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CHAPTER |

INTRODUCTION TO THE MANZAMINE ALKALOIDS: ISOLATION, STRUCTURE, AND ACTIVITY

Introduction to Marine Alkaloid Natural Products

Natural products have contributed significantly to drug discovery and the development
of new medicines. As of 2019, reportedly 34% of approved small-molecule drugs between 1981-
2019 were natural products (NP) or natural product derivatives.® Notably, these molecular
scaffolds contain inherent biological activity as a result of their evolution within biological
systems. Fortunately, the activity and interactions within their intended niche environments
transcends into other systems including in whole organisms. Terrestrial sources have historically
served as valuable assets for the discovery of new natural products, and indeed still do. However,
the unintended rediscovery of previously reported natural products presents a growing challenge
in the isolation of novel compounds.??® As a result, the abundance of biological diversity within
the ocean and its vast unexplored regions has presented a new arena brimming with a seemingly
endless supply of novel molecular structures and biological activities.

Communal marine organisms have been postulated to produce such potent and diverse
structures due to a variety of factors including high pressure conditions, the presence or absence
of sunlight, and the challenge of partner-host interactions in agueous environments. The
emergence of evidence supporting secondary metabolites as a result of symbiotic relationships
has reshaped the perspective of NP isolation and holds potential to impact future NP discovery
through new methods (i.e. genome mining).*’” In 2017 it was reported for that year, 57% of
marine natural products were sourced from marine microorganisms.2

An important class of secondary metabolites from these microorganisms are alkaloids,



which are characterized by the presence of a basic nitrogen in a heterocyclic ring. One unique
group of NPs are the manzamine alkaloids, sometimes referred to as the alkylpiperidine alkaloids.
This family can be identified by their large macrocyclic rings, a di-nitrogenated polycyclic core,

and a hypothetically shared biosynthetic origin (Figure 1.1).

manzamine A (1.1) nakadomarin A (1.2)  xestocyclamine A (1.3) keramaphidin B (1.4)

haliclonacyclamine A (1.8)

madangamine A (1.6) upenamide (1.7)

Figure 1.1 Representative collection of the manzamine alkaloids.

The earliest isolated member and namesake, manzamine A (1.1), was discovered in 1986
by Higa and coworkers from an Okinawan sponge Haliclona sp. and structurally characterized by
X-ray diffraction of the hydrochloride salt.® Initial assays revealed significant activity against

murine leukemia cell lines (ICsp = 0.07 pg/mL). Since then, more than 70 related alkaloids have



been isolated from 16 species of marine sponges belonging to 5 families, with reported biological
activities including cytotoxicity, kinase inhibition, antimicrobial, antimalarial, and antiviral
activities.1%1? |n addition to their clinically relevant biological activity, their unprecedented and
complex structures have spurned dozens of international groups to pursue synthetic approaches

toward these natural products.1%1314

Biomimetic Synthetic Approaches

Baldwin Biosynthetic Proposal

In Higa and coworker’s report of the manzamine alkaloids, the authors state: “the
structure of manzamine A hydrochloride is unprecedented in nature. Moreover, its provenance
is problematical as there appears to be no obvious biogenetic path.”® Six years later, Baldwin
and Whitehead put forth a hypothetical proposal on the biosynthesis of the manzamine
alkaloids.'® They postulated three simple building blocks would give rise to manzamines A, B, and
C, and additionally postulated a biogenetic precursor for related family members, namely sarain,
xestospongin, and petrosin. They proposed that reductive coupling of two equivalents of
acrolein, ammonia, and a symmetrical Cio aldehyde unit would give rise to macrocycle 1.15
(Scheme 1.1). Protonation would generate 1.14 and induce a transannular Diels-Alder
cycloaddition to afford iminium 1.13 which undergoes a redox equilibrium with 1.12. Upon
hydrolysis of 1.12, the resulting aldehyde 1.11 would then undergo condensation with
tryptophan and further cyclize in Pictet-Spengler type fashion and give rise to the B-carboline

moiety in 1.10. Further epoxidation would give rise to manzamine B, 1.9.



CHO

3

NH
CHO J
OHC

1.14 1.15

Scheme 1.1. The Baldwin and Whitehead proposal on the biosynthesis of manzamine B.

