eA ' m_:aym.rmr.:Ia
h LONOLOYdd



0
[e)} (wdd) 14
(Q\l oL- 0 oL oz og ov 0s 09 oL 08 06 ooL oLL ozl o€l ovL osL o9L oLl osL o6L o
L " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il " Il "
00z-
00L-{
0 v : U
ooL—
00z
I
00g+ i
7 9€599 ozIS |enoads gz
] 89/2¢ 9z painboy /g
0097 o8t SNajoNN 92
009 ] 6'GY61- Aouanbaig 1samo G2
1 §'8E0v2 UIPIM [B408dS 2
‘ 29°001 Aousnbaiy sejowouoads €2
004
1 sse|0 22
008+ PEGLLLISI-LE-1208 8jeq UOHBOYIPON |2
| ¥E:GLLLLG - H-1202 ajeQ UOIISINbOY 02
006 Le9et auwil uosinboy 61
000L Aousnbai4 uoneiniesald gL
N 1 00000+ UiptMm esind L1
N 00LL{ 0000°L AKejo@ uonexeled 91
m. J €08 ure JensoRY Gl
3 002l 21s SUEdS JO JaquinN L
% 1 (z S0-a-4'8H-G9 1S00¥ 089 ddD) S¥00 €2922+Z aqoid €l
00€L— (601) suludn|-(¥) at wewuadx3 g1
m g ogbdbz aousnbag asind L1
m 00vL— N 2162 ainjeledwa) QL
m 1 €000 A0S 6
) 0051 Y
3 | : H Joyiny 8
< 0091 IO\ 100ds ewnusu]  /
S ]
5 as 9
w oozt nsiwu »LsumQ ¢
| HAqwp uidgolg Jaxnig ublo ¥
%) 008l
| 1 Juswwo) ¢
™ 0061 Pl L' UOGIED-g- LG L- L THd oML 2
B 1 Py /1 /uOGIED-G-LG -k THd /FTHd /HIAN Tdd 4oUl0 /SS8li4 HIAIN /Siuswinoog /sniaosuasyal /s1esn / oweN ajij ered L
zm 0002 LN T AN
3 | BRR BE 8 ag 23 anfep J9)89Weled
W 0oLz 8sd 82 R 88  R® PIyL"U0QIED-G-1GL-LTHd
~



299

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
S0- 4 0'S S'S 0’9 S9 02 A 0’8 S8 0’6 S'6
R R 1 R 1 R 1 R 1 R 1 R 1 R 1 R 1 R 1 R I R 1 R
0002-4 - w o - o -
1 =4 & g 5 2 g
000T-— WLy . L iR oLy WL
0 j
0001 ! |
0002
000€
1 510 uonnjosey [enbia 62
00077 9€959 az|g |esjoads gz
‘ ¥8€91 9zI1S palinboy /g
0005 HI SNdIONN 92
‘ 6°L6LL- Aouanbai4 1semo] G2
ooomT‘ 61196 UIPIM [B1108dS 2
. Aouan
0002 95665 Aouenba.i ssjewonoeds €2
] oLl ssel0 2z
ooowx‘ (0] 1G:25:S 1L Ie-c0-€20e 9leq UONBOYIPO |2
0006 02:25:GL11e-20-€20e areq uonisinboy 0zg
1 N 9v0L't awi] uomsinboy 61
00001 = Kousnbai uoneinesaid gt
ooo:_ H 00592 yIPIM @sind /|
] SN0 (0] 0000’} Kejoq uonexejey 91
00021+ 82 urey) JoAI90aY G|
1 8 SUBDS JO JoqWINN 1
000€T— ejuad aqoid €1
1 ar Wewyedx3 2|
0001 Indgs @ousnbag esind L1
] 0'se aimeladwa) 0}
000ST— €1opo JUBAIOS 6
00091+ oqny g
4 eAoul uswnisu| £
00041+
1 aus 9
00081~
1 JET Yo ]
00061 ueLep ubuo ¥
000027 0-690-¢THd juswwo) ¢
00012 | L0"NOLOHd-0-690-2THd oML 2
1 PY /Pl L0 NOLOHA-0-690-2THd /L0 1220€202 O-690-2THd /evep /SAsiwuA /weyd /:A SweN 9|4 erea |
00022+ i i , \‘ : i i i i i anjep Jsleweled
NI w & & o o -690-
SR 5385%¢% > w 2 I @ D-690-Z1Hd

10 NO.LO¥d-D-690-2THd



[}
S (wdd) 14
o o1- 0 o1 0z o€ oy 0s 09 0Z 08 06 00T 01T 0z1 0€T ovT 0ST 091 04T 081 06T
[ [ N [ P I | P T | A [ R L. P R A R L TR
0 f T ™) Y W
00§ LE°0 uonnjosay [enbla 62
9€599 ozIS |enoads gz
89/2€ az15 painbay /2
o€l SNSIONN 92
| [R4Y9 8 Aouanbaig 1samo G2
§'8E0v2 UIPIM [B408dS 2
29001 Aousnbaid 1sjpwonoads £z
0Ll ssep 2z
000T— 16) o
G0:L¥'91118-20-€202 aje uonedyipolN Lg
N G0:L1:91 1 12-20-€202 aleq uonisinboy 0g
LE9E"} awi] uomsinboy 6L
] =
ol Aousnbai4 uoneiniesald gL
o 00000+ UiptMm esind L1
N 3NO™ ~O 0000't Kejaq uonexejay 91
~ } uien) JoA199!
2. 00sT 0L Ie9 Jonieoay Gl
N cls SUBOS JO JIoquIinN 1
% (z $0-a-4'8H-89 LS00 088 ddD) S¥00 €2922+Z eqoid €l
at swuedx3 gt
m | ogbdbz aousnbag asind L1
m 1262 ainjesadwal QL
N £1000 Wenos 6
)
> loyiny g
) 0002
S+ 100ds juawinisu]  /
N
W S 9
w nsiwu mBumQ G
N9 | Hawp uidgolg Jaxnig wbuo
|%5)
| Juswwo) ¢
™~ x , i i i i i ) pYy'g'u0qied-0-690-¢THd i i SlL ¢
M 0052+ - ] 5 ¢ 3 I£/€ /UOQIED-O-690-2THd /AW /weld X 5 SweN o4 erea |
NN N o ' N o NN © bag
45 3 < 2 S 2 o 5o
w i anfeA v v 1ejowered
L Py €'u0qIed-3-690-21Hd
Y
~



301

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
S0~ 00 S0 0’1 ST 0'¢C 4 ('3 € o't 4 0'S S'S 0’9 S9 02 A 0’8 S8 0’6 S'6
L I 1 L. A 1 1 1 A N IR N IR R L P | P | A A
0002-- o~ -
] e 3 5
0001 LL A7
] ] I
0001 |
0002
000€-
1 SgL'o uonnjosay [exblg 62
] 9€959 az|g |esjoads gz
J 9213 palinboy
0005 ¥8€91 IS paJinbdy /g
1 HL SNBIONN 92
0009 0'86k1- Aousnbai4 1samo G2
] 61196 UIPIM [B1108dS 2
0002 9G6'66S Aousnbai4 Jeyowonoads €2
0008 SSB|Q 22
1 LLL Ge:/S'211€2-20-€20C 9leq UONBOYIPO |2
0006+ P $5:96:21 1£2-20-€202 ajeq uomisinboy 0z
1 9r0L’ L awi] uomsinboy 61
0000TH
1 N Aousnbal4 uoneinesald gL
00011+ 00s9'c UIPIM 8sind L
q X Kejog uonexeld;
00021+ H oooowm _c_m_.,o Mzm“mm M”
1 9NO (0] ) )
000£T4 8 SUBDS JO JoqWINN 1
] eluad eqoid €l
000 T+ ak Juswadx3 2|
1 Indgs aouanbag asind ||
000STH 0'se ainjesedwal 0}
000914 €lopo usnos 6
1 joyiny g
00041+ BAOUI juswnisu| £
00081 aus 9
00061+ JeumQp g
] uelep ubuo ¥
00002+
00012~ J g-¢/0-¢THd juswwo) €
1 10" NOLOYd-8-2£0-2THd SML ¢
00022+ Py /P L0 NOLOYd-8-2£0-2THd /10 €220£202 8-2L0-ZTHd /e1ep /sAsiwun jwelid A owen oji4 elea |
] SN || f enpe sopwese
000Ee A v . oA RUBIRA g 240-21ha
1 Hes  IV8R S 3 A ® 10 NOLO¥d-8-220-CTHd




302

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
o1- o1 0z o€ oy 0s 09 0Z 08 06 00T 01T 0z1 0€T ovT 0ST 091 04T 081 06T
L 1 1 R 1 R 1 1 1 1 1 1 R 1 1 R 1 R 1 R 1 R 1 R 1 R 1 R 1 R 1 R
002-+
O\.
002
00t
009
1 180 uonnjosey [eNbia 62
008 9€559 8zIS [eads g2
1 89/2¢ 921G palinboy /g
o€l SNSIONN 92
] [R4Y9 8 Aouanbaig 1samo G2
| §'8E0v2 UIPIM [B408dS 2
0021 29001 Aousnbaid 1sjpwonoads £z
00T sse|) ¢e
| GG'0€:€11€2-20-€20C 9je UOHEOUIPON |2
0091+ GG.0€:€11€2-20-€202 oeqg uonisinboy 0z
LE9E"} awi] uomsinboy 6L
008T— Aousnbai4 uoneiniesald gL
1 00000+ UiptMm esind L1
00024 LLE 0000'k Kejaq uonexejey 9
| 0 ocL ules) J9AI909Y G
0022 2Is Sueog Jo JaquinN 1
N (z $0-a-4'8H-89 LS00 088 ddD) S¥00 €2922+Z eqoid €l
i at juswadx3y gL
002 H 0gbdbz sousnbag asind L1
| 1262 ainjesadwal QL
El
0092 WO~ ~0 €100 wenos 6
Joyin
0082 yiny 8
uomn_w juswnisul /2
000€— as 9
4 nsiwu »LsumQ ¢
00Z€] Hawy uidsolg sexnig ubuo v
1 Juswwo) g
007 VN N PYEUOGIED-G2LOTHA | | omL 2z
] BRE E 5 5% 8 8 Py /€ /UOGIED-8-2L0-ZTHd /Awu /weld X 5 . eweN o4 eled |
009€— RN 8 3 2 & [
anfep e ™ 1elowered
py gruoqied-g9-2/0-21Hd




303

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
S0~ 00 S0 0’1 ST 0'¢C 4 ('3 S'€ o't 4 0'S S'S 0’9 S9 02 A 0’8 S8 0’6 S'6 o
I R 1 R 1 R 1 R 1 R 1 1 1 1 1 R 1 R 1 R 1 R 1 R 1 R 1 R 1 R 1 R I R 1 R
0001~ [V Eon - o - - r
Lo o & Srio ° oo ° S S
58 8 & R 8 2 8 > =
] (B P R YR A AL e vl Al L r Wy
0 x N
0001 =
SgL'o uonnjosay [exblg 62
0002+ 9€559 o715 [esoads gz
891 o715 palinboy /g
1 HL SnajoNN 92
08641~ Aousnbai 1semoT Sg
00087 61196 UIPIM [e100dS 2
96665 Aousnbai4 Jeyowoioads €2
SSe|D ¢¢
000v+ 62:v 1€l 1e-c0-€c0e 9leq UONBOYIPO |2
cH /G:E1:EL1¥2-20-€202 areq uonisinboy 0Z
] Q 9v0L’L awi] uomsinboy 61
0005 N fouenbai4 uoneinesaid g
00992 UIPIM esind LI
1 0000°} Kejoq uonexelpy 9t
H 92 ulen) JOAI909Y G|
00097 SLO 8 SUBDS JO JoqWINN 1
ejuad aqoid €1
| ak wawuedx3 gi
d
0002 Indgs aouanbag asind ||
0'se ainjesadwa) 0}
1 €19p2 JUBAIOS 6
loyny 8
0008
eAoul uswnisu| £
| as 9
0006 oUMO S
uelep uibuo ¥
- = UBWIWIO:
0000TH B 0-€£0-2THd bl 0 €
L0 NOLOHd-0-€£0-¢THd SML ¢
1 PY /P 0T NOLOY-0-€L0-2THd /0 #220£202 D-€L0-2THd /e1ep /sAsiwun /wejid :A swenN o4 elRd |
H H H H , f \ w x f i anjeA i i Jsjoweled
00011 SE o8& NN = = g D) 3 D-€£0-71Hd

10 NOLOYd-D-€20-Z1Hd



304

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
o1- 0 o1 0z o€ oy 0s 09 0Z 08 06 00T 01T 0z1 0€T ovT 0ST 091 04T 081 06T
L . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
002-+
0 4
002
00¥—
LE°0 uonnjosay [enbla 62
| 9€599 ozIS |enoads gz
0097 89/2¢ 9z painboy /g
ogl SNBPNN 92
| [R4Y9 8 Aouanbaig 1samo G2
008 $'880v2 UIPIM [81090S 72
29001 Aousnbaid 1sjpwonoads £z
SSe|D cg
0001 01:02'¥ +1¥2-20-€202 8leQ UOHBOHIPON 12
1 0L:02:v}1¥2-20-€20e aleq uonisinboy 0g
LE9E"} awi] uomsinboy 6L
0021 2Ll
o Aousnbai4 uoneiniesald gL
1 00000k WPIM 3sINd 2L
00V T N 0000'k Aeja@ uonexeley 9l
ocL ules) J9AI909Y G
1 2l SUBOS 4O JequINN Y|
0091 H (z 50-a-4'°H-99 1S00¥ 088 ddO) §¥00™ €29221Z eqoid €t
s10 ak swuedx3 gt
1 0gbdbz sousnbag asind L1
: ainjesadwsa,
0081 z'L62 ) L Ok
€10a0 JUGAIOS 6
Joyiny 8
0002+ 108ds juswnisu| £
1 aus 9
nsiwu J9UM
0022 O S
HAqwp uidgolg Jaxnig ublo ¥
] wawwoy ¢
00¥2+ AN T | \ nz.m.cogao.o.mno.m._:n_ i sl ¢
] NRRE 2o 58 & h Pl}JEM0qIBD-0-€LQ-CTHd /Jwu /weyd /X 5 sweN a|Id ele@ |
bk Bk 8% b 2 %88 2 2
an J9)18Wel
0092 |eA lowered
Py €'uoqued-3-€£0-21Hd




305

Appendix 1 — Spectra Relevant to Chapter 2

(wdd) 14
S0~ 00 S0 0’1 ST 0'¢C 4 ('3 S'€ o't 4 0'S S'S 0’9 S9 02 A 0’8 S8 0’6 S'6 o
L R I R 1 R 1 R 1 R 1 R 1 R 1 R 1 R 1 R 1 R 1 R 1 R 1 R 1 R 1 R 1 R 1 R 1 R I R 1 R
2w e coow ° oo =
002 ErE 8 28 NN ® 28 S
i N P I = R, I ol Wl
04 t _ _
0024
00t
SgL'o uonnjosay [exblg 62
‘ 9€£G659 az|g |esjoads gz
009 ¥8€91 8zig paunboy /g
] HL SN8PNN 92
1'861L- Aousnbai4 1samo G2
. 61196 UIPIM [B1108dS 2
] 95'665 Aousnbal Jejewondeds gz
000T— Ll SSe|D 22
1 o 06:61:G11/¢-20-€20C 9leq UONBOYIPO |2
61:61:G11/2-20-€202 areq uonisinboy 0Z
0021+ N 9v0L't awi| uomsinboy 61
1 o Aousnbal4 uoneinesald gL
00T H 00s9'c UIPIM 8sind L
) N 0000k Kejoq uonexejey 91
o uren Jenigoey S
0091+
(6] 8 SUBDS JO JoquINN 1
] eluad eqoid €l
0081~ at wawuedx3 gi
Indgs aouanbag asind ||
1 0'se ainjesadwa) 0}
0002 €1opo JUBANIOS 6
00zz- BAOUI juswnisu| £
q as 9
00¥2 euMO S
] uele ubuo ¥
0092+
x_ 2idwany-a-v20-2Hd juswwo) €
1 10" NO.LOYd{eldwany-a-+20-2THd SML ¢
0082 PY /Pl L0 NOLOHd-2idweny-A-+20-2THd /10 £220€202 dweny-A-+.0-2THd /efep /shsiwun jwejid /:A SweN 9|4 erea |
‘ LL LI L L Ll | onen
5% b R & L% g 4G o _ AESY-0-v20-211d
00054 ® X N OoN o ®om 5] ® = < 10 NOLOY¥d-Z3dwany-a-+20-21Hd




\O
S (wdd) 14
o o1- 0 o1 0z o€ oy 0s 09 0Z 08 06 00T 01T 0z1 0€T ovT 0ST 091 04T 081 06T
[ [ N [ P I | P T | A [ R L. P R A R L TR
O\.
05+
] h
LE°0 uonnjosay [enbla 62
00T 9£559 0215 [ea00ds g2
89/2€ az15 painbay /2
| o€l SNSIONN 92
oOvL6L- Aouanbai4 1samo Gz
§'8E0v2 UIPIM [B408dS 2
0ST- 29001 Aousnbaid 1sjpwonoads £z
1 SSe|D cg
¥0:22'911/8-20-€202 9je UOHEOUIPON |2
002+ ¥0:22:911/2-20-€202 ajeq uonisinboy 0z
€L .
LE9E"} awi] uomsinboy 6L
(0]
1 Aousnbai4 uoneiniesald gL
N N 00000+ UiptMm esind L1
~ 052 0000+ AKejo@ uonexejey 91
2 o H z¥9 uen Joneosy Gl
Mz ] 21s Sueog Jo JaquinN 1
% N (z $0-a-4'8H-89 LS00 088 ddD) S¥00 €2922+Z eqoid €l
00€ ak wewuadx3 gt
,m 0 ogbdbz aousnbag asind L1
g | 2162 ainjesadwal 0L
N £10a0 eNOS 6
)
d 0S€- loyiny 8
S+ 10ads juawinisu]  /
a 4
m aus 9
nsiwu JoUM
N 00t o &
N9 Hawp uidgolg Jaxnig wbuo
A
| 4 Juswwo) ¢
™~ 7 x\f x) , \‘ piy- ¢ zidwoeny-uoaqsed-a-+20-2 Hd 7 7 SlL ¢
B 0S| SOBRD oEpe 8RR 2 Py /€ /21dWaNY-UOQUED-0-7£0-CTHd WU /welid /X 5 5 SweN alid Bled |
< 8 Bha &%3  Rbb 8 B
w anfep ® ¥ ieeweled
p 1 py € zadwany-uogqied-a-+20-21Hd
Y
~



307

Appendix 1 — Spectra Relevant to Chapter 2
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Chapter 3

A Convergent Fragment Coupling Strategy to Access Quaternary

Stereogenic Centers?

3.1 INTRODUCTION

The formation of quaternary stereogenic centers via convergent fragment coupling
is a longstanding challenge in organic synthesis.> Here, we report a strategy for the
formation of quaternary stereogenic centers in polycyclic systems based upon the
semipinacol reaction. In the key transformation, two fragments of a similar size and
complexity are joined by a 1,2-addition of an alkenyl lithium to an epoxy ketone, and the
resulting epoxy silyl ether undergoes a semi-pinacol rearrangement catalyzed by N-

(trimethylsilyl)bis(trifluoromethanesulfonyl)imide =~ (TMSNTf,) or  trimethylsilyl

T This chapter has been reproduced from a published manuscript.' J. K. K was supported
by an NSERC PGS-D fellowship (PGSD3-532535-2019). A. R. W and V. W. M were
supported by an NSF Graduate Research Fellowship (DGE-1144469). S. E. R.
acknowledges financial support from the NIH (R35GM118191).
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trifluoromethanesulfonate (TMSOTT). Polycyclic scaffolds were generated in high yields
and the reaction conditions tolerated a variety of functional groups including esters, silyl
ethers, enol ethers, and aryl triflates. This method provides a useful strategy for the
synthesis of complex polycyclic natural product-like scaffolds with quaternary stereogenic

centers from simplified fragments.

3.2 CONVERGENT FRAGMENT COUPLING USING A 1,2-
ADDITION SEMI-PINACOL REARRANGEMENT SEQUENCE

3.2.1 Challenges with Quaternary Stereocenter Formation

Convergent fragment coupling is a strategic approach that can rapidly generate
complex molecules by joining fragments of a similar size and complexity.>> The
independent synthesis of each fragment can be completed in parallel and this approach
reduces the potential for competitive functional group reactivity. Many elegant syntheses
have been developed utilizing a fragment coupling as a key strategic disconnection, often
employing well established chemistry such as the Michael addition, the Diels—Alder
reaction, transition metal-catalyzed cross-coupling, and 1,2-nucleophilic addition.®” A
major limitation to these approaches is the challenge of accessing stereogenic quaternary
carbons, which are common motifs in natural products.? Stereocontrol at attached-ring
quaternary centers represents an especially difficult task due to the lack of well-defined
stereocontrol elements, in contrast to the more rigid ring topologies of bridging,
spirocyclic, and fused ring systems.®°

A powerful method to form quaternary stereogenic centers is the semi-pinacol

rearrangement, a stereospecific reaction that can convert epoxy alcohols to a-quaternary
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ketones (Figure 3.1A).1%% The strategic application of the semi-pinacol rearrangement in
total synthesis has predominately focused on skeletal rearrangement (for example, Figure
3.1B) rather than as part of a fragment coupling tactic.*-* There have been relatively few
applications of the semi-pinacol rearrangement as fragment coupling strategies in total
synthesis,*#° which motivated us to develop a general set of conditions based upon our
work towards the C19 diterpenoid alkaloids (Figure 3.1C).%

Figure 3.1. Synthetic Strategies Using the Semi-Pinacol Rearrangement.

(A) Semi-pinacol Rearrangement

semi-pinacol
HO, Lewis 0

> acid
. —_— T
(e}
W stereospecific “'OH

M can form quaternary
centers
epoxy alcohol (160) B-hydroxy ketone (161)

(B) Skeletal Rearrangement

Me,

1. epoxidation HO.,,

2. semi-pinacol

"IOR MeO %
OMe OR
162 163

(C) This Work: Convergent Fragment Coupling

OTMS
Me0,C-7_| COMe
0 1. 1,2-addition
MeO,C N ;a: J e, —
Meoz(?l_% S 5 2. semi-| plnacol
‘Sl’
8y “tBu O*/sa\’o
t-Bu tBu
31 32 33a

3.2.2 Reaction Optimization

Our initial studies began with the investigation of the semi-pinacol rearrangement
of epoxide 164a-OH, an intermediate in our synthesis of the diterpenoid alkaloid (-)-

talatisamine (34).* Treatment alcohol 164a—OH with 1.2 equiv of TMSOTf at —10 °C
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resulted only in silylation of the tertiary alcohol to give 164a in 97% isolated yield (Table
3.1A, entry 1). However, performing the reaction with 1.5 equiv of TMSOTT at 21 °C
provided B-silyoxyketone 33a in 33% yield along with several other side products (entry
2). Although the yield of 33a was low, this result did confirm the feasibility of migrating
the bicyclic fragment. Since migration occurred after silyl ether formation when excess
TMSOTT was used, we posited that use of 164a as a substrate in conjunction with a stronger
Lewis acid could allow the reaction to be conducted at low temperature, and could
potentially improve the yield of 33a (Table 3.1B).*! When 164a was treated with 1.0 equiv
of TMSNTT, at —78 °C for 45 minutes, starting material was consumed, but low yields of
33a were again observed (entry 1).Close monitoring of the reaction at early timepoints
revealed that the reaction was very fast; indeed, stopping the reaction after 60 seconds
improved the yield to 50% (entry 2). Further improvement was obtained by lowering the
reaction temperature to —94 °C and quenching 10 seconds after addition of TMSNTT, (entry

3). Although we were pleased with this discovery, it was not well suited for up-scaling.
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Table 3.1. Synthetic Strategies Using the Semi-Pinacol Rearrangement.

a
TMSOTf WOTMS
‘o, Et3N (3 equiv)
MeO,C 0 R
2 OH > MeO,C o
MeOC" R CH,Cl, (0.04 M) MeO,C
164a-OH 33a
Entry Lewis Acid (Equiv) Temperature Product  Yield (%)
1 TMSOTf (1.2) -10°C 164a 97
2 TMSOTTf (1.5) 21°C 33a 33
b
TMSNTf,
. 2,6-(t-Bu),-4-MePyr WOTMS
‘0 (200 mol %)
MeO,C L OTMs > MeO,C A o
MeO,C |, R CH,Cl, (0.04 M) MeO,C H
164a 33a
Entry Equiv LA Temperature Time Yield (%)
1 1.0 -78°C 45 min 25
2 1.0 -78°C 60 sec 50
1.0 -94°C 10 sec 90
42 0.1 -78°Cto0°C 25h 99
5P 0.1 -78°C 15 min 97

164a-OH

2110 mol % of 2,6-(t-Bu),-4-MePyr. ® 110 mol % of 2,6-(-Bu),-4-MePyr on 4.3 g scale

315

Given that the use of silyl ether 164a negated the need for stoichiometric TMSNTH,,

we evaluated using this Lewis acid catalytically. Gratifyingly, treatment of 164a with 10

mol % TMSNTY; at —78 °C and then warming to 0 °C over 2.5 hours gave 33a in 99%

yield (entry 4). The optimal conditions for gram scale were treatment of 164a with 10 mol

% TMSNTf, at —78 °C for 15 minutes without warming, which provided semi-pinacol

product 33a in a 97% yield (entry 5). To our knowledge, TMSNTHT; has not previously been

used as a catalyst for the semi-pinacol reaction.

3.2.3 Substrate Scope
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Figure 3.2. Scope of the Migrating Group.

(a) Linear Substrates

N MesSi AN

33b 33c
76% yield OH2 68% yield
92% yield OTMSP 87% yield

R Group Scope

1. RLi, THF, =78 °C wOTMS
then TMSCI R
2 TMSl\elq'f (10mol %) Me0C 0
. > (10 mol %
2,6-(t-Bu)y-4-MePyr MeOzC y
(40 mol %)

CHyCly, ~78 °C, 0.5 h 33

b) Cyclic Substrates

2 Jordr 3.5

63% yleld
89% yield

80% vyield 67% yield  55% yield 78% yle\d 86% yield 47% yield
96% yield  94% yield 99% yield 98% yield 89% yield®
(c) Bicyclic Substrates (d) Aromatic Substrates
Me, Me
= Me L@).
Me Br (0]
N Br
Me =
. MeO MeO
33m
60% yield OHd 82% yield 42% yield 70% vield 92% vield OH? 83% vield
% yield® 93% yield 88% yield o yie o yie o yiel
94% yield o yie o yie 99% yield 99% yield OTMSP 82% yield
73% yield®
(e) Polycyclic Substrates [gram scale]

33p 33q
59% yield 55% yield
92% yield" 93% yieldd

Isolated yields of 1,2-addition product in purple, isolated yield of silylation (if separate step) in teal, isolated yields of semipinacol product in blue.
aYield of 1,2-addition from Grignard reagent without TMSCI trapping. ° Yield of TMS protection. © 50 mol % TMSNTf,, 110 mol % 2,6-(t-Bu),-4-MePyr, =78 °C, 4 h.
9 Yield of 1,2-addition from alkenyl lithium without TMSCI trapping. © TMSOTY (5 equiv), EtsN (6 equiv), 0 °C to 21 °C, 1 h.
50 mol % TMSNTY,, 110 mol % 2,6-(t-Bu),-4-MePyr, 0 °C, 0.5 h. 9 30 mol % TMSNTf,, 100 mol % 2,6-(t-Bu),-4-MePyr, =78 °C, 4 h.

With optimized conditions in hand, we examined the scope of the convergent
fragment coupling strategy (Figure 3.2). Although the yields of the alkenyl lithium 1,2-
addition were substrate dependent, the semi-pinacol rearrangement gave consistently high
yields. Simple linear alkenes, including an allylic silane and enol ether, migrated with high
yields (33c, 33d). Cyclic and bicyclic alkenyl substrates also provided the rearrangement
products (33e-33l) in excellent yields, showcasing the ability for this reaction to form
attached-ring motifs bearing hindered quaternary centers. The fragment coupling tolerated

substrates bearing TIPS- and PMB-protected alcohols (33g, 33i), functional groups that
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could be useful in natural product synthesis applications. Aromatic substrates were also
found to be viable in this reaction, with products 33m-330 obtained in high yields. In
addition to the gram scale synthesis of 33a, the semi-pinacol rearrangement to yield aryl
bromide 33n was carried out on gram scale in 73% yield. We were able to effect the
migration of large polycyclic alkenes (33p—33q) in yields greater than 90%. Notably, these
conditions are relatively mild and tolerated allyl ethers and enol ethers (33d, 33g, 33i),
which are often reactive under common semi-pinacol rearrangement conditions.!> A small
additive screen found that the reaction tolerates acetal (Table 3.2, entry 2) and ester (entry
3) functional groups, while an N-z-butyl-carboxylate-protected amine (entry 4) inhibited
product formation.

Table 3.2. Protecting Group Compatibility Additive Screen.

TMSNTY, (10 mol %) o}
2,6-+-Buy-4-MePy (40 mol %)
CHQC'Z, 0°C “'"Me OTIPS

“oT™s

(%)-165a’ (*)-166a
Entry  Additive Reaction Yield Recovered 1652’ Mass Balance Additive Recovery
1 none 93% 0% 93% N/A
2 A 86% 0% 86% 76% recovery
3 B 92% 0% 92% 93% recovery
4 C 20% 71% 91% 87% recovery

all yields in table are qNMR yields with pyrazine internal standard in CDCl,

We also investigated simpler monocyclic ketones for their ability to rearrange using

TMSNTT, as the Lewis acid (Figure 3.3). Using 10 mol % TMSNTH,, cyclopentanone ()-
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166a was prepared in 93% yield. Although the cyclohexyl substrate was less reactive, by
increasing the catalyst loading to 50 mol %, the semi-pinacol product (+)-166b was

obtained in 79% yield.

Figure 3.3. Substrates Derived from Monocyclic Epoxyketones.

Non-hydrindane Substrates

OTIPS
o 1. RLi, THF, =78 °C o
M then TMSCI Me
e e —" . .
[0 2. TMSNT, (10 mol %) /
2’6-(2-;%” )z—éll;l/\/IePyr OTMS
(£)-165a ( Cgl%lz") (£)-166a
0°C,05h 85% yield
93% yield
1. RLi, THF, =78 °C
o 2. n-BuLi, TMSCI
Me THF, -78 °C
z, _—
RE 3. TMSNTf, (50 mol %)
2,6-(t-Bu),-4-MePyr
(110 mol %)
(£)-165b 0 9;25'; . (£)-166b

54% yield OH
99% yield OTMS
79% yield

Isolated yields of 1,2-addition product in purple, isolated yield of silylation (if separate step) in teal,
isolated yields of semi-pinacol product in blue.

3.2.4 Product Derivatization

Several of the products prepared by this method contained alkenyl or aryl bromide
substituents (e.g. 33h, 33i, 33n, and 330), which can allow for further functionalization of
the product. For example, treatment of ketone 33n with DavePhos-Pd-G3 in the presence
of K;PO, at 80 °C resulted in clean enolate arylation to give tetracycle 167 (Scheme 3.1).4?
We anticipate that tetracycle 167 could serve as an intermediate for the synthesis of the
denudatine-type diterpenoid alkaloids such as cochlearnine (168).4344

Scheme 3.1. Intramolecular Enolate Arylation of 33n.
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Product Functionalization

OTMS OMe DavePhos-Pd-G3
MeO,C COZ’V'G (10 mol %)
— MeO,C K3PO4 4equ|v)
—] 2
Br PhMe 80 °C
MeO,C

65% yield

OH
MeO,C
MeO,C
167 cochlearenine (168)
[X-ray]

3.3 CONCLUDING REMARKS

The method disclosed in this chapter was inspired by work on the total synthesis of
the C19 diterpenoid alkaloids.** Strategically it was envisioned in the total synthesis of
talatisamine that two fragments of a similar size and complexity could be joined via the
central B ring of the natural product. This strategy was successfully accomplished by
performing a 1,2-addition semi-pinacol rearrangement sequence to join two fragments,
which created an all-carbon quaternary center stereospecifically. It was envisioned that this
innovative strategy could be applicable to the synthesis of additional natural products,
which motivated us to explore the generality of this approach. It was found that a variety
of different functional groups were tolerated in this transformation sequence including enol
ethers, allylic silyl ethers, esters, allyl silanes, aryl triflates, and sterically congested
terpenes. N-Boc pyrrolidine was found to inhibit the semi-pinacol rearrangement, and some
degradation of acetals was also observed. The resulting semi-pinacol products could be
transformed into tetracyclic precursors to additional diterpenoid alkaloids, the total
synthesis of which are currently under investigation in our lab. In addition, this sequence

also works on simpler epoxyketone substrates demonstrating the applicability of this
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approach to form a variety of different quaternary stereocenters. In summary, we have
developed a convergent fragment coupling approach to access a variety of quaternary
centers in polycyclic systems in high yields with potential applications in natural product

total synthesis.

3.4 EXPERIMENTAL SECTION

Unless otherwise stated, reactions were performed under an inert atmosphere (dry
N») using freshly dried solvents and standard Schlenk techniques. Glassware was oven-
dried at 120 °C for a minimum of four hours. Tetrahydrofuran (THF), methylene chloride
(CH2Cl,), acetonitrile (ACN), methanol (MeOH), benzene (PhH), and toluene (PhMe)
were dried by passing through activated alumina columns. CH>Cl> (D150-4), benzene
(PhH, OmniSolv, BX0212-1), acetonitrile (A998-4), pentane (P399-4), acetone (A18-20),
hexanes (H292-20), and n-butanol (A399-4) were purchased from Fisher and used as
received. Anhydrous N,N-dimethylformamide (DMF) was purchased from VWR (EM-
DX1727-6) and used as received. All reactions were monitored by thin-layer
chromatography using EMD/Merck silica gel 60 F254 pre-coated plates (0.25 mm) and
were visualized by UV or by staining with p-anisaldehyde or potassium permanganate
(KMnOs). Flash column chromatography was performed as described by Still et al.** using
silica gel (particle size 0.032-0.063) purchased from MilliporeSigma. 'H and '3C NMR
spectra were recorded on a Bruker Avance III HD with Prodigy cryoprobe (at 400 MHz
and 101 MHz, respectively), a Varian Inova 500 (at 500 MHz and 126 MHz, respectively),
a Bruker 400 MHz Spectrometer with broadband iProbe, or a Varian Inova 600 (at 600
MHz and 150 MHz, respectively), and are reported relative to internal CDCl; (1H, 6 =

7.26; 13C, & = 77.16), CD2Cl, ('H, 8 = 5.32; 13C, § = 53.84) or CD3CN ('H, & = 1.94; °C,
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8 = 118.3). CDCl; was stored over anhydrous potassium carbonate (K2CO3). Data for 'H
NMR spectra are reported as follows: chemical shift (6 ppm) (multiplicity, coupling
constant (Hz), integration). Multiplicity and qualifier abbreviations are as follows: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad. IR spectra were
recorded on a Perkin Elmer Paragon 1000 spectrometer and are reported in frequency of
absorption (cm™'). HRMS data were acquired using an Agilent 6230 Series time-of-flight
(TOF) mass spectrometer with an Agilent G1978A ion trap or by LC-MS using a Waters
LCT Premier XE Electrospray TOF mass spectrometer interfaced with Waters UPLC
chromatography, or by GC-MS interfaced with a JEOL JMS-T2000 GC AccuTOF GC-
Alpha with Field Ionization. Molecular formulas of the compounds [M] are given, with the
observed ion fragment in brackets, e.g. [M+H]". Optical rotations were measured on a
Jasco P-2000 polarimeter using a 100 mm path-length cell at 589 nm. Melting points were
determined using a Biichi B-545 capillary melting point apparatus, and the values reported
are uncorrected. Unless otherwise stated, chemicals and reagents were used as received.
Stereochemistry of products was assigned analogous to compounds 164a-OH (CCDC #
2083859) and 167 (CCDC # 2224814), both of which have had their absolute configuration
confirmed via X-ray crystallography. The X-ray structure of 164a-OH has been previously

reported by Reisman and appears as S11 in their SI.*
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Scheme 3.2. Preparation of enantiopure epoxyketone (+)-31.

MeO,C
S OF°
MeO,C
169 170
O’>
Br/\/’\o
173

NaH, n-BuyNI

DMF
0°Cto21°C

91% yield

MeO,C
MeO,C

177

GaNa-(S)-BINOL (10 mol%) MeO,C ethylene glycol MeO,C
NaO#Bu (7 mol%)

p-TsOH-H,O o)
- R e
MeO,C O~ PhMe, reflux MeO,C j
H H o

171 85% yield 172
o)
w_0O
s?
N—Br
HCI (a
@D veo,c 176 © -
acetone MeO,C o MeCN/H,0, 21 °C
70°C
74% yield 175 62% yield

MeO,C
MeO,C

31, >99% ee

31 was prepared according to a six step procedure reported by Reisman, and 'H

NMR data matched their report.*°
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Figure 3.4. Preparation of alkenyl halides for 1,2-additions.

Br

W MgB! MeSi B OFt
r r
XM aSi A~ B
O-si-© 178
tBu t+Bu Commercial: 179 180
32 Sigma
Br | B orips Br
o O g O
181 182 183 184
| Br Me
PMBO, Me
= Me Br
Br Me |
i-Pr Me
185 186 187 188
Br |
(0]
~
MeO MeO
TfO
189 190 191 192
Commercial: Commercial: Commercial:
Sigma Ambeed Sigma
o (¢]
? Me Me
(0]
o
193 165a 165b
Preparation of 32:
TfO Br
LiBr, Zn, DMAP
Ni(OAC),4H,0 =
_—
DMA, THF, 21 °C
O‘Si'o o‘/Si'O
t—Bu/ \t-Bu t-Bu \t-Bu
87% yield
194 32

323

Alkenyl triflate 194 was prepared in 11 steps according to a procedure reported by

Reisman,* and '"H NMR characterization data matched their report.
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Alkenyl bromide 32 were prepared according to a procedure reported by
Reisman,* and '"H NMR characterization data matched their report.

Preparation of 179:

Co(acac),

THF, NMP
0°C

Br\/\Br + TMSngCI Me3Si\/\/Br

195 196 3% yield 179

324

Allyl bromide 179 was prepared according to a procedure reported by Okamoto.*®

"H NMR characterization data matched a report by Clayden.*’

Preparation of 180:

OEt Br,, then Et3N OEt

« NG

197 47% yield 180

DCM

Bromoethoxy ethene 180 was prepared according a procedure reported by

Valenti.*® "TH NMR characterization data matched a report by Stalick.*

Preparation of alkenyl bromide 181:

0 (PhO)3P, Br, Br g Br
EtsN r
CH,Cl, then reflux E§
—60°Cto21°C
198 70% vyield 181

A 500 mL round bottom flask was charged with triphenyl phosphite (27.6 mL, 105

mmol, 1.1 equiv), CH>Cl, (300 mL), and was cooled to —60 °C. Br> (5.9 mL, 115.5 mmol,

1.2 equiv) was added followed by EtsN (17.6 mL, 126 mmol, 1.3 equiv). Cyclopentanone

(198, 8.53 mL, 96 mmol, 1.0 equiv) was added and the reaction was allowed to warm to

ambient temperature. The reaction mixture was stirred until complete consumption of the

starting material was observed by TLC (100% hexanes, KMnOy stain, ca. 6 hours). Upon
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completion, the flask was equipped with a reflux condenser and the reaction mixture was
heated to reflux until complete consumption of the starting material was observed by TLC
(100% hexanes, KMnOys stain, ca. 1 hour). The reaction was cooled to ambient temperature
and the mixture was transferred to a separatory funnel. The organic layer was washed with
aqueous 2 M HCI (2 x 300 mL), and the combined aqueous washes were extracted with
pentane (2 x 150 mL). The combined organic extracts were dried over anhydrous Na,;SOs4,
filtered, and concentrated under reduced pressure on an ice bath due to the volatility of the
product. Purification of the crude residue by column chromatography (silica, 100%
pentane) provided alkenyl bromide 181 (10 g, 67.2 mmol, 70% yield) as a clear oil
contaminated with some residual pentane.

"H NMR data agrees with characterization data reported by Hayashi.®® This
procedure was adapted from a procedure reported by Liang.>!

Preparation of cyclohexenyl iodide 182:

o
o (Et0),P(0)CI EtO. 1 -OFt |
KHMDS | ™SI
0o ——>
THF, —78 °C to 21 °C ©/ CH,Cly, 21 °C
92% yield 72% yield
199 200 182

Cyclohexenyl iodide 182 was prepared according to a procedure by Wiemer.>? 'H
NMR data agrees with characterization data reported by Prabhu.>?

Preparation of allylic alcohol 201:

o Br Br

PBrs ,O NaBH, OH
_ R
DMF, CH,Cl, EtOH
0°Cto21°C

198 38 50% yield over 2 steps 201



Chapter 3 — A Convergent Fragment Coupling Strategy to Access Quaternary Stereogenic ~ 326
Centers

A 1 L round bottom flask was charged with DMF (14.0 mL, 181 mmol, 3.2 equiv)
and CH2Cl, (80 mL). The solution was cooled to 0 °C, then PBr3; (14.3 mL, 153 mmol, 2.7
equiv) was added dropwise via syringe. The reaction mixture was allowed to stir for 1 hour
at 0 °C. A solution of cyclopentanone (198, 5.0 mL, 56.5 mmol, 1.0 equiv) in CH>Cl> (30
mL) was added dropwise via syringe. The reaction was allowed to warm to 21 °C and was
stirred for an additional 21 h. The reaction was cooled to 0 °C and quenched carefully with
sat. NaHCOs3 (500 mL). Solid NaHCO3 was added periodically as needed until bubbling
ceased and the aqueous layer tested to be slightly basic with pH paper. The resulting
mixture was extracted with Et;O (3 x 250 mL), and the combined organic extracts were
washed with H,O (2 x 500 mL) then brine (500 mL), dried over MgSOQs, filtered, and
concentrated under reduced pressure. The crude residue was purified by column
chromatography (silica, 15% EtOAc:85% hexanes) to afford bromoenal 38 (ca. 5.8 g),
which was used in the next step without rigorous removal of solvent. Spectroscopic data
for bromoenal 38 matched that reported in the literature.>*

A 500 mL round bottom flask was charged with bromoenal 38 (ca. 5.8 g) and EtOH
(33 mL) followed by cooling the reaction to 0 °C. NaBH4 (1.5 g, 39.8 mmol, 1.2 equiv)
was added and the reaction was stirred for 1 hour at 0 °C. The reaction was quenched with
H>O (200 mL) and the mixture was partially concentrated under reduced pressure to
remove ethanol. The resulting aqueous solution was extracted with Et;O (3 x 200 mL), and
the combined organic extracts were washed with brine (200 mL), dried over anhydrous
MgSQOs, filtered, and concentrated under reduced pressure. Purification by column

chromatography (silica, 15% EtOAc in hexanes) afforded allylic alcohol 201 (5.05 g, 28.5
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mmol, 50% yield over two steps) as a clear colorless oil. Allylic alcohol 201 matched
characterization reported in the literature.>

Caution: Bromoenal 38 was found to decompose exothermically upon standing for several
hours at 21 °C, or several days at —20 °C. It was found to be stable to storage at —78 °C at
which temperature it solidifies into a crystalline solid. It was also found to be stable to
storage as a 10% solution in diethyl ether at —20 °C for months.

Preparation of TIPS ether 183:

Br Br
OH TIPSCI, imidazole OTIPS
CHyCly, 21 °C

201 76% yield 183

A 200 mL round bottom flask was charged with allylic alcohol 201 (5.05 g, 28.5
mmol, 1.0 equiv), imidazole (4.66 g, 68.5 mmol, 2.4 equiv), DMF (57 mL), and TIPSCI
(7.32 mL, 34.2 mmol, 1.2 equiv) sequentially. The reaction was stirred at 21 °C until
complete consumption of the starting material was observed by TLC (ca. 12 hours). The
reaction was quenched with sat. NaHCO; (100 mL) and H>O (100 mL) then the reaction
mixture was extracted with Et;O (3 x 200 mL). The combined organic extracts were
washed with H>O (200 mL), brine (200 mL), dried over anhydrous MgSQs, filtered, and
concentrated under reduced pressure. The crude oil was purified by column
chromatography (5% EtOAc:95% hexanes) to afford TIPS ether 183 (7.27 g, 21.8 mmol,
76% yield) as a colorless oil.

'"H NMR (400 MHz, CDCl): 6 4.35 (tq, J = 1.7, 0.9 Hz, 2H), 2.68 — 2.62 (m, 2H), 2.52 —
2.45 (m, 2H), 1.99 — 1.91 (m, 2H), 1.18 = 1.10 (m, 3H), 1.10 — 1.04 (m, 18H).

13C NMR (126 MHz, CDCl3): § 140.7, 115.2, 61.4, 40.2, 32.3, 21.5, 18.0, 12.0.
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FTIR (NaCl, thin film): 2960, 2941, 2892, 2866, 1657, 1463, 1383, 1369, 1104, 1066 cm
1

HRMS: (FAB) calc’d for Ci1sH23BrOSi [M+H—H>]* 331.1093, found 331.1089.

TLC (10% EtOAc:90% Hexanes), Ry 0.77 (KMnOy stain).

Preparation of 184:

PCls then Br,
2 then t-BuOK Br
|:l§ PhMe, —20 °C @*Bf
then hexanes, —25 °C
198 184

26% yield

Cyclopentenyl dibromide 184 was prepared according to a procedure reported by
Feringa.’® '"H NMR data agrees with characterization data in their report.

Preparation of 202:

0 NaBH,, CeCly7H,0 HO
B MeOH, DCM, =10 °C Br

i-Pr

99% vyield
202 203

Ketone 202 was prepared according to a five step procedure reported by Reisman,
and '"H NMR data matched their report.3” Alcohol 203 was prepared via a Luche reduction.

A 100 mL flask was charged with ketone 202 (0.517 g, 1.57 mmol, 1.0 equiv),
MeOH (15.7 mL), and CH2Cl> (15.7 mL). The solution was cooled to —10 °C and then
cerium chloride heptahydrate (1.76 g, 4.71 mmol, 3.0 equiv) was added, followed by
NaBHj4 (89.2 mg, 2.36 mmol, 2.0 equiv). The mixture was stirred at —10 °C until complete
consumption of the starting material was observed by TLC (ca. 30 minutes). The reaction
was quenched with 1 M NaOH (30 mL) and diluted with Et;O (100 mL), and the layers

were separated. The aqueous layer was extracted with Et;O (3 x 20 mL). The combined



Chapter 3 — A Convergent Fragment Coupling Strategy to Access Quaternary Stereogenic 329
Centers

organic extracts were washed with brine (1 x 30 mL), dried over anhydrous Na>SOs,
filtered, and concentrated under reduced pressure. Purification of the crude product by
column chromatography (silica, 10-20% Et>O in hexanes gradient) afforded the product as
a pale yellow crystalline solid (0.515 g, 99% yield). 'H NMR characterization data matched
the data in Reisman’s report with the exception that alcohol 203 had the opposite optical
rotation sign. [a]3°=+3.4° (c = 1.00, CHCL).

Preparation of 185:

PMBCI, TBAI

HO, oL PMBO,
—_—

A Br DMF, THF . Br

58% yield
203 185

PMB ether 185 was prepared via a procedure reported by Reisman.>” A 25 mL
flask in a glovebox was charged with NaH (dry 95%, 71.4 mg, 2.83 mmol, 2.0 equiv) and
DMF (3.54 mL) (Note 1). The flask was sealed with a rubber septum removed from the
glovebox, put under N> on a Schlenk line, and cooled to 0 °C. A solution of alcohol 203
(468 mg, 1.41 mmol, 1.0 equiv) in THF (3.54 mL) was cannulated into the NaH
suspension. The reaction was stirred for 45 minutes, then 4-methoxybenzyl chloride (249
uL, 1.84 mmol, 1.3 equiv) was added dropwise. The reaction was warmed to 21 °C, then
tetrabutylammonium iodide (157 mg, 0.42 mmol, 0.30 equiv) was added in a single
portion. The reaction was stirred at 21 °C until complete consumption of the starting
material was observed by TLC (ca. 16 hours). The reaction was quenched by a dropwise
addition of sat. NH4Cl (15 mL) at 0 °C. The reaction mixture was diluted in Et:O (20
mL), and the layers were separated. The aqueous layer was extracted with Et,O (2 x 20

mL). The combined organic extracts were washed with water (1 x 20 mL), brine (1 x 20
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mL), dried over anhydrous MgSOQy, filtered, and concentrated under reduced pressure.
Purification of the crude product by column chromatography (silica, 50% CH>Cl>:50%
hexanes followed by a second column using a 7.5% EtOAc in hexanes to 15% EtOAc in
hexanes gradient) afforded the product as a clear colorless oil (0.368 g, 58% yield). 'H
NMR characterization data matched the data in Reisman’s report with the exception that
PMB ether 185 had the opposite optical rotation sign. [@]3° = +20.4° (¢ = 1.00, CHCl;).
Note 1. Hazards have been found with the use of NaH in DMF.*® Scaling up the reaction

is strongly not recommended for this reason.

Preparation of 186:
Q Comins Reagent ot LiBr, Zn, DMAP Br
KHMDS L Ni(OAC)+4H,0 L
_ .
Me THF Me THF, DMA, 21 °C Me
Me Me Me
204 81% yield 205 94% vyield 186

205 was prepared from (+)-nopinone (204) according to a procedure reported by
Fallis,® '"H NMR characterization data matched their report.

186 was prepared via a procedure adapted from Reisman.%® A 25 mL flask equipped
with a stir bar was brought into a glovebox. The flask was charged with nickel (II) acetate
tetrahydrate (8.98 mg, 0.036 mmol, 0.05 equiv), 4-dimethylaminopyridine (8.81 mg, 0.072
mmol, 0.10 equiv), and lithium bromide (94.0 mg, 1.08 mmol, 1.5 equiv). Anhydrous THF
(2.2 mL), and DMA (0.7 mL) were added. The alkenyl triflate 205 (250 mg of a 78%
solution in PhMe, 0.72 mmol, 1.0 equiv) was added. The flask was stirred at 600 RPM for
16 hours at 21 °C. The reaction was quenched with sat. NH4CI (10 mL), and water (10
mL). The layers were separated, and the aqueous layer was extracted with Et;O (2 x 25

mL). The combined organic layers were washed with brine (I x 30 mL), dried over
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anhydrous Na>SOs, filtered, and concentrated under reduced pressure (Caution! The
product is volatile!). The crude product was purified by column chromatography (silica,
100% pentane) to yield 186 as a clear colorless oil (145 mg, 94% yield).

'"H NMR (400 MHz, Chloroform-d): § 5.83 (tdd, /= 3.2, 1.8, 1.1 Hz, 1H), 2.47 (dt, J =
8.9,5.7 Hz, 1H), 2.41 (td, J= 5.6, 1.9 Hz, 1H), 2.34 (dt, J=17.5, 3.2 Hz, 1H), 2.25 (dt, J
=17.5,3.0 Hz, 1H), 2.14 (ttd, J= 5.7, 2.8, 1.1 Hz, 1H), 1.37 (d, J = 8.9 Hz, 1H), 1.30 (s,
3H), 0.96 (s, 3H).

13C NMR (101 MHz, CDCl): § 126.7, 123.5, 52.7,40.2, 33.3, 32.8, 26.1, 20.8.

FTIR (NaCl, thin film): 3036, 2924, 2930, 2341, 2357, 1627, 1471, 1308, 1048, 1048,
971, 881 cm’'.

HRMS: (FI-TOF) calc’d for CoH13Br [M]"200.0195, found 200.0199.

[a]3® = +53.9 (¢ = 1.00, CHCl;).

TLC (100% Hexanes), Ry 0.77, (KMnOy stain).

Preparation of 187:
Me Me Me
Me KHMDS Me 1) Pd(PPhg),, LiCI Me
THF, -78 °C MegSny, THF, 70 °C
—_—
then PhNTf, 2) lp, CH,Cl,»
0°C
Me O Me  OTf Me

73% yield 87% yield

(+)-camphor (206)

Preparation of enol triflate 207:

A 500 mL oven dried N> flushed flask was charged with (+)-camphor (206) (4.58
g, 30 mmol, 1.0 equiv) and THF (250 mL). The solution was cooled to —78 °C and then
KHMDS (63 mL, 0.5 M in toluene, 31.5 mmol, 1.05 equiv) was added dropwise. The
reaction was stirred for 45 minutes at —78 °C. A 100 mL oven dried N> flushed flask was

charged with PhNTf, (11.25 g, 31.5 mmol, 1.05 equiv) and THF (50 mL). The PhNTf,
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solution was transferred via cannula into the enolate solution over the course of 30 minutes.
The resulting mixture was allowed to warm to 21 °C and allowed to react until complete
consumption of the starting material was observed by TLC (ca. 12 hours). The reaction
was quenched with sat. NH4CI (100 mL). The reaction mixture was extracted with Et;O (3
x 200 mL), then the combined organic extracts were washed with aqueous 1 M NaOH (4
x 100 mL), brine (1 x 100 mL), dried over anhydrous MgSOQs, filtered, and concentrated
under reduced pressure. Purification of the crude product by filtration through silica gel
(eluting with hexanes) afforded alkenyl triflate 207 (6.20 g, 21.9 mmol, 73% yield) as a
clear colorless oil. 'H NMR data matches a report by Fallis.®!
Preparation of alkenyl iodide 187:

A 100 mL flask in a glovebox was charged with alkenyl triflate 207 (1.00 g, 3.52
mmol, 1.0 equiv), LiCl (447 mg, 10.55 mmol, 3.0 equiv), and Pd(PPh3)s (163 mg, 0.141
mmol, 0.04 equiv). THF (35 mL) was added, and once the contents dissolved MesSn> (1.15
g, 3.52 mmol, 1.0 equiv) was added. The flask was sealed with a reflux condenser
containing a septum, brought out of the glovebox, put under N> on a Schlenk line, and was
heated to reflux (bath temperature set to 70 °C) with vigorous stirring for 3 h. The reaction
mixture was cooled to 21 °C then was diluted with hexanes (75 mL) and H>O (25 mL). The
reaction mixture was extracted with hexanes (3 x 75 mL). The combined organic extracts
were washed with H O (25 mL), 10% NH4OH (25 mL), H2O (25 mL), dried over
anhydrous Na,SOq, filtered, and concentrated under reduced pressure.