A notably important feature of their proposal is the symmetrical simplicity of the Diels-
Alder cycloaddition which produces the correct regiochemical and stereochemical centers as a
result from the endo isomer. Beginning from manzamine B, base-mediated opening of the

epoxide would produce the resulting allylic alcohol. Oxidative transposition of the Southern



alkene would give 1.16 (Scheme 1.2). Final acid-mediated cyclization of the secondary amine
would generate the eight-membered ring seen in manzamine A. As time progressed and more
alkaloids within the family were isolated, several hypothetical intermediates within the Baldwin

proposal were identified, raising the impact of their speculative biosynthesis.

manzamine B (1.9) 1.16 1.17 manzamine A (1.1)

Scheme 1.2. The Baldwin and Whitehead proposal on the biosynthesis of manzamine A.

Baldwin and coworkers eventually evaluated their proposed transannular cycloaddition
experimentally as summarized in two separate publications.'®7 In the first study, the Baldwin
group reported the use of a simple model system to access the bicyclic core (Scheme 1.3) which
the authors note “bears a clear resemblance to the central core of ingenamine, the ingamines,
and keramaphidin B.”*® From 3-methyl pyridine, reduction of the alkylpyridinium with NaBHa,
and subsequent oxidation with mCPBA produces N-oxide 1.18. Treatment with trifluoroacetic
anhydride (TFAA) induces the Polonovski-Potier reaction to generate the iminium intermediate
1.19. After extensive screening it was found treatment with pH 8.3 buffer and NaBH4 revealed

1.20in 10% yield over 2 steps.



1. EtBr, acetone \\
/@ reflux, 86% /@ ©_TFAA /@ pH 8.3 buffer N
XN 2. NaBH,, 55% N CH,Cl, 2N then NaBH, 7

\l

D o 10%, 2 steps /

3. mCPBA, 87% CF4CO; N
1.18 1.19

Scheme 1.3. The Baldwin group’s model study.

The authors note the major product isolated after treatment with NaBH4 was the reduced
tetrahydropyridine, but despite the poor vyield, is still notably the first approach to access the

keramaphidin bicyclic core via a Diels-Alder cycloaddition.

O JAPEIN e b SN N0THP
o~ 2 PhgP 3

3. DHP, PPTS 1.21 KHMDS

67% over 3 steps THE -78°C
o,

(j/\/\OH COC' (j/\/\ 83%
DMSO, NEt;
90% 2 1.24 = OTHP ) 1. HCI, MeOH

1.25 = OH
126 | 2 2. PhyP, Iy, ImH

1.27=0Ts 2 3.TsCl, NEt;

¢ 4. Nal, A, 192h
39% over 4 steps

MeOH 1. NaBH,, 56%
1M aq buffer 2. mCPBA, 98%
" then NaBH, " 3. TFAA, 100%

MeOH, 0.3% N
X ~

1.29

Scheme 1.4. The Baldwin group’s approach toward the total synthesis of keramaphidin B.

In the Baldwin group’s second report, the authors evaluated their proposed biomimetic
transannular approach (Scheme 1.4).” Treatment of tetrahydropyran with acetyl bromide and
zinc followed by triphenylphosphine produced a phosphonium salt. Subsequent hydrolysis of the

acetate and protection as the tetrahydropyranyl (THP) ether afforded 1.21. Swern oxidation of



commercially available 3-pyridinepropanol yielded aldehyde 1.22. Wittig olefination with the
ylide generated from 1.21 and KHMDS gave alkene 1.23. Next, acid-mediated deprotection of
THP ether and further reaction under Appel conditions furnished the alkyl iodide 1.26. Although
the alkyl iodide acted as an optimal leaving group for the cyclodimerization, 1.26 was prone to
polymerization when concentrated after several hours. Furthermore, yields for the iodination
proved to be inconsistent, and ultimately the alkyl iodide was converted to the more stable
tosylate 1.27. The cyclodimerization reaction was then conducted by dropwise addition of
tosylate 1.27 to a refluxing solution of Nal in 2-butanone. Under these conditions the tosylate
underwent an in-situ Finkelstein reaction and rapid Sn2 intermolecular displacement to form the
dimeric species. The subsequent ring-closing reaction proceeded via an intramolecular Sy2
reaction under high dilution conditions. With the bis-pyridinium macrocycle in hand, reduction
using NaBHa, followed by treatment with mCPBA and trifluoroacetic anhydride (TFAA) induced
the Polonovski-Potier reaction to arrive at iminium 1.29. Now at the proposed hypothetical
biosynthetic precursor for the key Diels-Alder cycloaddition, after extensive screening, the
Baldwin group was only able to isolate the cycloadduct keramaphidin B in 0.3% yield. Ultimately,
the authors attributed the low yield to the kinetic preference of 1.29 to undergo undesirable
disproportionation side-reactions to the more stable tetrahydropyridine. They postulated that
an in vivo Diels-Alderase could feasibly prevent this undesirable pathway and “mediate the
conversion of bis-iminium salt to keramaphidin B.”!” Although there have been reports of Diels-

18-21

Alderases , the failure of their transannular approach has led to another prominent

biosynthetic proposal.