A 100 mL oven dried N> flushed flask was charged with the crude alkenyl stannane,
CH>Cl; (25 mL), then the solution was cooled to 0 °C. To the stannane was cannulated a

solution of I» (0.938 g, 3.70 mmol, 1.05 equiv) in CH2Cl> (10 mL). After stirring for 30
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min at 0 °C the reaction was quenched with sat. Na>S>O3 (50 mL) and diluted with H>O
(25 mL) and CH>Cl> (25 mL). The layers were separated, and the aqueous phase was
extracted with CH>Cl, (3 x 75 mL). The combined organic extracts were dried over
anhydrous Na>SOs, filtered, and concentrated under reduced pressure. Purification of the
crude residue via filtration through silica gel (eluting with hexanes) provided alkenyl iodide
187 (800 mg, 3.06 mmol, 87% yield) as a clear oil. Note: alkenyl iodide 187 is slightly
volatile, and it should not be left under vacuum for extended periods of time. '"H NMR data
matched a report by Kollar.®?

Preparation of 211:

© k Cat. Hydroqumone PhO,S Na,HPO,4, MeOH
SOzPh PhH, 125 °C Zﬁlj THF, 21 °C Lé;
90% yield 210 79% vyield 211
211 was prepared according to a procedure reported by Paquette,®> 'H NMR
characterization data matched their report.
Preparation of 188:

Bry, pyridine Br tBuoK Br
——————— ————
DCM, 40 °C THF, 50 °C

45% yield Br 49% yield
211 212 188

188 was prepared from 211 according to a procedure reported by Takeuchi,®* 'H
NMR characterization data matched their report.

Preparation of 192:
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oTf

LiBr, Zn, DMAP
Ni(OAG)p+4H,0
_—_—mm
DMA, THF, 21 °C

DMAP, Et;N, Tf,0

CH,Cly, 0 °C to 21 °C

55% yield 83% yield
Estrone (213) 214 192

Alkenyl triflate 214 was prepared according to a procedure reported by Wang,%
and '"H NMR characterization data matched their report.

Alkenyl bromide 192 was prepared according to a procedure reported by
Reisman,® and '"H NMR characterization data matched their report.

Preparation of 193:

O3, NaHCO3 Comins’ Reagent Zn, Nal, DMAP
then PPhg LDA Ni(OAc),+4H,0
-
DCM, MeOH THF, =78 °C to 21 °C THF, DMA, 21 °C
-78 °C
85% yield 89% vyield 80% yield
215 216 217 193

Ketone 216 was prepared according to a procedure reported by Barker,®® and 'H
NMR characterization data matched their report.

Alkenyl triflate 217 and alkenyl iodide 193 were prepared according to a
procedure reported by Reisman,®® and '"H NMR characterization data matched their
report.

Preparation of 165a:

(o}

0
NaOH, H;0, Me
Me ———————>»
MeOH, 0 °C
o

61% yield
218 165a

Epoxide 165a was prepared according to a literature procedure by Berthold.®’
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'"H NMR (400 MHz, Chloroform-d): 53.77 (dt,J= 1.7, 0.8 Hz, 1H), 2.35 (dddd, J=17.1,
9.0,7.4,0.9 Hz, 1H), 2.32 — 2.22 (m, 1H), 2.16 — 2.04 (m, 1H), 2.03 — 1.94 (m, 1H), 1.44
(s, 3H).

3C NMR (101 MHz, CDCl3): 6 211.0, 64.2, 61.1,31.3,22.4, 10.1.

FTIR (NaCl, thin film): 2973, 2936, 1746, 1446, 1072, 844 cm™'.

HRMS: (FI-TOF) calc’d for C¢HsO> [M]" 112.0519, found 112.0519.

TLC (20% EtOAc:80% Hexanes), Ry 0.33 (KMnOy stain).

Preparation of 4b:

0 0 0
Me 1) NBS, CCl, Me NaOH, H,0, Me
—_— _———
2) K,COg, DMF MeOH, 0 °C to 21 °C o

78% yield 54% yield
219 over 2 steps 220 165b

Enone 220 was prepared according to a literature report by Maddaluno,*® and 'H
NMR characterization data matched their report.

Epoxide 165b was prepared according to a literature report by Berthold,*” and '"H
NMR characterization data matched their report.
Preparative procedures for 1,2-additions followed by TMS trapping:
General Procedure A (Regular Addition)

A 50 mL round bottom flask was charged with epoxyketone 31 (0.30 mmol) and
was dried via azeotropic removal of trace water by concentration under reduced pressure
from anhydrous toluene (3 x 5 mL at 45 °C water bath temperature, 30 mbar pressure),

followed by drying under vacuum on a Schlenk line (0.3 mbar) for 30 minutes. An oven
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dried 10 mL flask under N», sealed with a rubber septum, was charged with the alkenyl or
aryl halide (0.36 mmol, 1.2 equiv) via syringe followed by THF (0.12 M). The alkenyl or
aryl halide solution was cooled to —78 °C followed by a rapid addition of -BuLi (1.7 M in
pentane, 2.4-2.7 equiv) and was stirred for 20 minutes at this temperature. Epoxyketone
31 was dissolved in THF (0.05 M) and was cooled to —94 °C in an acetone/liq. N> bath.
The alkenyl or aryl lithium solution was added via cannula to the epoxyketone solution
over the course of 5 minutes then the solution was stirred at —94 °C for 20 minutes. The
reaction was warmed to —78 °C on an acetone/CO> bath for 5 minutes, then TMSCI (2.4
equiv) was added. The cooling bath was removed, and the reaction was warmed to 21 °C.
Upon reaching 21 °C the flask was stirred for an additional 10 minutes then the reaction
was concentrated under reduced pressure and purified immediately by SiO» column
chromatography.

General Procedure B (Inverse Addition)

A 25 mL round bottom flask was charged with epoxyketone 31 (0.30 mmol) and
dried via azeotropic removal of trace water by concentration under reduced pressure from
anhydrous toluene (3 x 5 mL at 45 °C water bath temperature, 30 mbar pressure) followed
by drying on a Schlenk line (0.3 mbar) for 30 minutes. An oven dried 10 mL flask under
No, sealed with a rubber septum, was charged with the alkenyl or aryl halide (0.36 mmol,
1.2 equiv) via syringe followed by THF (0.12 M). The alkenyl or aryl halide solution was
cooled to —78 °C followed by a rapid addition of #~BuLi (1.7 M in pentane, 2.4-2.7 equiv)
and stirred for 20 minutes at this temperature. The alkenyl or aryl lithium solution was
cooled to —94 °C in an acetone/liq. N bath. Epoxyketone 31 was dissolved in THF (6 mL,

0.05 M) and cannulated into the alkenyl or aryl lithium solution over the course of 5
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minutes. The flask was rinsed with THF (2 x 1 mL), then the solution was stirred at this
temperature for 20 minutes. The reaction was warmed to —78 °C on an acetone/CO; bath
for 5 minutes, then TMSCI (2.4 equiv) was added. The cooling bath was removed, and the
reaction was warmed to 21 °C. Upon reaching 21 °C the flask was stirred for an additional
10 minutes, and then the reaction was concentrated under reduced pressure and purified

immediately by SiO, column chromatography.

Procedure C (LDA Lithiation of furan)

A 25 mL round bottom flask was charged with epoxyketone 31 (0.30 mmol) and
dried via azeotropic removal of trace water by concentration under reduced pressure from
anhydrous toluene (3 x 5 mL at 45 °C water bath temperature, 30 mbar pressure) followed
by drying on a Schlenk line (0.3 mbar) for 30 minutes. A 50 mL flask under N, was charged
with i-ProNH (1.25 equiv) and THF (0.13 M). The solution was cooled to —78 °C, followed
by the addition of #n-BuLi (1.25 equiv). The solution was stirred at —78 °C for 30 minutes.
A 25 mL oven dried N> flushed round bottom flask was charged with 3-bromofuran (191)
(1.2 equiv) and THF (0.21 M). The bromofuran solution was cannulated into the LDA
solution over the course of 5 minutes. The flask containing the bromofuran solution was
rinsed into the reaction flask with THF (2 x 1 mL) to ensure quantitative reagent transfer.
The resulting solution was stirred at —78 °C for 30 minutes followed by cooling the solution
to —94 °C. Epoxyketone 31 was dissolved in THF (0.075 M) and was cannulated into the
furan solution over the course of 5 minutes. The flask containing the epoxy ketone solution
was rinsed into the reaction flask with THF (2 x 1 mL) to ensure quantitative reagent

transfer. Once the addition was complete, the reaction was stirred at —94 °C for 20 minutes
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followed by warming the reaction to —78 °C with an acetone/CO> bath. The reaction was
stirred at —78 °C for 5 minutes, followed by adding TMSCI (2.4 equiv). The reaction was
allowed to warm to 21 °C and was stirred for 15 minutes. The reaction was concentrated
under reduced pressure and purified immediately by SiO, chromatography.

Procedure D (Grignard Addition)

A 50 mL round bottom flask was charged with epoxyketone 31 (0.30 mmol) and
dried via azeotropic removal of trace water by concentration under reduced pressure from
anhydrous toluene (3 x 5 mL at 45 °C water bath temperature, 30 mbar pressure) followed
by drying on a Schlenk line (0.3 mbar) for 30 minutes. The epoxyketone was dissolved in
THF (0.075 M) and was cooled to —94 °C. To the epoxyketone solution was added a
solution of the Grignard reagent (1.2 equiv) dropwise over the course of 5 minutes. The
reaction was stirred at —94 °C for 20 minutes then —78 °C for 5 minutes. The reaction was
quenched with sat. NH4Cl at —78 °C. The organic layer was separated, and the aqueous
layer was extracted with CH>Cl, (3 x 10 mL). The combined organic extracts were dried
over anhydrous Na>SQOs, filtered, and concentrated under reduced pressure. The reaction
was purified immediately by SiO> chromatography.

Notes
1. It is extremely important for this reaction to be rigorously dry. Trace water
significantly diminishes the yield.
2. Before use, the alkenyl halides were dried by eluting them through a SiO plug with
pentane followed by concentration under reduced pressure. The purity of the

alkenyl halides was quantified using gNMR (pyrazine internal standard).
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3. It is important to run an SiO> column immediately following the concentration of
the reaction because the product is unstable in the crude reaction mixture.
4. Scales larger than 0.30 mmol were quenched with sat. NaHCO3, and an aqueous

workup was performed. Specific details can be found in their respective procedures.

Preparation of 1,2-addition product 164a:

77% yield

Prepared from 1 (2.13 g, 7.93 mmol, 1.3 equiv), and alkenyl bromide S11 (2.18 g,
6.10 mmol, 1.0 equiv) according to method reported by Reisman, and 'H NMR

characterization data matched their report.*®

Preparation of 1,2-addition product 164b-OH:

(o) 2 MgBr
MeO,C o
MeO,C _;gfc
31 76% yield 164b-OH

Prepared via General Procedure D, 76% yield.
Prepared from 31 (81.2 mg, 0.30 mmol, 1.0 equiv), and vinylmagnesium bromide

(1.0 M in THF, 0.36 mL, 0.36 mmol, 1.2 equiv) according to method D. The crude
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reaction was purified by column chromatography (silica, 40% EtOAc:60% Hexanes) to
yield 164b-OH (68.6 mg, 76% yield) as a clear colorless oil.

'"H NMR (500 MHz, Chloroform-d): & 5.89 (dd, J = 17.1, 10.6 Hz, 1H), 5.34 (dd, J =
17.2, 1.4 Hz, 1H), 5.13 (dd, /= 10.7, 1.4 Hz, 1H), 3.75 (s, 3H), 3.71 (s, 3H), 3.29 (d, J =
4.0 Hz, 1H), 2.75 (dd, /= 10.8, 7.4 Hz, 1H), 2.52 (s, 1H), 2.51 — 2.43 (m, 1H), 2.40 — 2.27
(m, 2H), 2.09 — 1.90 (m, 4H), 1.59 — 1.50 (m, 1H).

13C NMR (126 MHz, CDCls): § 172.0, 170.4, 140.2, 113.7, 75.8, 72.1, 56.4, 55.2, 53.1,
52.3,44.0, 38.5, 29.5, 23.6, 21.7.

FTIR (NaCl, thin film): 3508, 3092, 2998, 2953, 1731, 1433, 1243, 1213, 1060 cm™".
HRMS: (ESI-TOF) calc’d for CisH2106 [M+H]", 297.1333 found 297.1327.

[a]3® = +21.4° (¢ = 0.50, CHCL5).

TLC (40% EtOAc:60% Hexanes), Ry 0.39, (dark blue in p-anisaldehyde stain).

Preparation of silyl ether 164b:

TMSOTY, EtgN MeO,C O Jrus
DCM, =10 °C MeOC \
164b-OH 92% yield 164b

A 25 mL oven dried N> flushed round bottom flask was charged with alcohol 164b-
OH (68.6 mg, 0.23 mmol, 1.0 equiv) and CH>Cl, (6 mL, 0.04 M). The solution was cooled
to —10 °C then triethylamine (120 pL, 0.87 mmol, 3.8 equiv) was added followed by
TMSOTT (50 uL, 0.28 mmol, 1.2 equiv). The reaction was stirred for 15 minutes at —10 °C
followed by a quench with sat. NaHCOs. The layers were separated, and the aqueous phase

was extracted with CH>Cl, (3 x 10 mL). The combined organic extracts were dried over
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anhydrous Na>SQy, filtered, and concentrated under reduced pressure. The crude product
was purified by column chromatography (silica, 15% EtOAc:85% Hexanes) to yield the
product 164b (78.2 mg, 92% yield) as a clear colorless oil.

'"H NMR (500 MHz, Chloroform-d): § 5.93 (ddd, J=17.2, 10.6, 0.7 Hz, 1H), 5.28 (dd, J
=17.2,1.3 Hz, 1H), 5.13 (dd, J=10.6, 1.2 Hz, 1H), 3.75 (s, 3H), 3.69 (s, 3H), 3.20 (d, /=
3.7 Hz, 1H), 2.74 (t, J = 9.4 Hz, 1H), 2.59 (dddd, J = 12.8, 10.7, 9.5, 5.1 Hz, 1H), 2.43 —
2.24 (m, 2H), 2.16 — 1.98 (m, 2H), 1.97 — 1.82 (m, 2H), 1.53 — 1.44 (m, 1H), 0.08 (s, 8H).
13C NMR (126 MHz, CDCls): § 172.3, 170.6, 141.9, 113.7, 78.9, 71.0, 55.2, 53.7, 52.9,
52.2,42.3,35.7,29.9,22.5,21.5,2.4.

FTIR (NaCl, thin film): 3084, 2952, 1734, 1639, 1451, 1434, 1249, 1059, 842 cm’".
HRMS: (ESI-TOF) calc’d for Ci1gH23806SiNa [M+Na]", 391.1547 found 391.1547.

[a]3® =+17.5° (¢ = 1.00, CHCL5).

TLC (15% EtOAc:85% Hexanes), Ry: 0.33, (turquoise in p-anisaldehyde stain).

Preparation of 1,2-addition product 164:

Prepared via General Procedure B, 68% yield.
Prepared from 31 (80.9, 0.30 mmol, 1.0 equiv), 179 (77.2 mg, 0.36 mmol, 1.2
equiv), &-BuLi (1.7 M in pentane, 0.45 mL, 0.74 mmol, 2.4 equiv), and TMSCI (90 pL,

0.71 mmol, 2.4 equiv) according to method B. The reaction was directly subjected to



Chapter 3 — A Convergent Fragment Coupling Strategy to Access Quaternary Stereogenic ~ 342
Centers

column chromatography (silica, 10% Acetone:90% Hexanes) to yield 164¢ (92.6 mg,
68% yield) as a white crystalline solid.

'"H NMR (500 MHz, Chloroform-d): § 5.67 (dt, J=15.5, 8.2 Hz, 1H), 5.36 (dq, J = 15.5,
1.2 Hz, 1H), 3.74 (s, 3H), 3.67 (s, 3H), 3.22 (dd, /= 3.6, 0.8 Hz, 1H), 2.78 (dd, /=9.8, 9.0
Hz, 1H), 2.59 (dddd, J = 13.0, 11.2, 9.0, 4.0 Hz, 1H), 2.38 — 2.24 (m, 2H), 2.08 (ddd, J =
12.8, 8.8, 4.0 Hz, 1H), 2.05 — 1.95 (m, 1H), 1.95 - 1.87 (m, 1H), 1.81 (dddd, /= 13.0, 9.9,
8.8, 7.4 Hz, 1H), 1.51 (dd, J= 8.2, 1.3 Hz, 2H), 1.49 — 1.41 (m, 1H), 0.06 (s, 9H), 0.03 (s,
9H).

13C NMR (126 MHz, CDCls): § 172.4, 170.6, 132.0, 127.0, 78.3, 71.3, 55.2, 53.6, 52.8,
52.2,41.8,35.6,30.2,23.0, 22.0, 21.6, 2.4, -1.7.

FTIR (NaCl, thin film): 2993, 2952, 2898, 1734, 1654, 1450, 1434, 1248, 888, 857, 841
cm!,

HRMS: (ESI-TOF) calc’d for C22H3306Si2Na [M+Na]*, 477.2099 found 477.2098.

[a]3® = +36.7° (c = 1.00, CHCL5).

TLC (10% Acetone:90% Hexanes), Ry 0.30, (blue in p-anisaldehyde stain).

Preparation of 1,2-addition product 164d:

180 63% yield

Prepared via General Procedure B, 63% yield.
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Prepared from 31 (81.0 mg, 0.30 mmol, 1.0 equiv), 180 (54.4 mg, 0.36 mmol, 1.2
equiv), &-BuLi (1.7 M in pentane, 0.48 mL, 0.82 mmol, 2.7 equiv), and TMSCI (90 pL,
0.71 mmol, 2.4 equiv) according to method B. The reaction was directly subjected to
column chromatography (silica, 20% EtOAc:80% Hexanes) to yield 164d (79.0 mg, 63%
yield) as a clear colorless oil.

'"H NMR (500 MHz, Chloroform-d): 5 5.90 (d,J=7.1 Hz, 1H), 4.34 (dd, /= 7.1, 0.6 Hz,
1H), 3.82 (q,J="7.1 Hz, 2H), 3.73 (s, 3H), 3.68 (s, 3H), 3.33 (d, /= 3.6 Hz, 1H), 2.88 (dd,
J=9.9,8.6 Hz, 1H), 2.49 (dddd, J=12.6, 10.4, 8.5, 3.8 Hz, 1H), 2.34 — 2.25 (m, 2H), 2.12
(ddd, J=12.1, 8.3, 3.8 Hz, 1H), 2.01 — 1.96 (m, 1H), 1.95 —1.87 (m, 1H), 1.86 — 1.80 (m,
1H), 1.57 — 1.49 (m, 1H), 1.28 (t,J= 7.1 Hz, 3H), 0.08 (s, 9H).

13C NMR (126 MHz, CDCls): § 172.5, 170.7, 146.0, 109.6, 76.7, 70.9, 68.6, 55.3, 55.2,
52.6,51.9,42.1,38.5,29.8,21.6,21.5,15.4,2.3.

FTIR (NaCl, thin film): 2952, 1733, 1659, 1433, 1248, 1101, 841 cm’".

HRMS: (ESI-TOF) calc’d for C20H3307Si [M+H]" 413.1990, found 413.2000.

[a]3® = +57.5° (¢ = 1.00, CHCL5).

TLC (20% EtOAc:80% Hexanes), Ry 0.30, (pink in p-anisaldehyde stain).

Preparation of 1,2-addition product 164e:

Br.

—94°Cto-78°C
then

TMSCI
181 67% yield 164e

Prepared via General Procedure A, 67% yield.
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Prepared from 31 (81.3 mg, 0.30 mmol, 1.0 equiv), -BuLi (1.7 M in pentane,
0.44 mL, 0.74 mmol, 2.5 equiv), TMSCI (90 puL, 0.63 mmol, 2.4 equiv), and 181 (51.9
mg, 0.36 mmol, 1.2 equiv) according to method A. The reaction was directly subjected to
column chromatography (silica, 10% EtOAc:90% Hexanes) to yield 164e (82.8 mg, 67%
yield) as a white crystalline solid.
'"H NMR (500 MHz, Chloroform-d): 6 5.67 (p,J=2.0 Hz, 1H), 3.74 (s, 3H), 3.68 (s, 3H),
3.28 (dd, J = 3.6, 0.8 Hz, 1H), 2.65 — 2.55 (m, 2H), 2.43 — 2.18 (m, 7H), 2.04 — 1.79 (m,
5H), 1.54 — 1.44 (m, 1H), 0.05 (s, 9H).
13C NMR (126 MHz, CDCls): § 172.3, 170.4, 146.1, 126.4, 77.5, 70.3, 55.0, 54.3, 52.7,
52.0,41.7,35.3,32.4,31.3,29.8,23.2,22.0,21.2, 1.9.
FTIR (NaCl, thin film): 2952, 2847, 1733, 1449, 1433, 1248, 840 cm’".
HRMS: (ESI-TOF) calc’d for C21H3306Si [M+H]" 409.2041, found 409.2059.
[a]3® = +32.7° (¢ = 1.00, CHCL5).

TLC (10% EtOAc:90% Hexanes), Ry 0.12, (navy blue in p-anisaldehyde stain).

Preparation of 1,2-addition product 164f:

—94°Cto-78°C
then
TMSCI
55% yield

Prepared via General Procedure A, 55% yield.
Prepared from 31 (80.5 mg, 0.30 mmol, 1.0 equiv), 182 (77.3 mg, 0.36 mmol, 1.2

equiv), &-BuLi (1.7 M in pentane, 0.47 mL, 0.80 mmol, 2.7 equiv), and TMSCI (90 pL,
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0.71 mmol, 2.4 equiv) according to method A. The reaction was directly subjected to
column chromatography (silica, 10% EtOAc:90% Hexanes) to yield 164f (70.1 mg, 55%
yield) as a clear colorless oil.

'"H NMR (500 MHz, Chloroform-d): 6 5.76 — 5.73 (m, 1H), 3.74 (s, 3H), 3.68 (s, 3H),
3.31(d,J=3.8 Hz, 1H), 2.63 (dd, /=9.7, 8.2 Hz, 1H), 2.55 (dddd, J=12.7, 10.5, 8.2, 3.2
Hz, 1H), 2.37 — 2.27 (m, 2H), 2.21 (ddd, J = 12.7, 8.2, 3.2 Hz, 1H), 2.16 — 2.00 (m, 3H),
1.98 — 1.85 (m, 3H), 1.82 — 1.75 (m, 1H), 1.75 — 1.68 (m, 1H), 1.67 — 1.60 (m, 1H), 1.59 —
1.45 (m, 3H), 0.05 (s, 9H).

13C NMR (126 MHz, CDCls): § 172.3, 170.5, 138.1, 122.5, 80.5, 70.3, 55.1, 55.0, 52.7,
52.0,41.7,34.1, 29.8, 25.3, 24.0,22.8, 22.2,21.9, 21.2, 2.0.

FTIR (NaCl, thin film): 2950, 2859, 1733, 1449, 1434, 1248, 841 cm’".

HRMS: (ESI-TOF) calc’d for C22H3506Si [M+H]" 423.2197, found 423.2189.

[a]3® =+11.1° (c = 1.00, CHCL5).

TLC (10% EtOAc:90% Hexanes), Ry: 0.40, (navy blue in p-anisaldehyde stain).

Preparation of 1,2-addition product 164g:

183
78% yield

Prepared via General Procedure A, 78% yield.
Prepared from 31 (80.5 mg, 0.30 mmol, 1.0 equiv), 183 (141.0 mg, 0.36 mmol,

1.2 equiv), -BuLi (1.7 M in pentane, 0.48 mL, 0.82 mmol, 2.7 equiv), and TMSCI (90
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uL, 0.71 mmol, 2.4 equiv) according to Method A. The reaction was directly subjected to
column chromatography (silica, 10% EtOAc:90% Hexanes) to yield 164¢g (140.1 mg,
78% yield) as a clear colorless oil.

'"H NMR (500 MHz, Chloroform-d): 5 4.58 (dt, J=13.4, 1.6 Hz, 1H), 4.47 (dt, J=13.9,
2.0 Hz, 1H), 3.74 (s, 3H), 3.69 (s, 3H), 3.27 (d, /= 3.7 Hz, 1H), 2.67 (dd, /= 10.4, 8.5 Hz,
1H), 2.58 — 2.46 (m, 4H), 2.46 — 2.40 (m, 1H), 2.39 — 2.33 (m, 1H), 2.32 — 2.26 (m, 1H),
2.18 (ddd, J = 13.2, 8.2, 6.6 Hz, 1H), 2.03 (ddd, J = 13.3, 10.0, 5.4 Hz, 1H), 1.97 — 1.85
(m, 2H), 1.77 (p, J = 7.5 Hz, 2H), 1.50 (ddd, J = 13.3, 10.3, 8.4 Hz, 1H), 1.10 — 1.05 (m,
21H), 0.07 (s, 9H).

13C NMR (126 MHz, CDCls): § 172.2, 170.4, 140.3, 137.6, 79.3, 71.2, 61.3, 55.2, 55.1,
52.8,52.1,43.7,38.0, 35.5, 35.1, 29.6, 23.1, 21.8, 21.4, 18.1, 12.0, 2.2.

FTIR (NaCl, thin film): 2949, 2866, 1738, 1463, 1434, 1248, 1219, 881, 841 cm™'.
HRMS: (ESI-TOF) calc’d for C31HsgO7SiaN [M+NH4]" 612.3746, found 612.3751.

[a]3® =+17.8° (c = 1.00, CHCL5).

TLC (10% EtOAc:90% Hexanes), Ry 0.30, (navy blue in p-anisaldehyde stain).

Preparation of 1,2-addition product 164h:

184 86% yield

Prepared via General Procedure A, 86% yield.



Chapter 3 — A Convergent Fragment Coupling Strategy to Access Quaternary Stereogenic ~ 347
Centers

Prepared from 31 (80.1 mg, 0.30 mmol, 1.0 equiv), 184 (81.3 mg, 0.36 mmol, 1.2
equiv), &-BuLi (1.7 M in pentane, 0.44 mL, 0.74 mmol, 2.5 equiv), and TMSCI (90 pL,
0.63 mmol, 2.4 equiv) according to method A. The reaction was directly subjected to
column chromatography (silica, 20% EtOAc:80% Hexanes) to yield 164h (125.5 mg,
86% yield) as a clear colorless oil.

'"H NMR (500 MHz, Chloroform-d): 5 3.75 (s, 3H), 3.69 (s, 3H), 3.42 (d, /= 3.6 Hz, 1H),
2.82 (t,J=9.1 Hz, 1H), 2.78 — 2.62 (m, 2H), 2.55 — 2.39 (m, 4H), 2.36 — 2.26 (m, 2H),
2.04 - 1.96 (m, 2H), 1.94 — 1.83 (m, 3H), 1.62 — 1.54 (m, 1H), 0.08 (s, 9H).

13C NMR (126 MHz, CDCls): § 172.2, 170.5, 141.1, 115.3, 78.9, 70.1, 56.5, 55.2, 52.8,
52.0,43.3,42.9,36.8,34.3,29.4,22.4,21.5,21.3, 2.0.

FTIR (NaCl, thin film): 2952, 2851, 1733, 1448, 1433, 1248, 840 cm’".

HRMS: (ESI-TOF) calc’d for C21H3206SiBr [M+H]" 487.1146, found 487.1145.

[a]3® = +52.6° (¢ = 1.00, CHCL5).

TLC (15% EtOAc:85% Hexanes), Ry 0.17, (dark blue in p-anisaldehyde stain).

Preparation of 1,2-addition product 164i:

THF
—94°Cto-78°C
then

TMSCI
47% yield

Prepared via General Procedure B, 47% yield.
Prepared from 31 (81.1 mg, 0.30 mmol, 1.0 equiv), 185 (164.0 mg, 0.36 mmol,

1.2 equiv), n-BuLi (2.6 M in hexanes, 0.45 mL, 0.38 mmol, 1.3 equiv), and TMSCI (90
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uL, 0.71 mmol, 2.4 equiv) according to method B. The reaction was directly subjected to
column chromatography (silica, 15% EtOAc:85% Hexanes) to yield 164i (95.1 mg, 47%
yield) as a clear colorless oil.

'"H NMR (500 MHz, Chloroform-d): § 7.27 —7.22 (m, 2H), 6.89 — 6.84 (m, 2H), 4.79 (d,
J=10.4 Hz, 1H), 4.51 (dd, J = 5.5, 1.0 Hz, 1H), 4.45 (d, J = 10.4 Hz, 1H), 3.80 (s, 3H),
3.76 (s, 3H), 3.71 (s, 3H), 3.24 (d, J = 3.3 Hz, 1H), 3.15 (dd, J = 12.7, 5.4 Hz, 1H), 2.73
(ddd, J=16.0,9.3, 1.1 Hz, 1H), 2.55 (dd, J=15.9, 7.3 Hz, 1H), 2.43 — 2.19 (m, 4H), 2.11
—1.92 (m, 4H), 1.77 — 1.60 (m, 2H), 1.04 (d, J = 6.5 Hz, 3H), 0.92 (d, J = 6.7 Hz, 3H),
0.12 (s, 9H).

13C NMR (126 MHz, CDCl3): & 172.3, 170.8, 159.2, 146.7, 131.3, 129.3, 121.2, 113.9,
84.5,81.1,72.7,71.1, 58.6, 55.4, 52.9, 52.3, 51.2, 46.6, 46.1, 43.8, 28.6, 26.9, 25.3, 22.1,
22.0,21.3,2.9.

FTIR (NaCl, thin film): 2954, 2867, 1732, 1614, 1514, 1248, 835, 758, 752 cm™'.
HRMS: (ESI-TOF) calc’d for C32H49O0sSiBrN [M+NH4]", 682.2405 found 682.2385.
[a]3® = +63.9° (¢ = 1.00, CHCL5).

TLC (15% EtOAc:85% Hexanes), Ry: 0.32, (forest green in p-anisaldehyde stain).

Preparation of 1,2-addition product 164j-OH:

—94°Cto-78°C
then
TMSCI
60% vyield

164j-OH

Prepared via General Procedure A, 60% yield.
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Prepared from 31 (80.5 mg, 0.30 mmol, 1.0 equiv), 186 (79.7 mg, 0.40 mmol, 1.3
equiv), &-BuLi (1.7 M in pentane, 0.44 mL, 0.72 mmol, 2.4 equiv) according to method
A. The reaction was quenched with sat. NH4CI and was allowed to warm to 21 °C. The
layers were separated, and the aqueous layer was extracted with CH>Cl (3 x 10 mL). The
combined organic extracts were dried over anhydrous Na,SOg, filtered, and concentrated
under reduced pressure. The crude product was purified by column chromatography
(silica, 30% EtOAc:70% Hexanes) to yield 164j-OH (70.0 mg, 60% yield) as a clear
colorless oil.

'H NMR (500 MHz, Chloroform-d): § 5.51 (tt, J = 3.1, 1.5 Hz, 1H), 3.75 (s, 3H), 3.71
(s, 3H), 3.38 (d, /=3.8 Hz, 1H), 2.78 (dd, /= 10.5, 8.1 Hz, 1H), 2.51 — 2.30 (m, 7H), 2.26
(dt, J=17.8, 2.8 Hz, 1H), 2.11 (ttd, J = 5.6, 2.7, 1.2 Hz, 1H), 2.08 — 1.96 (m, 2H), 1.90
(dtd, J=12.4,7.9,4.8 Hz, 1H), 1.82 (ddd, J=13.4,9.4, 4.8 Hz, 1H), 1.64 — 1.51 (m, 1H),
1.30 (s, 3H), 1.14 (d, J = 8.6 Hz, 1H), 0.85 (s, 3H).

13C NMR (126 MHz, CDCls): § 172.1, 170.5, 148.7, 117.3, 77.2, 71.1, 56.8, 55.3, 53.0,
52.2,44.8,42.9,40.9,37.8,37.3,31.9,31.4,29.6, 26.4,23.2, 21.6, 21.6.

FTIR (NaCl, thin film): 3504, 2949, 2917, 1734, 1458, 1450, 1432, 1239, 1220, 1174 cmx’
1

HRMS: (ESI-TOF) calc’d for C»2H3106 [M+H]", 391.2115 found 391.2113.

[a]3® = +29.4° (¢ = 1.00, CHCL5).

TLC (30% EtOAc:70% Hexanes), Ry: 0.37, (purple in p-anisaldehyde stain).

Preparation of 1,2-addition product 164k:
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82% yield

Prepared via General Procedure B, 82% yield.

Prepared from 31 (81.1 mg, 0.30 mmol, 1.0 equiv), 187 (94.6 mg, 0.36 mmol, 1.2
equiv), &-BuLi (1.7 M in pentane, 0.45 mL, 0.74 mmol, 2.5 equiv), and TMSCI (90 pL,
0.63 mmol, 2.4 equiv) according to method B. The crude reaction mixture was purified
by column chromatography (silica, 10% EtOAc:90% Hexanes) to yield 164k (118.7 mg,
82% yield) as a clear colorless oil.

'"H NMR (500 MHz, Chloroform-d): 6 5.71 (d, J= 3.4 Hz, 1H), 3.75 (s, 3H), 3.68 (s, 3H),
3.34 (d, J=3.6 Hz, 1H), 2.78 (t, J= 9.3 Hz, 1H), 2.52 (dddd, J = 12.8, 10.8, 9.0, 4.6 Hz,
1H), 2.41 — 2.28 (m, 2H), 2.25 (t, J = 3.5 Hz, 1H), 2.19 (ddd, J = 13.0, 8.6, 4.6 Hz, 1H),
2.05-1.94 (m, 2H), 1.87 - 1.79 (m, 2H), 1.56 — 1.44 (m, 2H), 1.23 (ddd, J=12.2,9.2, 3.6
Hz, 1H), 1.10 (s, 3H), 1.01 (ddd, J=11.6,9.2, 3.7 Hz, 1H), 0.77 (s, 3H), 0.74 (s, 3H), 0.06
(s, 9H).

13C NMR (126 MHz, CDCls): § 172.2, 170.6, 150.0, 128.7, 79.3, 70.1, 57.1, 55.3, 55.2,
55.0,52.7,51.9,51.2,42.4,36.1,32.9,29.8,25.4,22.7,21.2,19.7, 19.5, 13.5, 2.4.

FTIR (NaCl, thin film): 2952, 2873, 1734, 1450, 1434, 1247, 839, 887 cm’'.

HRMS: (ESI-TOF) calc’d for C26H4106Si [M+H]"477.2667, found 477.2673.

[a]3® =-11.8° (¢ = 1.00, CHCl;).

TLC (10% EtOAc:90% Hexanes), Ry 0.29, (navy blue in p-anisaldehyde stain).
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Preparation of 1,2-addition product 1641:

o
MeO,C o
MeO,C

31 MeO,C
MeO,C 1y
THF
—-94°Cto-78 °C
then
TMSCI
42% yield 1641

Prepared via General Procedure A, 42% yield.

Prepared from 31 (80.8, 0.30 mmol, 1.0 equiv), 188 (67.6 mg, 0.36 mmol, 1.2
equiv), &-BuLi (1.7 M in pentane, 0.45 mL, 0.74 mmol, 2.4 equiv), and TMSCI (90 pL,
0.71 mmol, 2.4 equiv) according to method A. The reaction was directly subjected to
column chromatography (silica, 15% EtOAc:85% Hexanes) to yield 1641 (56.5 mg, 42%
yield) as a clear colorless oil.

'"H NMR (500 MHz, Chloroform-d): 6 6.14 (dd, J = 6.8, 1.7 Hz, 1H), 3.75 (s, 3H), 3.68
(s, 3H), 3.36 (d, J=3.6 Hz, 1H), 2.70 (br s, 1H), 2.67 (t, J=9.4 Hz, 1H), 2.64 — 2.53 (m,
2H), 2.39 — 2.26 (m, 2H), 2.23 (ddd, J = 12.6, 8.6, 3.9 Hz, 1H), 2.01 (ddd, J=12.7, 10.9,
7.4 Hz, 1H), 1.95 — 1.80 (m, 2H), 1.62 — 1.49 (m, 4H), 1.48 — 1.39 (m, 1H), 1.32 — 1.22
(m, 3H), 1.10 (ddt, J=14.4, 8.8, 3.1 Hz, 1H), 0.06 (s, 9H).

13C NMR (126 MHz, CDCls): § 172.4, 170.7, 147.5, 127.2, 79.6, 70.4, 55.2, 54.6, 52.9,
52.1,42.3, 34.3, 30.6, 30.3, 30.0, 26.9, 26.4, 26.4, 26.1, 22.5, 21.5, 2.3.

FTIR (NaCl, thin film): 2945, 2862, 1734, 1450, 1433, 1247, 841 cm’".

HRMS: (ESI-TOF) calc’d for C24H3606SiK [M+K]*, 487.1913 found 487.1921.

[a]3® =+16.8° (¢ = 1.00, CHCL5).

TLC (15% EtOAc:85% Hexanes), Ry: 0.54, (purple in p-anisaldehyde stain).
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Preparation of 1,2-addition product 164m:

—94°Cto-78°C
then
TMSCI
70% yield

Prepared via General Procedure A, 70% yield.

Prepared from 31 (81.2 mg, 0.30 mmol, 1.0 equiv), 189 (67.3 mg, 0.36 mmol, 1.2
equiv), &-BuLi (1.7 M in pentane, 0.48 mL, 0.82 mmol, 2.7 equiv), and TMSCI (90 pL,
0.71 mmol, 2.4 equiv) according to method A. The reaction was directly subjected to
column chromatography (silica, 20% EtOAc:80% Hexanes) to yield 164m (95.6 mg,
70% yield) as a clear colorless oil.

'"H NMR (500 MHz, Chloroform-d): § 7.35 —7.31 (m, 2H), 6.88 — 6.85 (m, 2H), 3.82 (s,
3H), 3.77 (s, 3H), 3.65 (s, 3H), 3.47 (d, /J=4.1 Hz, 1H), 2.73 (dddd, /= 13.1, 11.0, 8.7, 3.6
Hz, 1H), 2.55 (dd, J=9.9, 8.8 Hz, 1H), 2.46 (ddd, J = 13.0, 8.4, 3.7 Hz, 1H), 2.33 (dddd,
J=154,10.2, 8.1, 0.7 Hz, 1H), 2.27 — 2.17 (m, 2H), 1.98 — 1.87 (m, 2H), 1.35 (ddd, J =
13.3,10.3, 8.5 Hz, 1H), —0.08 (s, 9H).

13C NMR (126 MHz, CDCls): 6 172.1, 170.4, 158.9, 136.7, 127.2, 113.6, 79.4, 72.2, 55.2,
55.0,54.8,52.7,52.1,41.7,36.4,29.6, 22.2,21.3, 1.9.

FTIR (NaCl, thin film): 2998, 2952, 2838, 1732, 1609, 1511, 1250, 887, 841 cm™'.
HRMS: (ESI-TOF) calc’d for C23H3307Si [M+H]" 449.1990, found 449.1998.

[a]3® = +37.5° (¢ = 1.00, CHCL5).

TLC (20% EtOAc:80% Hexanes), Ry: 0.24, (dark blue in p-anisaldehyde stain).
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Preparation of epoxy-alcohol 164n-OH:

MeO,C o
MeO,C
31 MeO,C
— MeO,C
PhMe
0°C

92% yield 164n-OH oMe

A 250 mL round bottom flask was charged with aryl iodide 190 (4.85 g, 15.49
mmol, 1.7 equiv), PhMe (27 mL, 0.54 M), and was cooled to 0 °C. To the solution was
added i-PrMgCI-2LiCl (1.3 M in THF, 11.9 mL, 15.49 mmol, 1.7 equiv) dropwise via
syringe, which was then allowed to stir at 0 °C for 1 hour. A separate 100 mL flask was
charged with epoxyketone 31 (2.54 g, 9.45 mmol, 1 equiv) and PhMe (48 mL, 0.2 M) under
N> (to get the epoxyketone to dissolve, the PhMe solution was heated slightly in a warm
water bath). To the aryl Grignard solution at 0 °C was added the epoxyketone solution
dropwise via cannula. The epoxyketone flask was rinsed with PhMe (1 x 20 mL) to ensure
quantitative transfer then the reaction was stirred for 30 minutes at 0 °C. Caution: the
epoxyketone may crash out of solution, gentle heating will re-dissolve the epoxyketone.
The reaction was quenched with H>O (30 mL) and the reaction mixture was allowed to
warm to 21 °C. The biphasic mixture was transferred to a 1 L Erlenmeyer flask, and
aqueous sat. Rochelle’s salt solution (150 mL) and Et;O were added (150 mL). The
biphasic mixture was allowed to vigorously stir for 30 minutes. The mixture was
transferred to a separatory funnel, and the layers were separated. The aqueous layer was
extracted with Et,0 (4 x 150 mL). The combined organic extracts were washed with brine
(2 x 100 mL), dried over anhydrous Na,SOg, filtered, and concentrated under reduced

pressure. The crude residue was purified by column chromatography (silica, 30% Ethyl
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acetate:70% Hexanes) to yield epoxy alcohol 164n-OH (3.95 g, 8.70 mmol, 92% yield) as
a white solid.

'"H NMR (400 MHz, Chloroform-d): § 7.74 (d, J = 8.9 Hz, 1H), 7.10 (d, J = 2.7 Hz, 1H),
6.83 (dd, J = 8.8, 2.7 Hz, 1H), 3.78 (s, 6H), 3.73 (s, 3H), 3.43 (dd, J = 12.8, 6.1 Hz, 1H),
3.25-3.19 (m, 1H), 3.07 (d, J = 1.3 Hz, 1H), 2.67 — 2.52 (m, 1H), 2.42 — 2.30 (m, 2H),
2.25(dtd, J=15.7,8.7, 1.2 Hz, 1H), 2.13 — 2.00 (m, 3H), 1.78 (dt, /= 13.4, 8.8 Hz, 1H).
13C NMR (101 MHz, CDCl3): § 172.0, 170.8, 159.1, 134.1, 129.9, 120.5, 119.7, 112.7,
78.1,72.8,61.1,55.5,55.2,52.9, 52.0, 45.7, 40.1, 28.2, 25.7, 21.7.

FTIR (NaCl, thin film): 3491, 2995, 2952, 2838, 2255, 1731, 1602, 1487, 1291, 1234,
1031, 917, 731 em™.

HRMS: (ESI-TOF) calc’d for C20H250sBr [M+H,0]" 472.0727, found 472.0750.

[a]3® = +58.1° (c = 1.35, CHCL,).

TLC (30% EtOAc:70% Hexanes), Ry: 0.40 (blue in p-anisaldehyde)

Preparation of silyl ether 164n:

TMSOTf
NEt;
—_—
DCM
—20°C
99% yield

164n-OH 164n

A 500 mL round bottom flask was charged with epoxy alcohol 164n-OH (3.95 g,
8.67 mmol, 1.0 equiv) and was dried via azeotropic removal of trace water by concentration
under reduced pressure from anhydrous toluene (3 x 10 mL at 45 °C water bath
temperature) followed by drying under vacuum on a Schlenk line (0.2 torr) for 30 minutes.

The epoxy alcohol was dissolved in CH>Cl, (87 mL, 0.1 M) and was cooled to —20 °C on
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an acetone/dry ice bath. EtsN (3.63 mL, 26.0 mmol, 3.0 equiv) was added followed by
TMSOTT (1.49 mL, 10.4 mmol, 1.2 equiv). The reaction was stirred for 30 minutes then
was warmed to 0 °C on an ice bath. An additional portion of TMSOTT was added if needed
(0.63 mL, 3.47 mmol, 0.4 equiv) to ensure complete consumption of starting material by
TLC. The reaction was quenched with sat. NaHCO3 (150 mL) and was allowed to warm to
21 °C. The biphasic mixture was transferred to a separatory funnel, and the layers were
separated. The aqueous phase was extracted with CH>Cl, (3 x 200 mL). The combined
organic extracts were dried over anhydrous Na,SOs, filtered, and concentrated under
reduced pressure. The crude product was purified by column chromatography (silica, 10%
to 15% to 20% ethyl acetate in hexanes) to afford silyl ether 164n (4.52 g, 8.59 mmol, 99%
yield) as a white solid.

'"H NMR (400 MHz, Chloroform-d): § 7.30 (d, /= 8.8 Hz, 1H), 7.18 (d, J = 2.7 Hz, 1H),
6.79 (dd, J=8.8, 2.7 Hz, 1H), 3.79 (s, 3H), 3.77 (s, 3H), 3.68 (s, 3H), 3.47 (d, /= 3.5 Hz,
1H), 2.93 (dd, J=10.9, 7.7 Hz, 1H), 2.61 — 2.50 (m, 1H), 2.50 — 2.27 (m, 4H), 2.14 — 2.07
(m, 1H), 1.97 — 1.88 (m, 1H), 1.65 — 1.53 (m, 1H), 0.06 (s, 9H).

13C NMR (101 MHz, CDCl3): & 172.1, 170.4, 158.8, 135.7, 128.1, 122.7, 121.0, 112.3,
82.1,70.6, 56.7,55.5,55.2,52.8,52.1, 43.8,40.3,29.2, 24.1, 21.4, 2.4.

FTIR (NaCl, thin film): 2952, 2389, 1731, 1601, 1488, 1434, 1239, 1032, 883, 842, 734
cm!,
HRMS: (ESI-TOF) calc’d for C23H3s07BrN [M+NH4]" 544.1361, found 544.1359.
[a]3® = +34.4° (¢ = 1.30, CHCL,).

TLC (20% EtOAc:80% Hexanes), Ry: 0.40 (blue in p-anisaldehyde)

Preparation of 1,2-addition product 164o0:
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MeO,C Jo
_ _ Mebe o
MeO,C

B iPr,NH, n-BuLi | Br . 31
~ 0 THF ~ (0] THF

-78°C —-94 °Cto-78 °C

L J then
TMSCI

191 83% yield

Prepared via General Procedure C, 83% yield.

Prepared from 31 (81.2 mg, 0.30 mmol, 1.0 equiv), n-BuLi (2.6 M in hexanes,
140 pL, 0.36 mmol, 1.3 equiv), i-ProNH (60 pL, 0.43 mmol, 1.4 equiv), 191 (52.9 mg,
0.36 mmol, 1.2 equiv) and TMSCI (90 pL, 0.87 mmol, 2.4 equiv) according to method C.
The reaction was directly subjected to column chromatography (silica, 15% EtOAc:85%
Hexanes) to yield 1640 (122.0 mg, 83% yield) as a pale yellow crystalline solid.
'"H NMR (400 MHz, Chloroform-d): § 7.34 (d, /= 1.9 Hz, 1H), 6.42 (d, J= 1.9 Hz, 1H),
3.76 (s, 3H), 3.68 (d, J = 3.7 Hz, 1H), 3.66 (s, 3H), 2.79 (ddd, J = 12.3, 8.2, 2.4 Hz, 1H),
2.65 (dddd, J=12.4, 10.1, 7.8, 2.4 Hz, 1H), 2.57 (dd, J = 10.0, 7.8 Hz, 1H), 2.38 — 2.25
(m, 2H), 2.13 — 2.05 (m, 1H), 2.03 — 1.97 (m, 1H), 1.90 — 1.79 (m, 1H), 1.58 — 1.45 (m,
1H), —0.05 (s, 9H).
13C NMR (101 MHz, CDCl3): 6 172.1, 170.4, 150.9, 141.6, 116.0, 97.3, 76.6, 70.0, 56.2,
55.1,52.7,52.1,41.4,35.1,29.7,21.3, 21.1, 1.1.
FTIR (NaCl, thin film): 3151, 2993, 2952, 2847, 1733, 1567, 1432, 1250, 873, 843 cm’".
HRMS: (ESI-TOF) calc’d for C20H2307SiBr [M+H]" 487.0782, found 487.0780.
[a]3® = +57.4° (¢ = 1.00, CHCL5).

TLC (15% EtOAc:85% Hexanes), Ry: 0.29, (light brown in p-anisaldehyde stain).

Preparation of 1,2-addition product 164p:
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sondEINscOdeE
IO TiO then

TMSCI
59% yield

TfO

192 164p

Prepared via General Procedure B, 59% yield.

Prepared from 31 (80.5 mg, 0.30 mmol, 1.0 equiv), 192 (187.0 mg, 0.36 mmol,
1.2 equiv), -BuLi (1.7 M in pentane, 0.46 mL, 0.75 mmol, 2.4 equiv), and TMSCI (90
uL, 0.71 mmol, 2.4 equiv) according to method B. The reaction was directly subjected to
repeated column chromatography (silica, 10% EtOAc:90% Hexanes) to yield 164p
(131.0 mg, 59% yield) as a white foam.
'"H NMR (500 MHz, Chloroform-d): 5 7.31 (d, J= 8.5 Hz, 1H), 7.01 (dd, J = 8.6, 2.8 Hz,
1H), 6.97 (d, J = 2.6 Hz, 1H), 5.67 (dd, J = 3.3, 1.5 Hz, 1H), 3.76 (s, 3H), 3.69 (s, 3H),
3.36 (d, J=3.8 Hz, 1H), 2.96 — 2.90 (m, 2H), 2.83 (dd, J=10.1, 8.2 Hz, 1H), 2.59 (dddd,
J=13.1,11.2,8.2,3.3 Hz, 1H), 2.43 - 2.18 (m, 6H), 2.18 — 2.07 (m, 2H), 2.04 — 1.92 (m,
3H), 1.87 (ddt,J=13.1, 10.2, 8.4 Hz, 1H), 1.67 — 1.38 (m, 6H), 1.00 (s, 3H), 0.10 (s, 9H).
13C NMR (126 MHz, CDCl3): & 172.4, 170.8, 158.0, 147.6, 141.4, 139.7, 127.0, 125.8,
121.3, 120.2, 118.2, 117.7, 80.3, 70.9, 57.2, 55.8, 55.5, 52.9, 52.1, 48.0, 44.3, 41.9, 37.5,
36.8,36.6,31.1, 30.0, 29.6, 27.3, 26.6, 22.5,21.3, 17.9, 2.7.
*Note: The peaks at 120.2 ppm, and 118.2 ppm are split due to C-F coupling. 'J=320.8 Hz.
F NMR (376 MHz, CDCls): 5 73.0.
FTIR (NaCl, thin film): 2949, 2850, 1734, 1420, 1249, 1214, 1143, 919, 882, 839, 758

cml.
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HRMS: (ESI-TOF) calc’d for C3sHasF300SSi [M+H]", 727.2578 found 727.2582.
[a]3® = +22.5° (¢ = 1.00, CHCL5).

TLC (10% EtOAc:90% Hexanes), Ry 0.46, (turquoise in p-anisaldehyde stain).

Preparation of 1,2-addition product 164q:

—94°Cto-78 °C
then
TMSCI
55% yield
193 164q

Prepared via General Procedure B, 55% yield.

358

Prepared from 31 (80.5 mg, 0.30 mmol, 1.0 equiv), 193 (127.0 mg, 0.36 mmol,

1.2 equiv), -BuLi (1.7 M in pentane, 0.45 mL, 0.74 mmol, 2.4 equiv), and TMSCI (90

uL, 0.71 mmol, 2.4 equiv) according to method B. The reaction was directly subjected to

column chromatography (silica, 100% Pentane) to yield 164q (88.5 mg, 55% yield) as a

white foam.

'H NMR (500 MHz, Chloroform-d): 5 5.67 (ddd, J = 8.9, 4.2, 1.6 Hz, 1H), 3.75 (s, 3H),

3.69 (s, 3H), 3.29 (d, J= 3.7 Hz, 1H), 2.63 (dd, J = 10.3, 7.8 Hz, 1H), 2.49 — 2.29 (m, 4H),

2.20 — 1.94 (m, 7H), 1.94 — 1.74 (m, 3H), 1.62 — 1.49 (m, 1H), 1.26 (tt, J = 12.0, 9.6 Hz,

1H), 1.07 (s, 3H), 1.02 (s, 3H), 0.88 (d, J = 7.2 Hz, 3H), 0.85 (td, J = 10.2, 9.5, 6.7 Hz,

1H), 0.52 (dd, J = 11.4, 9.4 Hz, 1H), 0.05 (s, 9H).
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13C NMR (126 MHz, CDCls): & 172.4, 170.6, 145.6, 123.1, 83.9, 72.3, 56.6, 55.3, 52.8,
52.1,46.4,45.1,42.8,41.1, 33.1, 32.9, 32.3, 29.8, 28.6, 26.8, 25.4, 24.1, 23.0, 21.7, 18.8,
18.6, 15.4,2.4.