Marazano Biosynthetic Proposal

A year prior to the Baldwin group’s report on their biomimetic synthesis, the Marazano
group published the synthesis of cyclostellettamine B and other oligomeric pyridinium sponge
macrocycles.?> Perhaps most interestingly, the use of the Zincke reaction to access these
pyridinium heterocycles led to the development of another alternative biosynthetic proposal to
the manzamine alkaloids. Their synthesis begins from the alkylation of 3-picoline using LDA and
an alkyl bromide to generate the elongated carbon chain in 1.30 (Scheme 1.5). Next, acid
catalyzed deprotection of the THP ether, and subsequent treatment with hydrobromic acid at
elevated temperatures gave the alkyl bromide.

1. H2804, MeOH

0/ LDA W OTHP  2.HBr 10°C _ NH,
~ - ~ 1" = ~ 1"
N Br\/(r\)\/OTHP N 3. NaN3, DMF N
" 4. PPhy
THF, 74% 1.30 (73% over 4 steps) 1.31
= NHBoc
1.Boc,0,89% | | n-BUOH, 100 °C_
> . 1.32 >
2. acetone, reflux or N 0.2 h, 80 %
90% NO
° 2 A
N
/C[ H2N \
O,N NO
2 2 NO, 1.33

m/\/\/\/\/\/\/\NHBOC 1. CI-DNB =z |
S+ CF A 2. HCL | X cr cr ,N+|
SN 3. NEt; A

n-BuOH, A
1.34 (63%, over 3 steps) cyclostellettamine B

Scheme 1.5. The total synthesis of cyclostellettamine B by the Marazano group.

Azide displacement and a Staudinger reduction employing PPhs yielded primary amine 1.31
in 73% over four steps. Protection of the amine using Boc,0 followed by alkylation of the pyridine

with 1-chloro-2,4-dinitrobenzene produced pyridinium 1.32. Next the Zincke reaction was used



to install the Southern fragment via treatment with amine 1.33. Alkylation of the second pyridine
with 1-chloro-2,4-dinitrobenzene, followed by tert-butyl carbamate deprotection and another
Zincke reaction furnished the bis-pyridinium macrocycle cyclostellettamine B in 63% over 3 steps.

This methodology was then applied to synthesize other oligomeric species containing up
to eight pyridinium heterocyclic rings. At this point the authors explicitly correlate the Zincke
intermediate as a plausible biogenic precursor to the manzamines (Scheme 1.6). Specifically,
intermediate 1.39 provided valuable insight into a possible precursor for Baldwin’s bis-pyridinium

macrocyclic intermediate.

The Zincke Reaction Mechanism

R, z R X z R
B CI—DNB | HN-R, | RoNHCl A R
J = S\ — H N’RZ = -Re

N NH NH

NO,
1.35 1.36 1.37

R R
= ! X !
H2N_R2 (\E \ R'l H | .
; \I}l H’RZ RZNMN\Rz ; l}l+
H2N—Ar R2 H2N_R2 R2

1.38 1.40

Marzano Biosynthetic Precursors

O
o/J) o/fm’ OM“? N S

1.41 H,O NLV
HoN
| 1.42

VW

Scheme 1.6. Comparison of the Zincke Reaction and the Marzano Biosynthetic proposal.



Marazano and coworkers postulated that 5-aminopentadienal 1.41 could arise from the
condensation of an amine, aldehyde, and a malondialdehyde unit. Contrary to Baldwin’s proposal
of acrolein as the Cs unit, Marazano states that malondialdehyde would be a more feasible

biosynthetic intermediate and are well known as oxidative products of fatty acid catabolism.?3%4

step-wise
cyclization

Concerted
cyclization

Scheme 1.7. The Marazano proposal on the biosynthesis of manzamine A.
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Furthermore, whereas the Baldwin proposal suffered from disproportionation side
reactions of the reactive iminium intermediate 1.14, the aminopentadienal intermediates are
well known to spontaneously and cleanly cyclize to the pyridinium heterocycles.?®

In their full proposed biosynthesis the Marazano group postulated two possible routes
originating from the macrocyclic aminopentadienal species 1.43 (Scheme 1.7). In the first route,
after cyclization of the first iminium heterocycle, a concerted [4+2] cycloaddition proceeds to
install the central core of 1.44. Reduction of the resulting iminium and further elaboration then
rapidly gives rise to manzamine A. Alternatively, in a stepwise fashion, a Michael-addition and
tandem Mannich cyclization would also construct the manzamine skeleton. With a viable
synthetic plan, the Marazano group went forward and tested their hypothesis using a model

system (Scheme 1.8).%

OxCFt  1.MecHO CO,E
OMe { alumina -
CSA + 2. NaBH,
N N l 0 N
r Z CHClL 3 > Me 28% - : Ve
Bh Bh HN over 3 steps Ph K
OH OTBS R
OH
1.50 1.51 1.52 R = butyl 1.53
CO,Et
H 2
—>
—
57% N
6 steps \—=x

manzamine A

Scheme 1.8. The Marazano approach toward the ABC Ring of manzamine A.
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Beginning from tetrahydropyridine 1.50 treatment with camphorsulfonic acid (CSA) gave
dihydropyridinium salt 1.51 which was screened against a variety of substituted 5-
aminopentadienals. Reaction with amine 1.52 gave the correctly substituted core and appeared
to proceed in a stepwise manner. The authors suggested a possible intramolecular hydride
migration originating from the butyl group to reduce the iminium moiety. Ultimately treatment
with acetaldehyde and NaBHs induced elimination of the amino group to furnish diene 1.54.
Elaboration of the primary alcohol over the next 6 steps gave 1.55 in 57% yield and constructed
the final central ring within the manzamine skeleton.

In addition to their proposal on the synthesis of the manzamines, in 1995 the Marazano
group were first to draw a correlation between halicyclamine A, sarain A, and the manzamine
alkaloids.?”?® The authors reported a model system, remarkably similar to the Baldwin groups
approach, which proceeded through the same dihydropyridine iminium intermediate 1.57
(Scheme 1.9). Upon treatment with NEts and NaBHs a mixture of tetrahydropyridine 1.58,
cycloadduct 1.59, and the bis-piperidinyl species 1.60 were isolated. This provided the first
experimental evidence for the formation of the halicyclamine core through a biomimetic
approach but failed to confirm if formation proceeded through a fragmentation cascade or non-

concerted mechanism.

12



OMe
Nz N : TN
R Me CH.Cl, R7+ Me 2. NaBHy, i-PrOH R Me

= n- CSA
R = n-hex 158
1.56 1.57 40%

halicyclamine A

Scheme 1.9. The Marazano group’s biomimetic model studies.

In Vivo Evidence for Biosynthetic Proposals

While the Baldwin and Marazano proposals were elegant hypothetical biosynthetic
approaches, ultimately, they both lacked evidence to corroborate their proposed intermediates
as secondary metabolites in vivo. This proved true until the Fontana group conducted pulse
feeding studies of labeled intermediates using the Mediterranean mollusk Haminoea orbignyana,
which are marine invertebrates known to produce the natural product, haminol-2, a member of
the alkylpyridine alkaloids. Although structurally simple relative to the manzamine alkaloids, this
provided the first insight into a legitimate biosynthetic pathway. In two separate experiments,
the Fontana group injected these mollusks with [1-13C] and [1,2-13C;] labeled acetate units, and
then starved them for several days to induce secretion of alarm pheromones (Scheme 1.10).%°
After which, isolation and analysis by 3C NMR revealed incorporation of 3C units in the alkyl

chain. Another experiment in which [d4] nicotinic acid was injected revealed complete

13



incorporation of four deuterium isotopes as observed by an increase in m/z = 4 via LC-MS
analysis. Secondly, ?H NMR analysis corroborated complete retention of deuterium during the
biosynthesis. Thus, the authors were able to conclude that haminol-2 are produced in H.
orbignyana through a polyketide synthase pathway which used nicotinic acid as a novel PKS

starter unit.3°

O O
o]
|\ OH 13|C|) PKS, |\ NNF S-enz
~ Me’ \OH 3 — 1.61
N 6 equiv N
l—COz
OAc 0]

N N NS
P S

N haminol-2 0="C N 1.62

Scheme 1.10. Fontana group’s labeling study and biosynthesis of haminol-2.