FTIR (NaCl, thin film): 2951, 2868, 1734, 1456, 1433, 1247, 1221, 838, 758 cm".
HRMS: (ESI-TOF) calc’d for C30Hs0O6SiN [M+NHa]", 548.3402 found 548.3398.

[a]3® = —40.0° (¢ = 1.00, CHCl;).

TLC (10% EtOAc:90% Hexanes), Ry: 0.54, (blue in p-anisaldehyde stain).

Preparation of 1,2-addition product 165a’:

THF, -78 °C
then
TMSCI
85% yield
183 165a’

Prepared via General Procedure A, 85% yield.

Prepared from 165a (235 mg, 1.97 mmol, 1.0 equiv), 183 (788 mg, 2.36 mmol,
1.2 equiv), +-BuLi (1.7 M in pentane, 2.84 mL, 4.83 mmol, 2.45 equiv) and TMSCI (0.60
mL, 2.4 equiv) according to method A. The reaction was quenched with sat. NaHCOs,
and the reaction mixture was extracted with CH>Cl, (3 x 25 mL). The combined organic
extracts were dried over anhydrous Na,SOyg, filtered, and concentrated under reduced
pressure. The crude product was purified by column chromatography (silica, 1% EtOAc:
99% Hexanes) to yield the product 165a’ (737.4 mg, 85% yield) as a white crystalline

solid.
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'H NMR (500 MHz, Chloroform-d): § 4.80 (dt, /= 14.0, 1.6 Hz, 1H), 4.60 (dt, J= 13.9,
2.0 Hz, 1H), 3.29 (s, 1H), 2.71 — 2.57 (m, 1H), 2.55 — 2.44 (m, 1H), 2.36 (dddt, J = 15.3,
8.8, 6.7,2.2 Hz, 1H), 2.19 (dddd, J = 16.6, 9.0, 4.8, 2.0 Hz, 1H), 2.00 (td, /= 10.1, 3.4 Hz,
1H), 1.85 — 1.65 (m, 5H), 1.34 (s, 3H), 1.21 — 1.00 (m, 21H), 0.19 (s, 9H).

13C NMR (126 MHz, CDCl3): § 139.3, 136.0, 86.1, 67.4, 63.7, 61.7, 35.1, 34.9, 34.4, 26.5,
22.1,18.3,18.3, 13.4,12.2, 2.4,

FTIR (NaCl, thin film): 2934, 2866, 1652, 1463, 1248, 1098, 1056, 989, 839 cm"'.
HRMS: (FI-TOF) calc’d for CasHasO3Sia [M]* 438.2980, found 438.2985.

TLC (10% EtOAc:90% Hexanes), Ry 0.67 (grey in p-anisaldehyde)

Preparation of 1,2-addition product 165b’-OH:

OTIPS

THF, =78 °C
54% yield

183 165b’-OH

Prepared via General Procedure A, 54% yield.

Prepared from 165b (229 mg, 1.82 mmol, 1.0 equiv), 183 (726 mg, 2.18 mmol,
1.2 equiv), t-BuLi (1.7 M in pentane, 2.62 mL, 4.45 mmol, 2.45 equiv) according to
method A. The reaction was quenched with MeOH (1 mL) and sat. NH4Cl (5 mL) at —78
°C. The reaction mixture was extracted with CH>Cl, (3 x 15 mL). The combined organic
extracts were dried over anhydrous Na,SOyg, filtered, and concentrated under reduced

pressure. The crude product was purified by column chromatography (silica, 15%
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EtOAc:85% Hexanes) then a second column (silica, 1% — 5% gradient of EtO in
CH2CD) to yield the product 165b’-OH (372.8 mg, 54% yield) as a clear colorless oil.

'H NMR (500 MHz, Chloroform-d): § 4.49 (d, J = 12.4 Hz, 1H), 4.44 (d, J = 12.5 Hz,
1H), 3.24 (t, /= 2.2 Hz, 1H), 3.05 (s, 1H), 2.62 — 2.38 (m, 4H), 2.02 (dt, /= 13.0, 6.0 Hz,
1H), 1.89 — 1.61 (m, 4H), 1.58 — 1.42 (m, 2H), 1.40 — 1.33 (m, 1H), 1.32 (s, 3H), 1.17 —
1.05 (m, 21H).

I3C NMR (126 MHz, CDCl3): § 139.4, 137.5,74.9, 64.0, 63.0, 61.2, 36.2, 36.0, 30.4, 23.9,
22.3,19.2,18.2,16.4, 12.1.

FTIR (NaCl, thin film): 3485, 2940, 2893, 2965, 1463, 1381, 1086, 996, 882 cm™'.
HRMS: (ESI-TOF) calc’d for C22H4103Si [M+H]* 381.2825, found 381.2808.

TLC (5% Et20:95% CH:Cl2), Rz 0.47 (purple in p-anisaldehyde)

Preparation of silyl ether 165b’:

OTIPS OTIPS

n-BuLi
TMSCI

THF

99% yield

165b’-OH 165b’

A 25 mL oven dried N» flushed flask was charged with epoxy alcohol 165b’-OH
(100 mg, 0.26 mmol, 1.0 equiv) and THF (2.6 mL). The solution was cooled to —78 °C
then n-BuLi (2.5 M in hexanes, 0.13 mL, 0.32 mmol, 1.2 equiv) was added and the reaction
stirred for 20 minutes. Next, to the solution was added trimethylsilyl chloride (67 uL, 0.53
mmol, 2.0 equiv). The reaction was allowed to warm to 21 °C and stir at this temperature

for 15 minutes. The reaction was quenched with sat. NaHCO3, and the reaction mixture
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was extracted with CH>Cl, (3 x 15 mL). The combined organic extracts were dried over
anhydrous Na>SQy, filtered, and concentrated under reduced pressure. The crude product
was purified by column chromatography (silica, 2% EtOAc:98% Hexanes) to yield the
product 165b’ (117.5 mg, 99% yield) as a clear colorless oil.

'"H NMR (400 MHz, Chloroform-d): 5 4.54 (dt,J=12.7, 1.2 Hz, 1H), 4.35 (ddd, J = 12.6,
2.5,1.2 Hz, 1H), 3.11 (d, J= 4.2 Hz, 1H), 2.72 — 2.60 (m, 1H), 2.59 — 2.34 (m, 3H), 1.95
—1.59 (m, 5H), 1.50 (dt, J=11.6, 3.3 Hz, 1H), 1.47 — 1.38 (m, 1H), 1.35 (dq, J=10.5,2.9
Hz, 1H), 1.31 (s, 3H), 1.18 — 1.00 (m, 21H), 0.17 (s, 9H).

I3C NMR (101 MHz, CDCl3): § 139.1, 137.6, 80.1, 63.8, 62.5, 61.4, 36.7,35.9, 32.9, 22.7,
21.8,18.8,18.5,18.2,12.2,2.8.

FTIR (NaCl, thin film): 2934, 2863, 1463, 1378, 1250, 1100, 1013, 964, 883, 840 cm’".
HRMS: (FI-TOF) calc’d for C2sHssO3Si> [M]" 452.3137, found 452.3143.

TLC (10% EtOAc:90% Hexanes), Ry: 0.72 (dark purple in p-anisaldehyde)

Preparative procedures for semi-pinacol rearrangements:

General Procedure A:

A 25 mL round bottom flask was charged with the epoxide (1.0 equiv) and 2,6-di-
tert-butyl-4-methylpyridine (0.40 equiv). The mixture was dried via azeotropic removal of
trace water by concentration under reduced pressure from anhydrous toluene (3 x 5 mL, 45
°C water bath temperature) followed by drying under vacuum on a Schlenk line (0.3 torr)
for 30 minutes. The flask was backfilled with N> and was charged CH>Cl, (0.04 M). The

resulting solution was cooled to -78 °C then N-



Chapter 3 — A Convergent Fragment Coupling Strategy to Access Quaternary Stereogenic ~ 363
Centers

(Trimethylsilyl)bis(trifluoromethanesulfonyl)imide (TMSNTT) (0.10 equiv) was added,
which was weighed out in a glovebox in a 25 pL syringe. The reaction was stirred for 30
minutes at —78 °C and was then quenched with MeOH (0.1 mL) at this temperature. The
reaction was warmed to 21 °C then the reaction concentrated under reduced pressure. The

crude product was purified directly by SiO> column chromatography.

General Procedure B:

A 25 mL round bottom flask was charged with the epoxide (1.0 equiv) and 2,6-di-
tert-butyl-4-methylpyridine (1.1 equiv). The mixture was dried via azeotropic removal of
trace water by concentration under reduced pressure from anhydrous toluene (3 x 5 mL, 45
°C water bath temperature) followed by drying under vacuum on a Schlenk line (0.3 torr)
for 30 minutes. The flask was backfilled with N> and was charged CH>Cl, (0.04 M). The
resulting solution was cooled to -78 °C and then N-
(Trimethylsilyl)bis(trifluoromethanesulfonyl)imide (TMSNTT) (0.50 equiv) was added,
which was weighed out in a glovebox in a 25 pL syringe. The reaction was stirred for 4
hours at —78 °C and was then quenched with MeOH (0.1 mL) at this temperature. The
reaction was warmed to 21 °C then the reaction was concentrated under reduced pressure.

The crude product was purified directly by SiO> column chromatography.

General Procedure C
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A 25 mL round bottom flask was charged with the epoxide (1.0 equiv) and 2,6-di-
tert-butyl-4-methylpyridine (1.0 equiv). The mixture was dried via azeotropic removal of
trace water by concentration under reduced pressure from anhydrous toluene (3 x 5 mL, 45
°C water bath temperature) followed by drying under vacuum on a Schlenk line (0.3 torr)
for 30 minutes. The flask was backfilled with N> and charged with CH>Cl> (0.04 M). The
resulting solution was cooled to -78 °C, then N-
(Trimethylsilyl)bis(trifluoromethanesulfonyl)imide (TMSNTT) (0.30 equiv) was added,
which was weighed out in a glovebox in a 25 pL syringe. The reaction was stirred for 4
hours at —78 °C and was then quenched with MeOH (0.1 mL) at this temperature. The
reaction was warmed to 21 °C then the reaction was concentrated under reduced pressure.

The crude product was purified directly by SiO> column chromatography.

General Procedure D:

A 25 mL round bottom flask was charged with the epoxy alcohol (1.0 equiv),
triethylamine (6.0 equiv), and CH>Cl; (0.1 M). The solution was cooled to 0 °C then
TMSOTT (5.0 equiv) was added, and the reaction was stirred for 1 hour at this
temperature. The reaction was quenched with sat. NH4CI (5 mL), and 1 M HCI (1 mL)
and was stirred vigorously for 1 hour at 21 °C. The layers were separated, and the
aqueous layer was extracted with CH>Cl, (3 x 10 mL). The combined organic extracts
were dried over anhydrous Na>SOg, filtered, and concentrated under reduced pressure.

The crude product was purified by SiO> column chromatography.
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Preparation of semi-pinacol product 33a:

OTMS
-CO,Me
MeO,C 2
TMSNTY, e 0
2,6-t-Buy-4-MePy

CH,Clp, ~78 °C
97% yield

0~/sr0
£BY “tBu

33a

Prepared from 164a (4.27 g, 7.93 mmol, 1.0 equiv), according to method reported

by Reisman, and '"H NMR characterization data matched their report.*°

Preparation of semi-pinacol product 33b:

TMSNTY,
2,6-t-Buy-4-MePy / CgT,\"/’l's
- MeO,C 2 Oe
CHyCly, —78°C
80% yield N\«

164b 33b

Prepared via General Procedure A, 80% yield.

Prepared from 164b (79.1 mg, 0.22 mmol, 1.0 equiv), 2,6-di-tert-butyl-4-
methylpyridine (17.6 mg, 0.086 mmol, 0.4 equiv), and TMSNTTf, (7.6 mg, 0.022 mmol,
0.1 equiv) at —78 °C for 30 minutes according to method A. The reaction was purified by
column chromatography (silica, 15% Acetone:85% Hexanes) to yield 33b (63.5 mg, 80%
yield) as a clear colorless oil.

'TH NMR (500 MHz, Chloroform-d): & 5.66 (dd, J = 17.8, 11.2 Hz, 1H), 5.21 (dd, J =
11.2, 0.6 Hz, 1H), 5.08 (dt, /= 17.8, 0.4 Hz, 1H), 4.19 (t, J = 2.9 Hz, 1H), 3.74 (s, 3H),
3.69 (s, 3H), 3.18 (dd, J = 12.4, 7.2 Hz, 1H), 2.46 (td, J = 13.8, 4.0 Hz, 1H), 2.38 — 2.28

(m, 1H), 2.23 —2.07 (m, 3H), 1.78 — 1.68 (m, 1H), 1.64 — 1.50 (m, 2H), 0.05 (s, 9H).
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13C NMR (126 MHz, CDCl3): § 218.2, 171.0, 170.9, 138.7, 116.1, 70.5, 58.1, 56.3, 52.8,
52.8,45.6,38.6,27.0,23.6, 19.4, 0.1.

FTIR (NaCl, thin film): 3086, 2954, 1738, 1681, 1434, 1253, 1172, 842 cm’".

HRMS: (ESI-TOF) calc’d for CisH2306SiNa [M+Na]* 391.1547, found 391.1553.

[a]3® = +143.8° (¢ = 1.00, CHCl;).

TLC (15% Acetone:85% Hexanes), Ry 0.34 (turquoise in p-anisaldehyde).

Preparation of semi-pinacol product 33c:

TMSNTf, QTMS

2,6-t-Buy-4-MePy MeO,C 'Cozlvée
CHCly, -78°C \}
87% yield
SiMeg
164c 336

Prepared via General Procedure A, 87% yield.

Prepared from 164¢ (92.6 mg, 0.20 mmol, 1.0 equiv), 2,6-di-tert-butyl-4-
methylpyridine (16.7 mg, 0.082 mmol, 0.4 equiv), and TMSNTT, (7.2 mg, 0.020 mmol,
0.1 equiv) at —78 °C for 30 minutes according to method A. The reaction was purified by
column chromatography (silica, 10% Acetone:90% Hexanes) to yield 33¢ (80.2 mg, 87%
yield) as a clear colorless oil.

'"H NMR (500 MHz, Chloroform-d): 5 5.59 (dt, J = 16.0, 8.1 Hz, 1H), 5.14 (dt, J= 15.9,
1.3 Hz, 1H), 4.07 (t,J=2.7 Hz, 1H), 3.74 (s, 3H), 3.71 (s, 3H), 3.16 (dd, /= 12.5, 6.8 Hz,
1H), 2.51 — 2.41 (m, 1H), 2.34 — 2.24 (m, 1H), 2.19 — 2.03 (m, 3H), 1.73 — 1.65 (m, 1H),

1.59 — 1.52 (m, 2H), 1.48 — 1.42 (m, 2H), 0.05 (s, 9H), —0.01 (s, 9H).
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13C NMR (126 MHz, CDCl3): § 218.6, 171.1, 129.2, 128.3, 72.4, 57.4, 56.5, 52.8, 52.7,
45.6,38.5,26.9,23.8,23.6,19.4,0.1,-1.7.

FTIR (NaCl, thin film): 2953, 1741, 1434, 1404, 1251, 1170, 844 cm'.

HRMS: (ESI-TOF) calc’d for C2H3306Si2Na [M+Na]* 477.2099, found 477.2098.

[a]3® = +130.6° (¢ = 1.00, CHCl;).

TLC (15% Acetone:85% Hexanes), Ry: 0.40 (navy blue in p-anisaldehyde).

Preparation of semi-pinacol product 33d:

TMSNTY, OTMS
2,6-t-Buy-4-MePy MeO,C -Cozl\/ge
CH,Clp, —78 °C \

89% yield OFEt

164d 33d

Prepared via General Procedure A, 89% yield.

Prepared from 164d (67.4 mg, 0.16 mmol, 1.0 equiv), 2,6-di-tert-butyl-4-
methylpyridine (13.4 mg, 0.065 mmol, 0.4 equiv), and TMSNTTf, (6.0 mg, 0.016 mmol,
0.1 equiv) at —78 °C for 30 minutes according to method A. The reaction was purified by
column chromatography (silica, 15% Acetone:85% Hexanes) to yield 33d (60.9 mg, 89%
yield) as a clear colorless oil.

'"H NMR (500 MHz, Chloroform-d): § 5.92 (d, /= 6.1 Hz, 1H), 4.04 (d, J= 6.1 Hz, 1H),
3.93 (t,J=2.8 Hz, 1H), 3.78 (dq, J=9.9, 7.1 Hz, 1H), 3.73 (s, 3H), 3.74 — 3.67 (m, 1H),
3.68 (s, 3H), 3.52 (dd, J = 13.0, 7.0 Hz, 1H), 2.41 (td, J = 13.8, 3.8 Hz, 1H), 2.38 — 2.28

(m, 1H), 2.26 (ddd, J = 18.4, 8.7, 1.0 Hz, 1H), 2.17 — 2.01 (m, 2H), 1.79 (dddd, J = 11.4,
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8.6,7.0, 1.3 Hz, 1H), 1.67 (dddd, J = 14.4, 13.6, 3.2, 2.0 Hz, 1H), 1.60 (dq, J = 14.4, 3.7
Hz, 1H), 1.21 (t, J= 7.1 Hz, 3H), 0.04 (s, 9H).

13C NMR (126 MHz, CDCL3): § 220.6, 171.3, 145.1, 107.2, 72.1, 68.0, 56.2, 54.8, 52.7,
52.5,43.7,38.4,26.6,24.0,19.4,15.3,0.1.

FTIR (NaCl, thin film): 2954, 2898, 1742, 1659, 1435, 1252, 842 cm’!.

HRMS: (ESI-TOF) calc’d for C20H3207SiNa [M+Na]* 435.1810, found 435.1818.

[a]3® = +89.9° (c = 1.00, CHCL5).

TLC (15% Acetone:85% Hexanes), Ry 0.23 (brown in p-anisaldehyde).

Preparation of semi-pinacol product 33e:

TMSNTf, OTMS
2,6-+-Bu,-4-MePy MeO,C -COQN(I)e
CH,Cl,, —78 °C
96% yield
164e 33e

Prepared via General Procedure A, 96% yield.

Prepared from 164e (77.9 mg, 0.19 mmol, 1.0 equiv), 2,6-di-tert-butyl-4-
methylpyridine (15.7 mg, 0.076 mmol, 0.4 equiv), and TMSNTTf, (6.7 mg, 0.019 mmol,
0.1 equiv) at —78 °C for 30 minutes according to method A. The reaction was purified by
column chromatography (silica, 15% Acetone:85% Hexanes) to yield 33e (74.4 mg, 96%
yield) as a clear colorless oil.

'"H NMR (500 MHz, Chloroform-d): 6 5.38 (p, /= 2.1 Hz, 1H), 4.33 (t,J= 2.9 Hz, 1H),
3.74 (s, 3H), 3.64 (s, 3H), 3.37 (dd, J = 12.5, 6.9 Hz, 1H), 2.53 (dddd, J = 16.9, 9.6, 4.7,

2.0 Hz, 1H), 2.46 (td, J= 13.9, 3.9 Hz, 1H), 2.42 — 2.24 (m, 3H), 2.24 — 2.07 (m, 3H), 1.98
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—1.89 (m, 1H), 1.89 — 1.81 (m, 2H), 1.81 — 1.72 (m, 2H), 1.68 (dq, J = 14.3, 3.6 Hz, 1H),
0.06 (s, 9H).

13C NMR (126 MHz, CDCl3): § 219.4, 171.0, 170.7, 143.1, 127.5, 70.5, 58.0, 56.3, 52.7,
42.1,39.3,33.1, 32.9, 28.0, 23.7, 23.0, 19.7, 0.1.

FTIR (NaCl, thin film): 2953, 2849, 1741, 1434, 1252, 1169, 842 cm’'.

HRMS: (ESI-TOF) calc’d for C21H3,06SiNa [M+Na]* 431.1860, found 431.1861.

[a]3® = +100.5° (¢ = 1.00, CHCl;).

TLC (15% Acetone:85% Hexanes), Ry 0.33 (dark green in p-anisaldehyde).

Preparation of semi-pinacol product 33f:

TMSNTf, OTMS
2,6-t-Buy-4-MePy MeO,C -COzl\/ge
CH,Cl,, —78 °C
94% yield
164f 33f

Prepared via General Procedure A, 94% yield.

Prepared from 164f (54.1 mg, 0.13 mmol, 1.0 equiv), 2,6-di-tert-butyl-4-
methylpyridine (10.5 mg, 0.051 mmol, 0.4 equiv), and TMSNTT, (4.5 mg, 0.013 mmol,
0.1 equiv) at —78 °C for 30 minutes according to method A. The reaction was purified by
column chromatography (silica, 15% Acetone:85% Hexanes) to yield 33f (50.9 mg, 94%
yield) as a clear colorless oil.

'"H NMR (500 MHz, Chloroform-d): § 5.32 (t,J= 3.8 Hz, 1H), 4.34 (s, 1H), 3.73 (s, 3H),

3.68 (s, 3H), 3.46 (dd, J= 12.5, 7.2 Hz, 1H), 2.44 (td, J = 13.8, 4.0 Hz, 1H), 2.32 (dd, J =
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17.8, 8.0 Hz, 1H), 2.27 — 2.03 (m, 5H), 2.03 — 1.93 (m, 1H), 1.80 — 1.69 (m, 2H), 1.69 —
1.54 (m, 4H), 1.54 — 1.42 (m, 2H), 0.05 (s, 9H).

13C NMR (126 MHz, CDCl3): § 220.5, 171.0, 170.7, 136.4, 124.3, 69.9, 60.6, 56.3, 52.8,
41.4,39.9,28.2,26.9,25.7,23.6,23.0,22.1,19.7, 0.2.

FTIR (NaCl, thin film): 2950, 2933, 2858, 2839, 1740, 1682, 1434, 1251, 1060, 1020,
842 cm!.

HRMS: (ESI-TOF) calc’d for C2:H3406SiNa [M+Na]* 445.2017, found 445.2023.

[a]3® = +102.6° (¢ = 1.00, CHCl;).

TLC (15% Acetone:85% Hexanes), Ry: 0.37 (pistachio in p-anisaldehyde).

Preparation of semi-pinacol product 33g:

OTMS

TMSNT, CO.Me
2,6-t-Buy-4-MePy MeO,C 20
CH,Clp, ~78 °C
99% yield
OTIPS
1649 33g

Prepared via General Procedure A, 99% yield.

Prepared from 164g (132.0 mg, 0.22 mmol, 1.0 equiv), 2,6-di-tert-butyl-4-
methylpyridine (18.2 mg, 0.89 mmol, 0.4 equiv), and TMSNTT; (7.8 mg, 0.022 mmol,
0.1 equiv) at —78 °C for 30 minutes according to method A. The reaction was purified by
column chromatography (silica, 15% Acetone:85% Hexanes) to yield 33g (130.0 mg,
99% yield) as a clear colorless oil.
'H NMR (400 MHz, Acetonitrile-ds): § 4.27 (t, J = 2.9 Hz, 1H), 4.22 (d, J = 12.2 Hz,

1H), 4.05 (d, J = 12.7 Hz, 1H), 3.68 (s, 3H), 3.63 (s, 3H), 3.40 (dd, J = 12.6, 7.5 Hz, 1H),
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2.63 —2.51 (m, 1H), 2.51 — 2.39 (m, 2H), 2.38 —2.30 (m, 1H), 2.30 —2.16 (m, 3H), 2.15 —
2.03 (m, 2H), 1.90 — 1.77 (m, 2H), 1.77 — 1.67 (m, 3H), 1.20 — 1.04 (m, 21H), 0.05 (s, 9H).
13C NMR (101 MHz, CD3CN): § 218.6, 170.8, 170.7, 138.4, 136.0, 70.5, 61.6, 57.5, 56.4,
52.0,51.9,45.2,38.5,36.5,34.8,28.2,23.3,21.4,19.2,17.4,11.9, -1.1.

FTIR (NaCl, thin film): 2048, 2865, 1743, 1447, 1252, 842 cm’!.

HRMS: (ESI-TOF) calc’d for C31Hs407Si:Na [M+Na]* 617.3300, found 617.3309.

[a]3® = +26.9° (c = 1.00, CHCL5).

TLC (15% Acetone:85% Hexanes), Ry: 0.49 (dark purple in p-anisaldehyde).

Preparation of semi-pinacol product 33h:

TMSNTf, oTMS
2,6-+-Buy-4-MePy MeO,C -COZI\/(I)e
CH,Cl,, ~78 °C
98% yield Br
164h 33h

Prepared via General Procedure A, 98% yield.

Prepared from 164h (82.0 mg, 0.17 mmol, 1.0 equiv), 2,6-di-tert-butyl-4-
methylpyridine (13.8 mg, 0.067 mmol, 0.4 equiv), and TMSNTT, (5.9 mg, 0.017 mmol,
0.1 equiv) at —78 °C for 30 minutes according to method A. The reaction was purified by
column chromatography (silica, 15% Acetone:85% Hexanes) to yield 33h (80.1 mg, 98%
yield) as a clear colorless oil.

'"H NMR (400 MHz, CD3CN): § 4.23 (s, 1H), 3.84 — 3.74 (m, 1H), 3.68 (s, 3H), 3.63 (s,

3H), 2.62 (dddd, J=11.7, 7.8, 5.1, 2.4 Hz, 2H), 2.52 — 2.32 (m, 3H), 2.25 (dddd, J = 18.6,



Chapter 3 — A Convergent Fragment Coupling Strategy to Access Quaternary Stereogenic ~ 372
Centers

9.2,1.3,0.7 Hz, 2H), 2.13 — 1.99 (m, 2H), 1.90 — 1.78 (m, 3H), 1.76 — 1.61 (m, 2H), 0.03
(s, 9H).

13C NMR (101 MHz, CD3CN): §217.3,171.0, 170.7, 140.1, 116.8, 70.2, 57.2, 56.5, 52.1,
52.0, 42.2, 41.5, 39.3, 35.0, 28.2, 23.6, 21.7, 19.2, —1.0. *run at 70 °C to converge
atropisomers.

FTIR (NaCl, thin film): 2952, 2911, 2858, 1740, 1622, 1433, 1252, 842 cm’".

HRMS: (ESI-TOF) calc’d for C21H3106SiBrNa [M+Na]* 509.0965, found 509.0950.
[a]3® = +20.0° (c = 1.00, CHCL5).

TLC (15% Acetone:85% Hexanes), Ry 0.31 (dark pistachio in p-anisaldehyde).

Preparation of semi-pinacol product 33i:

TMSNTf, OTMS
2,6-t-Buy-4-MePy MeO,C -CO,Me
> PMBQ, o
CHxClp, -78 °C
89% vyield iPr Br
i-Pr
164i 33i

Prepared via General Procedure B, 89% yield.

Prepared from 164i (78.2 mg, 0.12 mmol, 1.0 equiv), 2,6-di-tert-butyl-4-
methylpyridine (26.5 mg, 0.13 mmol, 1.1 equiv), and TMSNTT; (20.8 mg, 0.059 mmol,
0.5 equiv) at —78 °C for 4 hours according to method B. The reaction was purified by
column chromatography (silica, 10 to 20% EtOAc gradient in hexanes) to yield 33i (69.4
mg, 89% yield) as a white foam.

'"H NMR (600 MHz, Chloroform-d): § 7.40 — 7.32 (m, 2H), 6.89 — 6.80 (m, 2H), 5.17 (d,

J=10.3 Hz, 1H), 4.78 — 4.72 (m, 1H), 4.47 (d, J= 5.7 Hz, 1H), 4.23 (d, J= 10.3 Hz, 1H),
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3.78 (s, 3H), 3.74 (s, 3H), 3.66 (s, 3H), 2.68 (d, J = 8.2 Hz, 2H), 2.61 (ddd, J = 18.6, 10.8,
9.6 Hz, 1H), 2.48 (ddd, J = 14.0, 12.5, 5.1 Hz, 1H), 2.33 (ddt, J = 18.5, 9.3, 1.0 Hz, 1H),
2.13 (tdd, J=12.5,10.8, 9.6 Hz, 1H), 2.09 —2.03 (m, 1H), 1.98 — 1.87 (m, 2H), 1.83 (dddd,
J=11.9,9.5,7.7, 1.2 Hz, 1H), 1.76 — 1.65 (m, 2H), 1.11 (d, J = 5.8 Hz, 3H), 0.96 (d, J =
6.0 Hz, 3H), —0.06 (d, J = 0.8 Hz, 9H).

13C NMR (101 MHz, CDCL): § 218.8, 171.4, 171.0, 159.0, 140.8, 131.5, 129.5, 125.6,
113.7, 81.9, 67.9, 66.0, 57.5, 56.7, 55.4, 52.8, 52.7, 50.3, 46.1, 43.1, 39.7, 29.1, 27.7, 24.1,
22.1,21.7,19.1,0.2.

FTIR (NaCl, thin film): 2954, 1738, 1614, 1514, 1251, 1172, 1059, 866, 840 cm"".
HRMS: (ESI-TOF) calc’d for C3,H90sSiBrN [M+NH4]" 682.2405, found 682.2403.
[a]3® =+12.3° (¢ = 1.00, CHCL5).

TLC (20% EtOAc:80% Hexanes), Ry: 0.42 (dark blue in p-anisaldehyde).

Preparation of semi-pinacol product 33j:

OTMS

TMSOTY, EtgN Me0,C7_| CO=Me

CH,Cl,, 0°C Me
94% yield

164j-OH 33j

Prepared via General Procedure D, 94% yield.

Prepared from 164j-OH (60.0 mg, 0.15 mmol, 1.0 equiv), triethylamine (129 pL,
0.92 mmol, 6.0 equiv), and TMSOTT (139 pL, 0.77 mmol, 5.0 equiv) at 0 °C for 1 hour
according to method D. The reaction was quenched with sat. NH4Cl (5 mL), and 1 M

HCI (1 mL) and was stirred vigorously for 1 hour. The layers were separated, and the
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aqueous layer was extracted with CH>Cl, (3 x 10 mL). The combined organic extracts
were dried over anhydrous Na,SOq, filtered, and concentrated under reduced pressure.
The crude product was purified by column chromatography (silica, 100% CH>Cl> to 10%
Et,0 in CH2Cl: gradient) to yield 33j (66.9 mg, 94% yield) as a pale-yellow oil.

'"H NMR (500 MHz, Chloroform-d): § 5.18 (dq, J= 3.1, 1.6 Hz, 1H), 4.35 (t,J= 2.8 Hz,
1H), 3.73 (s, 3H), 3.68 (s, 3H), 3.31 (dd, J=11.9, 7.1 Hz, 1H), 2.45 (td, /= 13.9, 3.6 Hz,
1H), 2.39 (dt, J = 8.8, 5.7 Hz, 1H), 2.27 — 2.14 (m, 4H), 2.12 — 1.98 (m, 2H), 1.96 (dtd, J
=5.6,2.8, 1.1 Hz, 1H), 1.88 (td, J = 5.6, 1.8 Hz, 1H), 1.85 — 1.72 (m, 2H), 1.69 (dq, J =
14.2,3.6 Hz, 1H), 1.39 (d, J = 8.8 Hz, 1H), 1.22 (s, 3H), 0.88 (s, 3H), 0.05 (s, 9H).

13C NMR (126 MHz, CDCl3): 6 217.8, 171.1, 170.7, 145.8, 119.7, 69.8, 60.0, 56.5, 53.0,
52.7,45.8,41.9,40.3, 39.7, 38.7, 32.3, 31.4, 28.4, 26.7, 24.0, 21.2, 19.4, 0.2.

FTIR (NaCl, thin film): 2952, 2916, 2930, 1742, 1459, 1432, 1250, 1169, 1057, 844 cm
1

HRMS: (ESI-TOF) calc’d for C2sH3906Si [M+H]" 463.2510, found 463.2527.

[a]3® = +69.8° (c = 1.00, CHCL5).

TLC (100% CH:Clz), Ry 0.54 (dark blue in p-anisaldehyde).

Preparation of semi-pinacol product 33k:

OTMS

TMSNTf, MeO,C -CO,Me
2,6-+-Buy-4-MePy 2 o)
> Me \
CH,Cl,, ~78 °C Me
93% yield
Me
164k 33k

Prepared via General Procedure A, 93% yield.
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Prepared from 164k (82.9 mg, 0.17 mmol, 1.0 equiv), 2,6-di-tert-butyl-4-
methylpyridine (14.3 mg, 0.070 mmol, 0.4 equiv), and TMSNTTf, (6.1 mg, 0.017 mmol,
0.1 equiv) at =78 °C for 30 minutes according to method A. The reaction was purified by
column chromatography (silica, 6% Acetone:94% Hexanes) to yield 33k (77.2 mg, 93%
yield) as a white crystalline solid.

'"H NMR (500 MHz, Chloroform-d): 5 5.70 (d, /= 3.7 Hz, 1H), 4.31 (s, 1H), 3.74 (s, 3H),
3.63 (s, 3H), 3.27 (dd, J = 11.8, 8.1 Hz, 1H), 2.39 (td, /= 13.9, 3.4 Hz, 1H), 2.34 — 2.19
(m, 2H), 2.17 (t, J=3.7 Hz, 1H), 2.12 (dt, J = 14.0, 3.1 Hz, 1H), 2.07 — 1.91 (m, 3H), 1.78
(ddt, J=11.6, 9.0, 3.6 Hz, 1H), 1.69 (dq, J = 14.1, 3.5 Hz, 1H), 1.59 (ddd, J = 12.1, 9.2,
3.3 Hz, 1H), 1.37 (ddd, J=11.9, 8.9, 4.0 Hz, 1H), 0.91 (d, J = 3.6 Hz, 6H), 0.71 (s, 3H),
0.05 (s, 9H).

13C NMR (126 MHz, CDCl3): 6 219.9, 171.3, 170.7, 146.9, 133.4, 71.1, 59.0, 57.2, 56.5,
55.7,52.7,52.7,51.5,42.1, 38.9, 31.6, 28.5, 25.2, 24.6, 20.1, 19.9, 19.5, 14.3, 0.2.

FTIR (NaCl, thin film): 3062, 2951, 2874, 1742, 1434, 1250, 842 cm’".

HRMS: (ESI-TOF) calc’d for C26H4006SiK [M+K]" 515.2226, found 515.2231.

[a]3® = +1.8° (¢ = 1.00, CHCl;).

TLC (15% Acetone:85% Hexanes), Ry 0.41 (vibrant purple in p-anisaldehyde).

Preparation of semi-pinacol product 331:

TMSNTH OTMS
2 -CO,Me
2,6-+-Buy-4-MePy MeO,C Me

>

CH,Cl,, 78 °C \
88% yield

1641 331
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Prepared via General Procedure A, 88% yield.

Prepared from 1641 (53.0 mg, 0.12 mmol, 1.0 equiv), 2,6-di-tert-butyl-4-
methylpyridine (9.7 mg, 0.047 mmol, 0.4 equiv), and TMSNTT; (4.2 mg, 0.012 mmol,
0.1 equiv) at —78 °C for 30 minutes according to method A. The reaction was purified by
column chromatography (silica, 10% Acetone:90% Hexanes) to yield 331 (50.7 mg, 88%
yield) as a clear colorless oil.
'"H NMR (500 MHz, Chloroform-d): § 5.85 (dd, J= 7.0, 1.9 Hz, 1H), 4.34 (t,J= 2.8 Hz,
1H), 3.74 (s, 3H), 3.64 (s, 3H), 3.35 (dd, J=12.3, 7.0 Hz, 1H), 2.50 — 2.41 (m, 2H), 2.29
(dd,J=17.9, 8.1 Hz, 1H), 2.22 —2.01 (m, 4H), 1.88 — 1.79 (m, 1H), 1.79 — 1.66 (m, 3H),
1.55-1.24 (m, 6H), 1.18 (dddd, /=11.8, 9.1, 5.8, 2.5 Hz, 1H), 0.05 (s, 9H).
13C NMR (126 MHz, CDCl3): 6 218.7, 171.2, 170.6, 143.8, 129.7, 69.9, 59.8, 56.5, 52.8,
52.7,42.7,39.5, 33.8, 30.7, 28.5, 27.4, 26.8, 26.4, 25.1, 24.1, 19.4, 0.2.
FTIR (NaCl, thin film): 2948, 2863, 1732, 1434, 1252, 860, 844 cm’".
HRMS: (ESI-TOF) calc’d for C24H3606SiNa [M+Na]" 471.2173, found 471.2155.
[a]3® = +35.6° (¢ = 1.00, CHCL5).

TLC (10% Acetone:90% Hexanes), Ry: 0.29 (bright red in p-anisaldehyde).

Preparation of semi-pinacol product 33m:

TMSNTY ! TS
P -CO,Me
2,6-+Buy-4-MePy MeO.C o)
CH,Clp, ~78°C 6
99% vyield
MeO
164m 33m

Prepared via General Procedure A, 99% yield.
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Prepared from 164m (95.4 mg, 0.21 mmol, 1.0 equiv), 2,6-di-tert-butyl-4-
methylpyridine (17.5 mg, 0.085 mmol, 0.4 equiv), and TMSNTTf, (7.5 mg, 0.021 mmol,
0.1 equiv) at —78 °C for 30 minutes according to method A. The reaction was purified by
column chromatography (silica, 15% Acetone:85% Hexanes) to yield 33m (94.5 mg,
99% yield) as a clear colorless oil.

'"H NMR (500 MHz, Chloroform-d): 5 6.99 — 6.94 (m, 2H), 6.85 — 6.79 (m, 2H), 4.64 (t,
J=3.1 Hz, 1H), 3.76 (s, 3H), 3.72 (s, 3H), 3.57 (dd, J = 12.7, 6.6 Hz, 1H), 3.04 (s, 3H),
2.54 -2.41 (m, 2H), 2.41 — 2.28 (m, 2H), 2.25 (dtd, /= 13.8, 3.5, 1.1 Hz, 1H), 2.02 (tdd, J
=13.9,3.6,2.2 Hz, 1H), 1.97 - 1.90 (m, 1H), 1.84 (dq, J = 14.5, 3.5 Hz, 1H), 0.09 (s, 9H).
13C NMR (126 MHz, CDCl): § 220.7, 170.9, 170.2, 158.0, 134.2, 128.9, 113.7, 69.4,
58.8, 56.1, 55.4,52.8,52.3, 48.1, 39.6, 28.2, 23.7, 19.4, 0.1.

FTIR (NaCl, thin film): 2952, 2901, 2836, 2794, 1742, 1611, 1514, 1253, 1172, 842 cmr’
1

HRMS: (ESI-TOF) calc’d for C23H3207SiNa [M+Na]" 471.1810, found 471.1811.

[a]3® =+72.7° (¢ = 1.00, CHCL5).

TLC (15% Acetone:85% Hexanes), Ry: 0.15 (yellow in p-anisaldehyde).

Preparation of rearrangement product 33n:

TMSNTf,
2,6-t-Buy-4-MePy

CH,Cl,, 0 °C
73% yield

164n 33n

A 500 mL flask was charged with silyl ether 164n (4.52 g, 8.59 mmol, 1.0 equiv),

2,6-di-tert-butyl-4-methylpyridine (1.94 g, 9.45 mmol, 1.1 equiv) and CH>Cl, (172 mL,
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0.05 M), and the solution was cooled to 0 °C. To the flask was added N-
(Trimethylsilyl)bis(trifluoromethanesulfonyl)imide (TMSNTTf;) (1.52, 4.30 mmol, 0.50
equiv) which had being weighed out in a glovebox in a 1 mL syringe. After stirring for an
additional 30 minutes at 0 °C the reaction was quenched with sat. NaHCO3 (200 mL) and
the solution was allowed to warm to 21 °C. The biphasic mixture was separated and the
aqueous phase was extracted with CH>Cl> (3 x 200 mL). The combined organic extracts
were dried over anhydrous Na,SOyg, filtered, and concentrated under reduced pressure. The
crude product was purified by column chromatography (silica, 10% to 12.5% to 15%
acetone in hexanes gradient) to afford ketone 33n (3.32 g, 6.27 mmol, 73% yield) as a
white solid.

'"H NMR (400 MHz, Chloroform-d): § 7.17 (d, J = 2.8 Hz, 1H), 6.98 (d, J= 9.0 Hz, 1H),
6.77 (dd, J = 8.9, 2.8 Hz, 1H), 4.55 — 4.53 (m, 1H), 4.32 (dd, /= 12.0, 8.1 Hz, 1H), 3.75
(s, 3H), 3.71 (s, 3H), 3.07 (s, 3H), 2.75 (dt, J = 18.1, 9.6 Hz, 1H), 2.47 (td, J = 13.8, 3.8
Hz, 1H), 2.41 —2.32 (m, 1H), 2.32 — 2.18 (m, 2H), 2.05 — 1.95 (m, 2H), 1.84 (dq, J = 14.6,
3.5 Hz, 1H), 0.08 (s, 9H).

13C NMR (101 MHz, CDCl3): § 219.3, 170.7, 170.3, 158.3, 132.5, 130.1, 123.7, 120.6,
112.4,70.6, 58.5, 56.1, 55.5, 52.7, 52.2, 41.7, 39.3, 28.4, 23.6, 19.1, —0.1.

FTIR (NaCl, thin film): 3470, 3083, 2254, 1745, 1732, 1602, 1493, 1456, 1253, 1213,
1173, 1047, 1026, 869, 840, 731 cm™".

HRMS: (ESI-TOF) calc’d for C23H3207SiBr [M+H]" 527.1095, found 527.1093.

[a]3® = +52.6° (c = 1.40, CHCL5).

TLC (20% EtOAc:80% Hexanes), Ry 0.35 (yellow in p-anisaldehyde).
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Preparation of semi-pinacol product 330:

TMSNTf,
2,6-t-Buy-4-MePy

P

CH,Cl,, =78 °C
82% yield

1640 330

Prepared via General Procedure A, 82% yield.

Prepared from 1640 (84.9 mg, 0.17 mmol, 1.0 equiv), 2,6-di-tert-butyl-4-
methylpyridine (14.3 mg, 0.070 mmol, 0.4 equiv), and TMSNTTf, (6.2 mg, 0.017 mmol,
0.1 equiv) at —78 °C for 30 minutes according to method A. The reaction was purified by
column chromatography (silica, 15% Acetone:85% Hexanes) to yield 330 (69.2 mg, 82%
yield) as a clear colorless oil.

'"H NMR (400 MHz, Chloroform-d): § 7.24 (d, J= 2.0 Hz, 1H), 6.44 (d, J= 2.0 Hz, 1H),
4.65 (t,J=2.7Hz, 1H), 3.73 (s, 3H), 3.67 (dd, J=12.9, 7.4 Hz, 1H), 3.43 (s, 3H), 2.62 —
2.35 (m, 4H), 2.32 — 2.11 (m, 3H), 1.98 (tdd, J = 14.4, 3.4, 2.1 Hz, 1H), 1.87 — 1.74 (m,
2H), 0.07 (s, 9H).

13C NMR (126 MHz, CDCl3): 6 215.5,170.8, 170.7, 150.6, 141.1, 115.1, 96.4, 68.9, 56.3,
56.2,53.1,52.8,43.4,39.0, 28.6, 23.8, 19.4, 0.1.

FTIR (NaCl, thin film): 3126, 2954, 1748, 1572, 1434, 1253, 1059, 842 cm’".

HRMS: (ESI-TOF) calc’d for C20H2307SiBr [M+H]" 487.0782, found 487.0798.

[a]3® =+16.7° (c = 1.00, CHCL5).

TLC (15% Acetone:85% Hexanes), Ry 0.27 (purple in p-anisaldehyde).

Preparation of semi-pinacol product 33p:
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TMSNTf,
2,6-+-Buy-4-MePy

CH,Cl,, ~78°C
92% yield

Prepared via General Procedure B, 92% yield.

Prepared from 164p (66.3 mg, 0.091 mmol, 1.0 equiv), 2,6-di-tert-butyl-4-
methylpyridine (20.6 mg, 0.10 mmol, 1.1 equiv), and TMSNTT; (16.1 mg, 0.046 mmol,
0.5 equiv) at —78 °C for 4 hours according to method B. The reaction was purified by
column chromatography (silica, 15% EtOAc:85% Hexanes) to yield 33p (60.8 mg, 92%
yield) as a white foam.

'"H NMR (500 MHz, Chloroform-d): 5 7.27 (d,J= 8.2 Hz, 1H), 7.00 (dd, J = 8.6, 2.8 Hz,
1H), 6.96 (d, J = 2.7 Hz, 1H), 5.56 (dd, J = 3.6, 1.6 Hz, 1H), 4.40 (s, 1H), 3.75 (s, 3H),
3.62 (s,3H), 3.34 (t,J=9.9 Hz, 1H), 2.93 —2.87 (m, 2H), 2.44 — 2.36 (m, 1H), 2.35-2.29
(m, 2H), 2.29 — 2.18 (m, 3H), 2.18 — 2.03 (m, 4H), 1.99 — 1.89 (m, 2H), 1.76 (d, /= 10.6
Hz, 1H), 1.74 - 1.67 (m, 1H), 1.67 — 1.51 (m, 4H), 1.48 — 1.37 (m, 1H), 1.03 (s, 3H), 0.07
(s, 9H).

13C NMR (126 MHz, CDCl3): § 219.8, 171.3, 171.0, 154.1, 147.7, 141.2, 139.7, 129.4,
126.9, 121.3, 118.2, 70.6, 58.7, 56.5, 56.3, 52.6, 52.5, 48.5, 43.8, 43.7, 39.0, 36.8, 36.2,
31.2,29.6, 28.1, 27.1, 26.5, 24.5, 20.0, 17.9, 0.2.

F NMR (376 MHz, CDCls): 5 73.0.

FTIR (NaCl, thin film): 2952, 1741, 1605, 1490, 1423, 1250, 1211, 1143, 919, 843, 756

cml.
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HRMS: (ESI-TOF) calc’d for C3sHasF300SSi [M+H]" 727.2578, found 727.2581.
[a]3® = +51.4° (¢ = 1.00, CHCL5).

TLC (15% EtOAc:85% Hexanes), Rz 0.31 (dark blue in p-anisaldehyde).

Preparation of semi-pinacol product 33q:

TMSNTf,
2,6-+Buy-4-MePy

CH,Clp, ~78 °C
93% yield

164q 33q

Prepared via General Procedure C, 93% yield.

Prepared from 164q (62.4 mg, 0.12 mmol, 1.0 equiv), 2,6-di-tert-butyl-4-
methylpyridine (24.1 mg, 0.12 mmol, 1.0 equiv), and TMSNTT; (12.5 mg, 0.035 mmol,
0.3 equiv) at —78 °C for 4 hours according to method C. The reaction was directly
subjected to column chromatography (silica, 100% CH>CL) to yield 33q (58.2 mg, 93%
yield) as a white foam.

'"H NMR (500 MHz, Chloroform-d): § 5.35 (dt, J=9.2, 2.9 Hz, 1H), 4.20 (s, 1H), 3.72
(s,3H),3.72 (dd, /= 12.1, 8.2 Hz, 1H), 3.63 (s, 3H), 2.55 — 2.45 (m, OH), 2.43 — 2.08 (m,
6H), 2.07 — 1.96 (m, 3H), 1.93 — 1.80 (m, 3H), 1.73 (dq, J = 14.6, 3.4 Hz, 1H), 1.70 — 1.65
(m, 1H), 1.61 (dt, J=11.4,4.1 Hz, 1H), 1.02 (s, 3H), 1.01 (s, 3H), 0.89 (d, /= 7.1 Hz, 3H),
0.63 (dd, J=11.5,9.3 Hz, 1H), 0.06 (s, 9H).

13C NMR (126 MHz, CDCl3): 6 219.8, 171.2, 170.6, 141.9, 127.1, 72.2, 61.2, 56.1, 52.8,
52.5,49.7,42.8, 42.5, 39.3, 33.8, 33.5, 33.2, 30.0, 28.4, 27.5, 26.2, 24.2, 23.2, 19.4, 19.0,

18.4,15.5,0.3.
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FTIR (NaCl, thin film): 2952, 2870, 1736, 1457, 1251, 1056, 836, 750 cm’".
HRMS: (ESI-TOF) calc’d for C30H4s06SiNa [M+Na]* 553.2956, found 553.2948.
[a]3® = —43.1° (¢ = 1.00, CHCl).

TLC (10% EtOAc:90% Hexanes), Ry 0.31 (navy blue in p-anisaldehyde).

Preparation of semi-pinacol product 166a:

TMSNTY, Q
2,6-t-Buy-4-MePy
o "'"Me \—OTIPS
CH,Cly, 0°C

93% yield “oTMS

165a’ 166a

Prepared via General Procedure A, 93% yield.

Prepared from 165a’ (52.7 mg, 0.12 mmol, 1.0 equiv), 2,6-di-tert-butyl-4-

methylpyridine (9.9 mg, 0.048 mmol, 0.4 equiv), and TMSNTT; (4.2 mg, 0.012 mmol,

382

0.1 equiv) at 0 °C for 30 minutes according to method A. The reaction was purified by

column chromatography (silica, 1.5% Acetone:98.5% Hexanes) to yield 166a (48.8 mg,

93% yield) as a clear colorless oil.

'"H NMR (400 MHz, Chloroform-d): § 4.32 (t,J= 5.2 Hz, 1H), 4.22 — 4.07 (m, 2H), 2.64

—2.52 (m, 1H), 2.52 —2.21 (m, 5H), 2.04 (dddd, J = 13.0, 9.4, 6.6, 4.9 Hz, 1H), 1.86 — 1.67

(m, 3H), 1.10 (s, 3H), 1.09 — 1.02 (m, 21H), 0.10 (s, 9H).

13C NMR (101 MHz, CDCl3): § 219.6, 138.3, 136.1, 78.4, 60.8, 56.4, 36.2, 35.5, 35.1,

28.6,21.4,18.2,15.6,12.1,0.1.

FTIR (NaCl, thin film): 2939, 2865, 1746, 1652, 1462, 1251, 1094, 1064, 880, 848, 842

cml.
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HRMS: (ESI-TOF) calc’d for C24H4703Si2 [M+H]" 439.3064, found 439.3079.

TLC (10% EtOAc:90% Hexanes), Ry 0.58 (dark blue in p-anisaldehyde).

Preparation of semi-pinacol product 166b:

TMSNTf, fo)
2,6-t-Buy-4-MePy
> OTIPS
~uMe
CH.Cl,, 0°C
79% yield OTMS

165b’ 166b

OTIPS

Prepared via General Procedure B, 79% yield.

Prepared from 165b’ (57.2 mg, 0.125 mmol, 1.0 equiv), 2,6-di-tert-butyl-4-
methylpyridine (28.2 mg, 0.138 mmol, 1.1 equiv), and TMSNTTf; (22.1 mg, 0.0625
mmol, 0.5 equiv) at 0 °C for 30 minutes according to method B. The reaction was
purified by column chromatography (silica, 1.5% Acetone:98.5% Hexanes) to yield 166b
(44.7 mg, 79% yield) as a clear colorless oil.

'H NMR (400 MHz, Chloroform-d): § 4.17 (dt, J = 4.7, 1.5 Hz, 1H), 4.10 (dt, J = 12.6,
1.2 Hz, 1H), 4.00 (ddd, J=12.5, 2.2, 1.1 Hz, 1H), 2.67 (ddd, J=13.4, 12.0, 6.5 Hz, 1H),
2.61 —2.31 (m, 4H), 2.26 (dddd, J=13.4,4.9, 3.5, 1.5 Hz, 1H), 2.04 (ddt, /= 24.1, 11.9,
4.8, 3.7 Hz, 1H), 1.90 (tdd, J = 12.1, 4.0, 1.8 Hz, 1H), 1.82 — 1.70 (m, 2H), 1.66 (dtt, J =
13.5, 5.3, 2.7 Hz, 1H), 1.08 (s, 3H), 1.06 — 0.99 (m, 21H), 0.19 — 0.11 (m, 1H), 0.06 (s,
9H).

13C NMR (101 MHz, CDCl): § 214.5, 138.1, 137.3, 77.9, 60.0, 57.5, 39.3, 35.4, 34.9,

299,21.6,214,194,18.1,12.1,0.2.
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FTIR (NaCl, thin film): 2943, 2893, 2867, 1714, 1660, 1463, 1251, 1103, 1079, 1067,
986, 840 cm’!.
HRMS: (FI-TOF) calc’d for C25HasO3Si2 [M]"452.3137, found 452.3137.

TLC (10% EtOAc:90% Hexanes), Ry 0.58 (dark pink in p-anisaldehyde).

Preparation of aromatic intermediate 167:

KsPO, ™S
DavePhos-Pd-G3 0 —

—_— —_—
PhMe MeO.C
80 °C OMe

¢ MeO,C
65% yield
o
33n 167

A 40 mL vial was charged with aryl bromide 33n (480 mg, 0.910 mmol, 1.0 equiv)
and was brought into a glovebox. The vial was charged with K3PO4 (882 mg, 3.64 mmol,
4.0 equiv), DavePhos-Pd-G3 (69.5 mg, 0.091 mmol, 10 mol %), and lastly PhMe (23 mL,
0.04 M). The vial was sealed, brought out of the glovebox, and placed inside an 80 °C oil
bath. The reaction was allowed to stir for 15 hours. Note: it is extremely important to
maintain vigorous stirring. A cross-shaped stir bar was used in this reaction. When the
stirring was not vigorous incomplete conversion was observed. The reaction was cooled to
21 °C and filtered through a plug of silica gel that had pre-saturated with Et,O. The crude
product was purified by column chromatography (silica, 15% to 18% to 20% EtOAc in
hexanes gradient) to afford 167 (264 mg, 0.592 mmol, 65% yield) as a white solid.

The material was recrystallized from Et;O to afford crystals suitable for X-ray

diffraction analysis.
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Note: This reaction was initially developed and performed on racemic material and the X-
ray structure was obtained was on racemic material. The route was repeated and fully
characterized using enantiopure epoxyketone 31.
'"H NMR (500 MHz, Chloroform-d): 6 7.12 (d, J= 8.4 Hz, 1H), 6.84 (d, /= 2.4 Hz, 1H),
6.79 (dd, J = 8.3, 2.5 Hz, 1H), 4.53 (dd, J = 10.0, 5.8 Hz, 1H), 3.79 (s, 3H), 3.73 (s, 3H),
3.67 (s, 3H), 3.36 (d, /J=4.4 Hz, 1H), 2.58 (dt, J = 12.6, 4.6 Hz, 1H), 2.42 — 2.34 (m, 1H),
2.05—-1.89 (m, 4H), 1.53 (dd, J=12.4, 11.1 Hz, 1H), 0.11 (s, 9H).
13C NMR (126 MHz, CDCl3): 5 199.5, 171.8, 170.4, 158.8, 142.4, 133.5, 121.5, 112.3,
107.1, 67.9, 56.8, 55.4 (two 13C signals), 52.7, 52.3, 49.0, 43.1, 30.3, 28.7, 28.5, 0.7.
FTIR (NaCl, thin film): 2954, 1790, 1779, 1738, 1732, 1609, 1484, 1455, 1251, 1121,
1043, 908, 875, 842, 732 cm’!.
HRMS: (ESI-TOF) calc’d for C23H3107Si [M+H]" 447.1834, found 447.1824.
[a]3® =+51.7° (¢ = 0.78, CHCL5).
TLC (20% EtOAc:80% Hexanes), Ry: 0.35 (UV, brown in I stain) Note: does not appear
in p-anisaldehyde or CAM.
X-Ray Crystallographic Data

Low-temperature diffraction data (¢- and w-scans) were collected on a Bruker
AXS D8 VENTURE KAPPA diffractometer coupled to either a PHOTON 100 CMOS
detector with Mo-K « radiation (A =0.71073 A) or a PHOTON II CPAD detector with
either Mo-K o radiation (1= 0.71073 A) or Cu-K ¢ radiation (1= 1.54178 A) from a fine-
focus sealed X-ray tube. All diffractometer manipulations, including data collection

integration, and scaling were carried out using the Bruker APEXII software.®® Absorption
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corrections were applied using SADABS.”® The structure was solved by intrinsic phasing
using SHELXT”! and refined against 2 on all data by full-matrix least squares with
SHELXL-20147? using established refinement techniques.” All non-hydrogen atoms
were refined anisotropically. All hydrogen atoms were included into the model at
geometrically calculated positions and refined using a riding model. The isotropic
displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value of the
atoms they are linked to (1.5 times for methyl and hydroxyl groups). Absolute
configuration was determined by anomalous dispersion’* and confirmed by Bayesian
statistical analysis using the program PLATON.”> Graphical representation of the
structure with 50% probability thermal ellipsoids was generated using Mercury
visualization software.

CRYSTALLOGRAPHIC ANALYSIS OF 167

Special Refinement Details

Rendering of 167.

Figure 3.4. X-Ray structure of 167.
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Compound 167 crystallizes in the orthorhombic space group Pbca with one

molecule in the asymmetric unit. CCDC 2224814.

Table 3.3. Crystal data and structure refinement for 167.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.000°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(])]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

P16149

C23H3007Si

446.56

100 K

0.71073 A

Orthorhombic

Pbca

a=18.2041(15) A o =90°.
b=12.7693(13) A B=90°.
c=19.5076(18) A v=90°.
4534.6(7) A3

8

1.308 Mg/m3

0.145 mm-!

1904

0.188 x 0.151 x 0.05 mm3

2.210 to 32.037°.

-27<=h<=27, -17<=k<=18, -29<=1<=26
135898

7877 [R(int) = 0.0810]

99.8 %

Semi-empirical from equivalents
0.7468 and 0.6970

Full-matrix least-squares on F?

7877/0 /287

1.090

R1=0.0443, wR2 = 0.0997
R1=0.0621, wR2 =0.1053

0.0014(3)

0.412 and -0.287 e. A3

387



Chapter 3 — A Convergent Fragment Coupling Strategy to Access Quaternary Stereogenic ~ 388
Centers

3.5 NOTES AND REFERENCES

(1) Kerkovius, J.; Wong, A.; Mak, V.; Reisman, S. E. A Convergent Fragment
Coupling Strategy to Access Quaternary Stereogenic Centers. Chem. Sci. 2023.

(2)  Peterson, E. A.; Overman, L. E. Contiguous Stereogenic Quaternary Carbons: A
Daunting Challenge in Natural Products Synthesis. Proc. Natl. Acad. Sci. 2004,
101, 11943-11948.

(3) Hendrickson, J. B. Systematic Synthesis Design. 6. Yield Analysis and
Convergency. J. Am. Chem. Soc. 1977, 99, 5439-5450.

(4) Bertz, S. H. Convergence, Molecular Complexity, and Synthetic Analysis. J. Am.
Chem. Soc. 1982, 104, 5801-5803.

(5) Velluz, L.; Valls, J.; Nominé, G. Recent Advances in the Total Synthesis of
Steroids. Angew. Chem. Int. Ed. Engl. 1965, 4, 181-200.

(6) Urabe, D.; Asaba, T.; Inoue, M. Convergent Strategies in Total Syntheses of
Complex Terpenoids. Chem. Rev. 2015, 115, 9207-9231.

(7)  Tomanik, M.; Hsu, 1. T.; Herzon, S. B. Fragment Coupling Reactions in Total
Synthesis That Form Carbon—Carbon Bonds via Carbanionic or Free Radical
Intermediates. Angew. Chem. Int. Ed. 2021, 60, 1116-1150.

(8)  Huffman, B. J.; Chu, T.; Hanaki, Y.; Wong, J. J.; Chen, S.; Houk, K. N.; Shenvi,
R. A. Stereodivergent Attached-Ring Synthesis via Non-Covalent Interactions: A
Short Formal Synthesis of Merrilactone A. Angew. Chem. Int. Ed. 2022, 61,
€202114514.

(9) E.J. Corey, X.-M. C. The Logic of Chemical Synthesis; Wiley: New York, 1995.

(10) Li, D.R.; Xia, W. J.; Tu, Y. Q.; Zhang, F. M.; Shi, L. A Novel AlEt3-Promoted
Tandem Reductive Rearrangement of 1-Benzyloxy-2,3-Epoxides: New Route to 2-
Quaternary 1,3-Diol Units. Chem. Commun. 2003, No. 6, 798-799.

(11) Lee, S.; Kim, K.; Cha, J. A Semi-Pinacol Rearrangement Approach to
Bicyclo[3.2.1]Octan-2-Ones and Bicyclo[3.2.1]Octan-3-Ones. Synlett 2008, 2008,
2155-2157.

(12) Hu, X.-D.; Fan, C.-A.; Zhang, F.-M.; Tu, Y. Q. A Tandem Semipinacol
Rearrangement/Alkylation of a-Epoxy Alcohols: An Efficient and Stereoselective
Approach to Multifunctional 1,3-Diols. Angew. Chem. Int. Ed. 2004, 43, 1702—
1705.

(13) Liu, Y.; Tse, Y.-L. S.; Kwong, F. Y.; Yeung, Y.-Y. Accessing Axially Chiral
Biaryls via Organocatalytic Enantioselective Dynamic-Kinetic Resolution-
Semipinacol Rearrangement. ACS Catal. 2017, 7, 4435-4440.

(14) Li, X.; Wu, B.; Zhao, X. Z.; Jia, Y. X.; Tu, Y. Q.; Li, D. R. An Interesting AIEt3-
Promoted Stereoselective Tandem Rearrangement/Reduction of a-Hydroxy (or
Amino) Heterocyclopropane. Synlett 2003, 2003, 623—626.

(15) Snape, T. J. Application of the Semi-Pinacol Rearrangement towards the
Generation of Alkenyl-Substituted Quaternary Carbon Centres. Org. Biomol.
Chem. 2006, 4, 4144-4148.



Chapter 3 — A Convergent Fragment Coupling Strategy to Access Quaternary Stereogenic 389
Centers

(16) Wu, H.; Wang, Q.; Zhu, J. Catalytic Enantioselective Pinacol and Meinwald
Rearrangements for the Construction of Quaternary Stereocenters. J. Am. Chem.
Soc. 2019, 141, 11372-11377.

(17) Marson, C. M.; Khan, A.; Porter, R. A.; Cobb, A. J. A. Construction of
Functionalised Medium Rings by Stereospecific Expansions of 2,3-Epoxy
Alcohols under Mild Conditions. Tetrahedron Lett. 2002, 43, 6637-6640.

(18) Liu, M.; Huang, H.; Chen, Y. Cyclic lodine Reagents Enable Allylic Alcohols for
Alkyl Boronate Addition/Rearrangement by Photoredox Catalysis. Chin. J. Chem.
2018, 36, 1209-1212.

(19) Chen, C.; Kang, J.-C.; Mao, C.; Dong, J.-W.; Xie, Y.-Y.; Ding, T.-M.; Tu, Y.-Q.;
Chen, Z.-M.; Zhang, S.-Y. Electrochemical Halogenation/Semi-Pinacol
Rearrangement of Allylic Alcohols Using Inorganic Halide Salt: An Eco-Friendly
Route to the Synthesis of B-Halocarbonyls. Green Chem. 2019, 21, 4014—4019.

(20) Lukamto, D. H.; Gaunt, M. J. Enantioselective Copper-Catalyzed Arylation-Driven
Semipinacol Rearrangement of Tertiary Allylic Alcohols with Diaryliodonium
Salts. J. Am. Chem. Soc. 2017, 139, 9160-9163.

(21) Romanov-Michailidis, F.; Pupier, M.; Guénée, L.; Alexakis, A. Enantioselective
Halogenative Semi-Pinacol Rearrangement: A Stereodivergent Reaction on a
Racemic Mixture. Chem. Commun. 2014, 50, 13461-13464.

(22) Namba, K.; Kanaki, M.; Suto, H.; Nishizawa, M.; Tanino, K. Hg(OTf)2-Catalyzed
Vinylogous Semi-Pinacol Rearrangement Leading to 1,4-Dihydroquinolines. Org.
Lett. 2012, 14, 1222—-1225.

(23) Wang, B. M.; Song, Z. L.; Fan, C. A.; Tu, Y. Q.; Shi, Y. Lewis Acid Promoted
Highly Stereoselective Rearrangement of 2,3-Aziridino Alcohols: A New Efficient
Approach to B-Amino Carbonyl Compounds. Org. Lett. 2002, 4, 363-366.

(24) Shimazaki, M.; Hara, H.; Suzuki, K.; Tsuchihashi, G. On the Use of Epoxy
Alcohol-Aldol Rearrangement for Stereoselective Construction of Quarternary
Carbon Centers. Tetrahedron Lett. 1987, 28, 5891-5894.

(25) Yao, S.; Zhang, K.; Zhou, Q.-Q.; Zhao, Y.; Shi, D.-Q.; Xiao, W.-J. Photoredox-
Promoted Alkyl Radical Addition/Semipinacol Rearrangement Sequences of
Alkenylcyclobutanols: Rapid Access to Cyclic Ketones. Chem. Commun. 2018, 54,
8096-8099.

(26) Fan, C.-A.; Hu, X.-D.; Tu, Y.-Q.; Wang, B.-M.; Song, Z.-L. Progressive Studies
on the Novel Samarium-Catalyzed Diastereoselective Tandem Semipinacol
Rearrangement/Tishchenko Reduction of Secondary a-Hydroxy Epoxides. Chem.
— Eur. J. 2003, 9,4301-4310.

(27) Cheer, C. J.; Johnson, C. R. Stereoselective Rearrangements of Conformationally
Mobile Epoxides. J. Am. Chem. Soc. 1968, 90, 178—183.

(28) Tu,Y.Q.; Sun, L. D.; Wang, P. Z. Stereoselective Reductive Rearrangement of a-
Hydroxy Epoxides: A New Method for Synthesis of 1,3-Diolsl. J. Org. Chem.
1999, 64, 629-633.

(29) Hirama, N.; Sakamoto, R.; Maruoka, K. Synthesis of a-Quaternary Aldehydes via
a Stereoselective Semi-Pinacol Rearrangement of Optically Active Epoxy
Alcohols. Asian J. Org. Chem. 2019, 8, 1390-1393.



Chapter 3 — A Convergent Fragment Coupling Strategy to Access Quaternary Stereogenic 390
Centers

(30) Gu, P.; Zhao, Y.-M.; Tu, Y. Q.; Ma, Y.; Zhang, F. Tandem Semipinacol/Schmidt
Reaction Leading to a Versatile and Efficient Approach to Azaquaternary Alkaloid
Skeletons. Org. Lett. 2006, 8, 5271-5273.

(31) Tu,Y.Q.; Fan, C. A.; Ren, S. K.; Chan, A. S. C. Zinc Bromide as Catalyst for the
Stereoselective Construction of Quaternary Carbon: Improved Synthesis of
Diastereomerically Enriched Spirocyclic Diols. J. Chem. Soc. Perkin 1 2000, No.
22,3791-3794.

(32) Yang, M.; Wang, L.; He, Z.-H.; Wang, S.-H.; Zhang, S.-Y.; Tu, Y.-Q.; Zhang, F.-
M. Tandem Semipinacol-Type 1,2-Carbon Migration/Aldol Reaction toward the
Construction of [5—6—7] All-Carbon Tricyclic Core of Calyciphylline A-Type
Alkaloids. Org. Lett. 2012, 14, 5114-5117.

(33) Tanino, K.; Onuki, K.; Asano, K.; Miyashita, M.; Nakamura, T.; Takahashi, Y.;
Kuwajima, I. Total Synthesis of Ingenol. J. Am. Chem. Soc. 2003, 125, 1498—1500.

(34) J. Snape, T. Recent Advances in the Semi-Pinacol Rearrangement of a-Hydroxy
Epoxides and Related Compounds. Chem. Soc. Rev. 2007, 36, 1823—1842.

(35) Wang, B.; Tu, Y. Q. Stereoselective Construction of Quaternary Carbon
Stereocenters via a Semipinacol Rearrangement Strategy. Acc. Chem. Res. 2011,
44,1207-1222.

(36) Song, Z.-L.; Fan, C.-A.; Tu, Y.-Q. Semipinacol Rearrangement in Natural Product
Synthesis. Chem. Rev. 2011, 111, 7523-7556.

(37) Zhang, X.-M.; Tu, Y.-Q.; Zhang, F.-M.; Chen, Z.-H.; Wang, S.-H. Recent
Applications of the 1,2-Carbon Atom Migration Strategy in Complex Natural
Product Total Synthesis. Chem. Soc. Rev. 2017, 46, 2272-2305.

(38) Zhang, X.-M.; Li, B.-S.; Wang, S.-H.; Zhang, K.; Zhang, F.-M.; Tu, Y.-Q. Recent
Development and Applications of Semipinacol Rearrangement Reactions. Chem.
Sci. 2021, 12, 9262-9274.

(39) Cernijenko, A.; Risgaard, R.; Baran, P. S. 11-Step Total Synthesis of (—)-
Maoecrystal V. J. Am. Chem. Soc. 2016, 138, 9425-9428.

(40) Wong, A. R.; Fastuca, N. J.; Mak, V. W.; Kerkovius, J. K.; Stevenson, S. M.;
Reisman, S. E. Total Syntheses of the C19 Diterpenoid Alkaloids (—)-Talatisamine,
(—)-Liljestrandisine, and (—)-Liljestrandinine by a Fragment Coupling Approach.
ACS Cent. Sci. 2021, 7, 1311-1316.

(41) Mathieu, B.; Ghosez, L. Trimethylsilyl Bis(Trifluoromethanesulfonyl)Imide as a
Tolerant and Environmentally Benign Lewis Acid Catalyst of the Diels—Alder
Reaction. Tetrahedron 2002, 58, 8219-8226.

(42) Fox, J. M.; Huang, X.; Chieffi, A.; Buchwald, S. L. Highly Active and Selective
Catalysts for the Formation of a-Aryl Ketones. J. Am. Chem. Soc. 2000, 122,
1360-1370.

(43) Dank, C.; Sanichar, R.; Choo, K.-L.; Olsen, M.; Lautens, M. Recent Advances
Towards Syntheses of Diterpenoid Alkaloids. Synthesis 2019, 51, 3915-3946.

(44) Kou, K. G. M.; Li, B. X,; Lee, J. C.; Gallego, G. M.; Lebold, T. P.; DiPasquale, A.
G.; Sarpong, R. Syntheses of Denudatine Diterpenoid Alkaloids: Cochlearenine,
N-Ethyl-1a-Hydroxy-17-Veratroyldictyzine, and Paniculamine. J. Am. Chem. Soc.
2016, 738, 10830-10833.



Chapter 3 — A Convergent Fragment Coupling Strategy to Access Quaternary Stereogenic ~ 391
Centers

(45) Still, W. C.; Kahn, M.; Mitra, A. Rapid Chromatographic Technique for
Preparative Separations with Moderate Resolution. J. Org. Chem. 1978, 43, 2923—
2925.

(46) Kamachi, T.; Kuno, A.; Matsuno, C.; Okamoto, S. Cobalt-Catalyzed Mono-
Coupling of R3SiCH2MgCl1 with 1,2-Dihalogenoethylene: A General Route to y-
Substituted (E)-Allylsilanes. Tetrahedron Lett. 2004, 45, 4677-4679.

(47) Amer, M. M.; Olaizola, O.; Carter, J.; Abas, H.; Clayden, J. An Aliphatic
Bischler—Napieralski Reaction: Dihydropyridones by Cyclocarbonylation of 3-
Allylimidazolidin-4-Ones. Org. Lett. 2020, 22, 253-256.

(48) Pericas, M. A.; Serratosa, F.; Valenti, E. An Efficient Synthesis of Tert-
Alkoxyethynes. Tetrahedron 1987, 43, 2311-2316.

(49) Stalick, W. M.; Khorrami, A.; Hatton, K. S. Dehydrobromination of 1,2-
Dibromoethyoxyethane Using Various Amine Bases. J. Org. Chem. 1986, 51,
3577-3581.

(50) Shirakawa, E.; Imazaki, Y.; Hayashi, T. Ruthenium-Catalyzed Transformation of
Alkenyl Triflates to Alkenyl Halides. Chem. Commun. 2009, No. 34, 5088.

(51) Zhan, F.; Liang, G. Formation of Enehydrazine Intermediates through Coupling of
Phenylhydrazines with Vinyl Halides: Entry into the Fischer Indole Synthesis.
Angew. Chem. Int. Ed. 2013, 52, 1266—1269.

(52) Lee, K.; Wiemer, D. F. The Reaction of Vinyl Phosphates with
Iodotrimethylsilane: Synthesis of Vinyl lodides from Ketones. Tetrahedron Lett.
1993, 34, 2433-2436.

(53) Ojha, D. P.; Prabhu, K. R. Regioselective Synthesis of Vinyl Halides, Vinyl
Sulfones, and Alkynes: A Tandem Intermolecular Nucleophilic and Electrophilic
Vinylation of Tosylhydrazones. Org. Lett. 2015, 17, 18-21.

(54) Despotopoulou, C.; Bauer, R. C.; Krasovskiy, A.; Mayer, P.; Stryker, J. M.;
Knochel, P. Selective Mono- and 1,2-Difunctionalisation of Cyclopentene
Derivatives via Mg and Cu Intermediates. Chem. — Eur. J. 2008, 14, 2499-2506.

(55) Harrowven, D. C.; Pascoe, D. D.; Guy, I. L. Thermally Induced Cyclobutenone
Rearrangements and Domino Reactions. Angew. Chem. Int. Ed. 2007, 46, 425—
428.

(56) Pijper, T. C.; Kudernac, T.; Browne, W. R.; Feringa, B. L. Effect of
Immobilization on Gold on the Temperature Dependence of Photochromic
Switching of Dithienylethenes. J. Phys. Chem. C 2013, 117, 17623—17632.

(57) Han, A.; Tao, Y.; Reisman, S. E. A 16-Step Synthesis of the Isoryanodane
Diterpene (+)-Perseanol. Nature 2019, 573, 563-567.

(58) Yang, Q.; Sheng, M.; Henkelis, J. J.; Tu, S.; Wiensch, E.; Zhang, H.; Zhang, Y .;
Tucker, C.; Ejeh, D. E. Explosion Hazards of Sodium Hydride in Dimethyl
Sulfoxide, N,N-Dimethylformamide, and N,N-Dimethylacetamide. Org. Process
Res. Dev. 2019, 23, 2210-2217.

(59) Tessier, P. E.; Nguyen, N.; Clay, M. D.; Fallis, A. G. Aryl Annulation of Cyclic
Ketones via a Magnesium Carbometalation—6-n- Electrocyclization Protocol. Org.
Lett. 2005, 7, 767-770.



Chapter 3 — A Convergent Fragment Coupling Strategy to Access Quaternary Stereogenic ~ 392
Centers

(60) Hofstra, J. L.; Poremba, K. E.; Shimozono, A. M.; Reisman, S. E. Nickel-
Catalyzed Conversion of Enol Triflates into Alkenyl Halides. Angew. Chem. Int.
Ed. 2019, 58, 14901-14905.

(61) Tessier, P. E.; Nguyen, N.; Clay, M. D.; Fallis, A. G. Aryl Annulation of Cyclic
Ketones via a Magnesium Carbometalation—6-n- Electrocyclization Protocol. Org.
Lett. 2005, 7, 767-770.

(62) Mikle, G.; Boros, B.; Kollar, L. Synthesis of Bornene-2,2'-Diamino-1,1'-
Binaphthalene Conjugates in Palladium-Catalysed Aminocarbonylations.
Tetrahedron Asymmetry 2016, 27, 377-383.

(63) Carr, R. V. C.; Williams, R. V.; Paquette, L. A. Dienophilic Properties of Phenyl
Vinyl Sulfone and Trans-1-(Phenylsulfonyl)-2-(Trimethylsilyl)Ethylene. Their
Utilization as Synthons for Ethylene, 1-Alkenes, Acetylene, and Monosubstituted
Alkynes in the Construction of Functionalized Six-Membered Rings via [4 + 2] .Pi.
Cycloaddition Methodology. J. Org. Chem. 1983, 48, 4976—4986.

(64) Komatsu, K.; Aonuma, S.; Jinbu, Y.; Tsuji, R.; Hirosawa, C.; Takeuchi, K.
Generation and Oligomerization of Bicyclo[2.2.2]Octyne and Properties of
Tris(Bicyclo[2.2.2]Octeno)Benzene Obtained from the Linear Trimer. J. Org.
Chem. 1991, 56, 195-203.

(65) Sun, Q.; Jiang, C.; Xu, H.; Zhang, Z.; Liu, L.; Wang, C. Pd(PPh3)4/AgOAc-
Catalyzed Coupling of 17-Steroidal Triflates and Alkynes: Highly Efficient
Synthesis of D-Ring Unsaturated 17-Alkynylsteroids. Steroids 2010, 75, 936-943.

(66) Duhamel, N.; Martin, D.; Larcher, R.; Fedrizzi, B.; Barker, D. Convenient
Synthesis of Deuterium Labelled Sesquiterpenes. Tetrahedron Lett. 2016, 57,
4496-4499.

(67) Kraft, P.; Berthold, C. (4E,8Z)-12-Methyloxacyclotetradeca-4,8-Dien-2-One and
Its 7a-Homologue: Conformationally Constrained Double-Unsaturated
Macrocyclic Musks by Ring-Closing Alkyne Metathesis. Synthesis 2008, 2008,
543-550.

(68) Lhermet, R.; Durandetti, M.; Maddaluno, J. Intramolecular Carbonickelation of
Alkenes. Beilstein J. Org. Chem. 2013, 9, 710-716.

(69) APEX2, Version 2 User Manual, M86-E01078, Bruker Analytical X-Ray Systems,
Madison, WI, 2006.

(70)  Sheldrick, G.M. SADABS (Version 2008/1): Program for Absorption Correction
for Data from Area Detector Frames, University of Géttingen, 2008.

(71)  Sheldrick, G. Acta Crystallogr., Sect. A: Found. Crystallogr. 2008, 64, 112.

(72) Sheldrick, G. M. Acta Crystallogr., Sect. C: Struct. Chem. 2015, C71, 3.

(73) Miiller, P. Crystallogr. Rev. 2009, 15, 57.

(74) Parsons, S.; Flack, H. D.; Wagner, T. Acta Crystallogr., Sect. B: Struct. Sci. Cryst.
Eng. Mater. 2013, B69, 249.

(75) Spek, A. L. Acta Crystallogr., Sect. D: Struct. Biol. 2009, D65, 148.



Appendix 2 — Spectra Relevant to Chapter 3 393

Appendix 2

Spectra Relevant to Chapter 3:

A convergent fragment coupling strategy to access quaternary
stereogenic centers



394

Appendix 2 — Spectra Relevant to Chapter 3

wdd

s oo 50 L s oz sz oe se or sy os ss oo se oL st oe se os s o S0
N S S R
N 5 5 i g
2 g 8 8 8
i rh i iy i

[
€81
ig
SdILO

HL SN9ANN 8

€1°00% Aousanbaiy Jelowolloeds £

9l SUBDS JO JaquinN 9

(Z 50-a-4'8H-G9 +S00¥ 088 ddD) §¥00 €29221Z 8qold §

ak swuedx3 ¢

o0ebz @ousnbag asind €

0's62 ainjesadwa] g

€10a0 HUBAIOS |

- - H H - anfep Jeloweled

3 S &2 @




395

Appendix 2 — Spectra Relevant to Chapter 3

¢ O) 8 0z sz 0¢ st Oy @ 05 S8 00 9 O/ S 03 9B 06 5 00 SOb Oh SH ozh Sgh OEL GEL Ol Sl OSh 9L 09 G9L 0L SL 081 @1 0L G6L 00C ST Oiz siz O
€81
ig
SdILO

ogl snsjonN 8

G9'Ggl Aouanbaid Jolowonoads £

000% SUBOS JO JoquinN 9

166/X0INE agoid §

ak juswnadx3y

Indgs @ouanbag asind €

0'se ainjesadwsa] g

| N | | €1opo wans |

= S0R 0 s 2 = N anjep J910Weled

© o i w Y W o S
3 8 % b M & Y a




396

Appendix 2 — Spectra Relevant to Chapter 3

(wdd) 14

96'0—

v8'€

ogL—

€Tl

8eL—

se'L
8zl
L0'L
e

60l
v
¥

—_— F-oo1

981
SN
SN
—
ig
HiE snajonN
€001 Aousnbai4 Jejewoioads
9l SUBOS JO JaquinN
(Z 50-a-4'8H-G9 +S00¥ 0G4 ddD) §¥00 €29221Z 9qoid
ak Juswiadxy
oebz 9ouanbag as|nd
1,62 ainjesadwa]
€10ad juanjos
.7‘V K h 7\v .,,, X anjep Jejewelied
Bl 8

- N M T 0w O N~ oo



397

Appendix 2 — Spectra Relevant to Chapter 3

(wdd) 14

oL 014 oe oy 0s 09 (074 08 06 ooL OoLL ozl O€L (943 0osL ool (0745 osL o6l o(
1 1 1 1 1 1 1 1 1 R I R 1 R I R I 1 R 1 I R 1 1 R 1
I I T | o
981
SN
SN
——
ig
ogl SNdONN 8
29°00} Aousnbai4 Jalowonoads £
952 SUBOS JO JoaquinN 9
(Z 50-a-4'8H-G9 +S00¥ 0G4 ddD) §¥00 €29221Z 8qoid §
ak juswnadx3y
oebdbz @ouanbag asind €
262 ainesadwa) g
i i \f i i i €10ad jusAjos |
S g 5 a S anjep Jejewelied
3 8 38 3 a3 a g



398

Appendix 2 — Spectra Relevant to Chapter 3

(wdd) 14

00 S0 oL Sl (ox4 (o)) g9 0L SL 08 g8 06 g6
I 1 1 1 1 R R R 1 R 1 R 1 R 1 R 1 R 1 I R 1
[ oz =
B 3833 8
W VNS W
-
eg9l
O,
SN
o
HL SNSPNN 8
€1°00% Aousnbai4 Jejewonoads 2
9l SUBOS JO JoaquinN 9
(Z 50-a-4'9H-88 +S00r 098 ddO) Y00 €29221Z 8qoid §
ak juswnadx3y
oebz @ouanbag asind €
1’262 ainesadwa) g
€10a0 UBAI0S |
1 iL H .:V & anjep Jejewelied
£ &3 Ny N




399

Appendix 2 — Spectra Relevant to Chapter 3

(wdd) 14

oL 0z o€ oy 0S 09 0oL 08 06 ooL OLL ocL oeL ovL 0osL ool (o743 osL o6l 00z oLe
1 1 1 1 1 1 L1 1 1 1 R TR 1 R TR 1 L1 R TR 1 L1 R TR 1 L1 R
y " DV WAL Mo A ol
eg9L
o)
SN
o
ogl SN9IONN 8
29°00L Aouanbaid Jejowonoads £
002 SUBDG JO JaquinN 9
(z S0-Q-4%8H-98 LS00 084 ddD) S¥00 €2922}+Z 9q0ld g
at yuswuedx3y ¥
o0gbdbz @ousnbag asind €
2'l6c ainjesadwa) g
€10ad usAoS |
3 N ® W W anfep Jajoweled ..i,.v
8 ¢ ] EJS H



<
o

400

F-960
}sw =
Tz
4

Frou
F-zol

LrT~_

SGL—
L6L—
Lee—
8T —
SLT—
6ce—
e~
sLe—
g—
9e'G—
88'G

Appendix 2 — Spectra Relevant to Chapter 3

HiE snajonN

19'66% Aouanba.d Jejewoloads

9l SUBOS JO JaquinN

L66.X0Ine 9qoid

ak Juswiadxy

Indgs 9ouanbag as|nd

0¢ ainjesadwa]

€1opo JUEAIS
anjep Jejewelied

- N M T 0w O N~ oo



401

Appendix 2 — Spectra Relevant to Chapter 3

(wdd) 14
08 06 ooL oLL
1 1

oclL
1

o€l
1

oL
1

0SL
1

o9l
1

o/L
1

osL
1

o6l 002 oLe
1 L 1 L 1

Ot

S9'le—

LSET—

LV'6T—

€9'8e—

0y —

9T~
90€S—

8L'GG—

£r9g—"

WeL—

L8'GL—

0000000 00O A0

SLELL

HO-av9l

ozorL

0r'0LL—

00U —

oel
v9'gel
45
L66/x0Ine
ak

Indgs

o€

€1opd

anjep

snapnN
Aouanbai4 Jerowoinoads
SUBDS JO JaquinN

aqoid

Juswiadxy

9ouanbag as|nd
ainjesadwa]

JUBAI0S

Jajaweled

- N M T 0w O N~ oo



402

Appendix 2 — Spectra Relevant to Chapter 3

g'0- 0 S0 ol gl 0c K4 oe g'e ov S 09 g's 09 g9 0L S, o8 g8 06 g6 ooL goL
1 1 1 1 1 R P R | 1 L 1 1 1 1 1 1 N R T
o o [SN) » 22 o ww = = =
3 < 88 8 88 8 88 R 8 8
W PR U P S P A A ¥ oy WL
~ ) w
] ! m
HL SNSPNN 8
19'66% Aouanba.d Jsjowonoads 2
9l SUBOS JO JoaquinN 9
L66/Xx0INe 8qoid §
ak juswnadx3y
Indgs @ouanbag asind €
0e ainesadwa) g
€19pd UBAI0S |
I8 iL iL H H H H o K:,a Aia "i, & anjep Jejewelied
32 g 89 B 2N S s S8 8



(wdd) 14

403

Appendix 2 — Spectra Relevant to Chapter 3

o% oW omr OT owr omr owr om,\ owr omr owr omr omwN okrN Ot
L R e A L A T TR e

ogl snanN 8
9'Gg| Aouanbaid Jalowonoads £
21S SUBDS JO JaquInN 9
L66.X0Ine 8qoid §
ak juswnadx3y
Indgs @ouanbag asind €
0e ainjesadwsa] g
€1opo wans |

b h ,a % % % w\%fmxmm W %. 3 = W .m anjep Jojeweled

© 23 & = 3 838 < & 2 2 au



404

Appendix 2 — Spectra Relevant to Chapter 3

(wdd) 14

g'0- 00 gl 0c ST oe g'e ov S 09 g's 09 g9 0L S, o8 g8 06 g6 ooL goL
1 1 PR R R R R [ E I 1 1 1 1 1 I R A N
SN om ozz2o N = o ° ww = =
88 88 g3/g 8 28 < SE 8 8
W LR A ST PR ) N
T 0 e
HL snapnN 8
19'66% Aouanba.d Jsjowonoads 2
9l SUBDS JO JaquInN 9
L66.X0Ine 8qoid §
ak juswnadx3y
Indgs @ouanbag asind €
0¢ ainjesadwsa] g
€1opd jusAjos |
/\ A f [\ |



(wdd) 14

405

Appendix 2 — Spectra Relevant to Chapter 3

ow ow o% oW omr OT owr omr owr om,\ owr omr owr omr omwN okrN Ot

ogl snanN 8

9'Gg| Aouanbaid Jalowonoads £

000+ SUBDS 4O JequinN 9

L66.X0Ine 8qoid §

ak juswnadx3y

Indgs @ouanbag asind €

0e ainjesadwsa] g

N AN LT L | T e
m m M M m m m m M m m m m M M W m m anjep Jajoweled



(wdd) 14
Sy 0'S S's 09 S99 0L S 08 S8 06 S'6 ooL goL
I e e S s S O I |

406
F-oot

800
8Z1—
e5L—
88—
gee—
89—
8e—
VeV

Appendix 2 — Spectra Relevant to Chapter 3

O°09N
o%0sI
HiE snajonN
£9'66% Aousnbaiy Jejewoioads
9l SUBOS JO JaquinN
166/X0INe agoid
ak Juswiadxy
Indgs 9ouanbag as|nd
0e ainesadwa|
€1opo JUEAIS
anjep Jejewelied

068

- N M T 0w O N~ oo



(wdd) 14

407

Appendix 2 — Spectra Relevant to Chapter 3

o% oW omr OT owr omr owr om,\ owr omr owr omr omwN okrN Ot
ogl snanN 8
9'Gg| Aouanbaid Jalowonoads £
21S SUBDS JO JaquInN 9
L66.X0Ine 8qoid §
ak juswnadx3y
Indgs @ouanbag asind €
0e ainjesadwsa] g
AL LN ] T e
m m Mw m m m Mmm w M M w m mm anjep Jsloweled



408

Appendix 2 — Spectra Relevant to Chapter 3

(wdd) 14

S00

8v'L

BL—

0gc—

€9C—

w
N
<

89—

vLe—

19

g'0- 00 S0 ol gl 0c ST oe g'e ov S 09 g's 09 g9 0L S, o8 g8 06 g6 ooL goL
1 1 1 1 1 - I N [ H N E | 1 1 1 1 1 N R T
® o » o = o ww =
® 8 & g & 8 A 8
L e = ey e A Wi
M
I I v _ | Y
I | I I
a9l
HL snanN 8
£9'66% Aouanbai4 Jajowonoads £
9l SUBOS JO JoaquinN 9
L66.X0Ine 8qoid §
ak juswnadx3y
Indgs @ouanbag asind €
0e ainjesadwsa] g
€1opo wans |
anjep Jejewelied



(wdd) 14

409

Appendix 2 — Spectra Relevant to Chapter 3

oe oy 0s 09 0oL 08 06 ooL oLL ozL O€L oL 0SL ool o/L osL o6l 00C oLe Ot
S T A T S S S A TS S R T U R R
é?%siaigégig{ii (DAL AN i
o9l

ogl SNdONN 8

9'Gg| Aouanbaid Jalowonoads £

21S SUBDS JO JaquInN 9

L66.X0Ine 8qoid §

ak juswnadx3y

Indgs @ouanbag asind €

0e ainjesadwsa] g

AVIND T A ] T e

g 388 g2 2 gg2a 3 N 8 H 33 anjep Jejoweley

838 8838 & S8s® 8 2 g & S



(wdd) 14

410

S00

Appendix 2 — Spectra Relevant to Chapter 3

gl 0c ST oe g'e ov S 09 g's 09 g9 0L S, o8 g8 06 g6 ooL goL
PR R U A N S S S S HE S RS R RN RS E |
N220Ww=N oo o Nw =
988882238 8¢ g 82 3
Fbdg A png Lyl b b i
M
i AR [ !
%08
0%0°IN

HL snanN 8

£9'66% Aouanbai4 Jajowonoads £

9l SUBDS JO JaquInN 9

L66.X0Ine 8qoid §

ak juswnadx3y

Indgs @ouanbag asind €

0e ainesadwa) g

€1opd jusAjos |

PN ES AN Lol | o —

OONNOOoONW oo w o N >
NO-"ON®=N a b N [ a



(wdd) 14

411

Appendix 2 — Spectra Relevant to Chapter 3

o% Jv om ow oW o% oW omr OT owr omr owﬂ om,\ owr omr owr omr omwN okrN Ot
:%:Ei.ij m iiﬁ?%s!.!%aéigsj
ogl snsjonN 8
9'Gg| Aouanbaid Jalowonoads £
0001 SUBDS 4O JequinN 9
L66.X0Ine 8qoid §
ak juswnadx3y
Indgs @ouanbag asind €
0e ainjesadwsa] g
€1opo wans |
m f/ﬂ/% W in iw w\% %7% 3 3 8 2 WW anjep Jsjoweled
388 8 8 SBRR 3 8 2 5 23



412

Appendix 2 — Spectra Relevant to Chapter 3

(wdd) 14

L- g'0- 00 S0 ‘L gl 0c ST oe g'e ov S 09 g's 09 g9 0L S, o8 g8 06 g6 ooL goL
L 1 1 1 I M| I N [ T | 1 1 1 1 1 1 N R T
) N o NNSOS oS Ao o ww oo
> 2 S 83588N88=8 8 82 88
y NTNTEPERRN S YR, Y ol
S
‘iﬁé < -4 Wy
|
HL SNSPNN 8
£9'66% Aouanbai4 Jajowonoads £
9l SUBOS JO JoaquinN 9
L66/Xx0INe 8qoid §
ak juswnadx3y
Indgs @ouanbag asind €
0e ainesadwa) g
€19pd UBAI0S |
° iL iL H A,\VV ﬁ H anfep Jojeweled
§] g & N R 58



(wdd) 14

413

eeT
glzL—
S8~
6712

AN
lzse—
L6z —
vTSE~
goge~"
oLge—
vger—
6125

voze
vz'ss

vees—
ov'L9—
seLL—
rer—

Appendix 2 — Spectra Relevant to Chapter 3

ooL oLL ozL O€L oL 0SL ool o/L osL o6l 00C oLe Ot
1 R 1 R I R I R 1 R 1 R I R 1 R I R 1 R 1 R 1 R
byl
ogl SNdONN 8
SdILO 9'Gg| Aouanbaid Jalowonoads £
2is SUBOS JO JoaquinN 9
L66.X0Ine 8qoid §
ak juswnadx3y
Indgs @ouanbag asind €
0¢ ainjesadwsa] g
i i ‘ i €1opd jusAjos |
] m N anjep Jajoweled
S & ag



(wdd) 14
ol gl 0c ST oe g'e ov S 09 g's 09 g9 0L S, o8 g8 06 g6 ooL goL
1 L 1 L 1 L 1 L 1 L 1 L 1 L

414

Appendix 2 — Spectra Relevant to Chapter 3

800

@
®

(81—

00—

0€T—

Sre—

69C—

€87—

we—

69€~

sLe—

HH
£9'66¥7

9l
L66/x0Ine
ak

Indgs

o€

€1opd

anjep

snapnN

Aouanbai4 Jerowoinoads
SUBDS JO JaquinN

aqoid

Juswiadxy

9ouanbag as|nd
ainjesadwa]

JUBAI0S

Jajaweled

- N M T 0w O N~ oo



(wdd) 14

415

00 000 A O

8Lz
6Lz

volz—=
o9z
2567 —
Lrve—
8698 —
20~
ey ="
0225~
€625~
vE'SG—
99'95 "
82°0L

oveL

Appendix 2 — Spectra Relevant to Chapter 3

omr OT owr omr oww om,\ owr omr owr omr omwN OVFN Ot
ogl snanN 8
9'Gg| Aouanbaid Jalowonoads £
2is SUBOS JO JoaquinN 9
L66.X0Ine 8qoid §
ak juswnadx3y
Indgs @ouanbag asind €
0e ainjesadwsa] g
€1opo wans |
3 = W .m anjep Jejewelied
i R 38



416

Appendix 2 — Spectra Relevant to Chapter 3

(wdd) 14

g'0- 00 S0 ol gl 0c ST oe g'e ov S 09 g's 09 g9 0L S, o8 g8 06 g6 ooL goL
1 1 1 1 I T O R RS N O R | 1 1 L 1 1 N R T
o N - I = oo www S 2 N N
3 28 3 3 2 82 89 533 88 8 8 8
i thi N itk Sl Mo bk
j | s‘ i
idl 12218
HL snanN 8
19'66% Aouanba.d Jsjowonoads 2
9l SUBOS JO JoaquinN 9
Le6.Lxoine 8qoid §
ak juswnadx3y
Indgs @ouanbag asind €
0e ainesadwa) g
€1opPd JusAjoS L
! S A A A N Lol
S gR 3 2 & g >3 358 52 @ g &



417

Appendix 2 — Spectra Relevant to Chapter 3

(wdd) 14

oL oz oe oy 0s 09 0oL 08 06 ooL oLL ozL O€L oL 0SL ool o/L osL o6l 00C oLe Ot
1 Y N N R | 1 [ R T S O TS U S TS U R
i 19l
ogl SNdONN 8
9'Gg| Aouanbaid Jalowonoads £
21S SUBDS JO JaquInN 9
L66.X0Ine 8qoid §
ak juswnadx3y
Indgs @ouanbag asind €
0e ainesadwa) g
ANAN Y o Y T e
P RRNESE 555 28888 33 28 3 N 8@ = @ 33 anjep J9)eweled
8 828834 g3g Reesy 3g 3 3 e 5 s 2 @ e



(wdd) 14
S 09
1 L 1

160
Lo’
00T
960
Lok
€69

418
F-s6c
TF-s60
F-loe
Foeor [~
N
N
F-e60

_

980—
slL—
ogL—
95—
zeL—"
o6~
207"

="
27—
68T~
87—
8e'e—

e~
sre—"

Appendix 2 — Spectra Relevant to Chapter 3

— Foor

| HiE snajonN
19'66% Aouanba.d Jejewoloads
9l SUBOS JO JaquinN
L66.X0Ine 9qoid
ak Juswiadxy
Indgs 9ouanbag as|nd
0¢ ainjesadwa]
€1opo JUEAIS
anjep Jejewelied

Ls's

- N M T 0w O N~ oo



(wdd) 14

419

-
e
vror—
-

19’1z
£9'17
£2€T
8562~_
8E1E~
osle—"
6z'L€
oL'Le
980y —
162y —
v8'ry—
0228~
6675~
62'56—
28'95—"
wie—
ozLL—

Appendix 2 — Spectra Relevant to Chapter 3

omr OT owr omr oww om,\ owr omr owr omr omwN OVFN Ot
ogl snanN 8
9'Gg| Aouanbaid Jalowonoads £
000+ SUBDS 4O JequinN 9
L66.X0Ine 8qoid §
ak juswnadx3y
Indgs @ouanbag asind €
0e ainjesadwsa] g
€1opo wans |
3 B W .m anjep Jejewelied
3 3 53



420

Appendix 2 — Spectra Relevant to Chapter 3

wdd

s oo 50 ot s oz sz oe s¢ oy s os ss oe se o st oe se os 56 oo S04
3 NN ON S = SNO SN S =3 = ©w =
® T3 8B 8 8288R8 8 8 1354 8
L Mooddidy L gl ey o h
[ [ ﬁ

!
|
|
1l

HL snanN 8

£9'66% Aouanbai4 Jajowonoads £

9l SUBOS JO JoaquinN 9

L66/X0INe 8qoid §

ak juswnadx3y

Indgs @ouanbag asind €

0¢ ainjesadwsa] g

€1opd jusAjos |

S T ! oo seoueied

S ¥Y RsE 3 28BRER > & 3 N



(wdd) 14

421

Appendix 2 — Spectra Relevant to Chapter 3

0s 09 0oL 08 06 ooL oLL ozL O€L oL 0SL ool o/L osL o6l 00C oLe Ot
[ [ I 1 A L1 R TR TR TR 1 L1 L1 L1 R TR TR TR 1 R
LU W YNNI W) I T o
ogl SNdONN 8
9'Gg| Aouanbaid Jalowonoads £
21S SUBDS JO JaquInN 9
L66.X0Ine 8qoid §
ak juswnadx3y
Indgs @ouanbag asind €
0e ainesadwa) g
AN NS L AN T e
o ® ooRN% BEY 8 BRaaagd 3 3 5 a N anfep Je1eweIed
- g 82WZZ g3k a o88BER 3 R @ N 3



422

Appendix 2 — Spectra Relevant to Chapter 3

(wdd) 14

g'0- 00 S0 ol gl 0c ST oe g'e ov S 09 g's 09 g9 0L S, o8 g8 06 g6 ooL goL
A | 1 [ NN R R R TR B 1 1 1 1 1 1 I R A N
® owow =20 o= =20 o wN =
8 8REY 88 88 853 < 5N 8
i rrrbi ey el A Ay ih
T !
1791
HL snapnN 8
19'66% Aouanba.d Jsjowonoads 2
9l SUBDS JO JaquInN 9
166/X0INE aqoid §
ak juswnadx3y
Indgs @ouanbag asind €
0e ainesadwa) g
€1opPd JusAjoS L
! oo LULL G L L | owen  sopwsig
S N34 82 B 823 & 8a &



423

Appendix 2 — Spectra Relevant to Chapter 3

(wdd) 14

L- 0 oL oz oe oy 0s 09 0oL 08 06 ooL oLL ozL O€L oL 0SL ool o/L osL o6l 00C oLe Ot
[E— 1 1 1 R L1 R [ [ 1 1 1 1 R 1 TR TR 1 L1 L1 L1 R TR TR TR 1 R
1791
ogl SNdONN 8
9'Gg| Aouanbaid Jalowonoads £
21S SUBDS JO JaquInN 9
L66.X0Ine 8qoid §
ak juswnadx3y
Indgs @ouanbag asind €
0e ainesadwa) g
NSNS L AN TR e
b RSB 888R IS BRL& 3 3 g B N anjep Jsjoweled
© Sagaseakay B 28R N & N @ 38



(wdd) 14

424

800~
seL

Appendix 2 — Spectra Relevant to Chapter 3

0c ST oe g'e ov S 09 g's 09 g9 0L S, o8 g8 06 g6 ooL goL
O O O I MR RO N U AU RO N NN RO AN AN R N |
N SR g Spww » N
S Qw38 8838 < 5}
N S AR Wi il
I
Ele) wy9lL

HL snanN 8

£9'66% Aouanbai4 Jajowonoads £

9l SUBOS JO JoaquinN 9

L66.X0Ine 8qoid §

ak juswnadx3y

Indgs @ouanbag asind €

0¢ ainjesadwsa] g

€1opo wans |

|i. /z/z,zv,h VKE\R & M anjep Jejewelied

< REE&GS NI 8 2



425

Appendix 2 — Spectra Relevant to Chapter 3

(wdd) 14

0T

L- 0 oL oz oe oy 0s 09 0oL 08 06 ooL oLL ozL O€L oL 0SL ool o/L osL o6l 00C oLe Ot
L R 1 R 1 R 1 1 1 1 1 1 1 1 1 R 1 R I R I R 1 R 1 R I R 1 R I R 1 R 1 R 1 R
E%ﬁé MO
o) wygl
ogl snsjonN 8
9'Gg| Aouanbaid Jalowonoads £
2is SUBOS JO JoaquinN 9
166/X0INE agoid §
ak juswnadx3y
Indgs @ouanbag asind €
0¢ ainjesadwsa] g
‘ ' €1opd jusAjos |
33 anjep Jejewelied
2

8L°€ELL

Wzl

»
&
®
3

0'65L



426

Appendix 2 — Spectra Relevant to Chapter 3

wdd

s oo 5o ot s oz (4 oe 5 oy sy o8 ss oo 5o oL st oe se os se oo spr
= w=N = oo = pNo 5 b =
< S38 R 88 8 18 2 2 S
NV AN S Y o i
9|
WO HO-uv9L
H o208
%08
HL snapnN 8
€1°00% Aousnbai4 Jejewonoads 2
2 SUBDS JO JaquInN 9
(Z 50-a-4'8H-G9 +S00¥ 0G4 ddD) §¥00 €29221Z 9qoid §
ak juswnadx3y
ogbz @ouanbag asind €
1'S62 ainjesadwsa] g
€10ad JUBAIOS |
Y A ) Ll |, onen -
3 8hk 8 gk 3 & 5 3



427

Appendix 2 — Spectra Relevant to Chapter 3

i 0b s 0z s 0 S 0y g 05 S5 09 G 0. S 08 @ 06 S5 00 SOL O SH 0z SZL OfL GEL OFL Sl OSL 9L 09 SOL OLL GLb 081 8L OBL g6l 00 SOz ole iz
SINO, HO-uv9L
H o208
%03
ogl SNdONN 8
29°00} Aousnbai4 Jalowonoads £
21S SUBDS JO JaquInN 9
(Z 50-a-4'8H-94 LS00¥ 094 ddD) S700™ €2922+Z 8qoid §
ak juswnadx3y
oebdbz @ouanbag asind €
1'G62 ainesadwa) g
Ll Llanl L LA Lo
582 S 5 owmia o & o 5 B3 8 % SNEA - 33 ‘eleueed
w EN o o PG R NR) - (=} S u ﬂ“ % ﬂ % ﬂm



428

Appendix 2 — Spectra Relevant to Chapter 3

wdd

s oo 50 ot s oz sz o s¢ oy s os ss oe se o st oe se os 56 oo S04
© ~ N o NI - o
5 B 5% 8§ & & g8t & gs
i N T s (IR Y'S t e
™
uygl
HL snanN 8
€1°00% Aousnbai4 Jejewonoads 2
2e SUBOS JO JoaquinN 9
(Z 50-a-4'8H-G9 +S00¥ 0G4 ddD) §¥00 €29221Z 9qoid §
ak juswnadx3y
oebz @ouanbag asind €
1'S62 ainjesadwsa] g
€10ad JusAjoS L
LoLLLL L Lo Lol e
n o b W i © s aNy 3 B
4 2 &3 b [N 3 =3




mﬁ,\— om,— m,mf cwv mm,— c,t m,t om— mw,— o,mf mm,wv omm mmw o,—N m,fw

429

8€C

Appendix 2 — Spectra Relevant to Chapter 3

uygl

ogl SNdONN 8
29°00} Aousnbai4 Jalowonoads £
21S SUBDS JO JaquInN 9
(Z 50-a-4'8H-94 LS00¥ 094 ddD) S700™ €2922+Z 8qoid §
ak juswnadx3y
oebdbz @ouanbag asind €
1'G62 ainesadwa) g
L] L1 AN L e s
2EROB s & Exaag 3 b = I o Yenjep S Jojeweled
[T [ ey > ° ? ¢ <
&5 & &3 28L& A 2 & i oy o 3 S Lo
3 g3 & = B %3



430

Appendix 2 — Spectra Relevant to Chapter 3

(wdd) 14

S'0- 00 S0 oL Sl (k4 C o€ g'e oy Sy 0'S S's 09 S99 0L S 08 S8 06 S'6 ooL goL
1 1 1 1 1 1 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 L 1 L 1 L 1 L 1 L
© = =N I = w=w o =
& [ 2 R B 888 S 8 8
o N e e T Wi rh il
I i |
|

S0°0-

05'L—

a8'L—

L0T—

0€T—

HiE snajonN
GL'00% Aouanbai4 Jajewoloads
- 9l SUBOS JO JaquinN
(dS Z-0'5- /H /498-1S-00%-HH Id) 6000 6€LE91Z 98qo.d
ak Juswiadxy
oebz 9ouanbag as|nd
1862 ainesadwa|
€10ad juanjos
.,c .,c .,‘u wag > M anjep Jojeweled
588 383 8 &

- N M T 0w O N~ oo



(wdd) 14

431

Appendix 2 — Spectra Relevant to Chapter 3