Winkler’s Total Synthesis of Manzamine A, Ircinal A, and Ircinol A

The first total synthesis of manzamine A was reported in 1995 by the Winkler group, in
which the authors utilized a [2+2] photocyclization/fragmentation strategy to rapidly access the
tetracyclic core.3  Optimization of this methodology resulted in the intramolecular
photoaddition of 1.65 (Scheme 1.11), generated from the Michael addition between 1.63 and
1.64., to yield the intermediate cyclobutane 1.66.1° Spontaneous fragmentation in a retro-
Mannich fashion and immediate O-alkylation gave hemiaminal 1.67. When treated with AcOH
and pyridine, a second fragmentation occurred and tautomerization led to C-alkylation and

closure to tetracycle 1.68 as a single stereoisomer in 20% from 1.65. Silyl protection of the

14



primary alcohol followed by carboxylation of the kinetic enolate with Mander’s reagent3*
produced the corresponding B-ketoester. Reduction of the ketone with NaBHa, mesylation of the

secondary alcohol, and elimination with DBU gave alkenes 1.69 and 1.70 as a separable mixture.

H

o 1. TBSCI, 87%

2. LHMDS,
AcOH CNCO;Me, 90%
py, 20% HO moy—N 3. NaBHy, 93% RO
over 3 steps \ 4. MsClI, NEt;, 95% \
5. DBU, PhH, 90%
67 168 1.$/1.$ 2:1 169
CO,Me CO,Me

1 T

OH 1- TBAF, 94%

* < 1. mCPBA 2. TsCl, 96%
\ = —_—— L
RO Hoy—N 2.NaOMe RO AN 3. TFA, 100%
69% 4. (i-Pr),NEt
\ over 2 steps \ 129%
1.70 1.7 1.72

Scheme 1.11. Winkler's approach to the core of manzamine A.

Epoxidation of 1.70 with mCPBA and base-promoted opening gave allylic alcohol 1.71
with the desired stereochemistry. Next, the authors noted closure of the macrocycle proved
challenging. Deprotection of the primary alcohol with TBAF was followed by tosylation which

occurred cleanly. However, upon deprotection of the secondary amine, subsequent treatment

15



with Hiinig’s base resulted in formation of macrocycle 1.72 in 12% yield. Interestingly, the authors
note that when the elaborated alkynyl substrate 1.73 was treated under the same conditions,
the macrocycle was isolated in 89%. Semi-hydrogenation of the alkyne with Lindlar’s catalyst3®
gave the Z-alkene isolated previously. Reduction of 1.74 with DIBAL-H produced the primary
alcohol which was oxidized to aldehyde 1.75 with Dess-Martin’s periodinane3®. Treatment with
tryptamine and TFA gave 1.76 via a Pictet-Spengler reaction. Further oxidation with DDQ installed

the B-carboline moiety and completed manzamine A in 50% from 1.76.

89%

1. DIBAL-H, 83% _
2. Lindlar, 94%

2. Dess-Martin
90%

TsO

H o DDQ
TFA, 58% 50%

manzamine A

Scheme 1 12. Winkler's total synthesis of manzamine A.

Martin’s Total Synthesis of Manzamine A, Ircinal A, and Ircinol A
Four years after the Winkler group reported the first total synthesis of manzamine A, the
Martin group published an enantioselective total synthesis of manzamine A in which they

accessed the final structure through ircinal A, similar to Winkler’s approach.3” However, their

16



synthetic strategy, developed prior, intended to construct the tricyclic core via an intramolecular
Diels-Alder cycloaddition employing N-acylated vinylogous ureas as the dienophile
component.33% To this end, synthesis of the dienophilic fragment began from commercially
available pyroglutaminol, and silyl protection of the primary alcohol and Boc protection of the
amine gave 1.77 (Scheme 1.13). Sequential deprotonation and carboxylation were followed by

reduction with NaBHa4 to give alcohol 1.78.

LHMDS, CO, CO.Na
1. TBDPSCI, Im 78°
g o _THF -78°C _ oH
N 2. (Boc),0, DMAP N then NaBH, N
H Boc Boc
OH NEts, 86% TBDPSO the”g’;f/zc% TBDPSO
1.77 ° 1.78
1. Br-__CO,Me CO,Me
CHO il P
BOcHN { ) OH 1. TBDPSCI PPh; _ Br
5 2. CSA, 71% ! 91% CgTS
/\CHO R’ \BOC 2. TMSOTf, lutidine /NH2
R
1.79 then TsOH, 91% ® " 480
R = (CH,)sOTBDPS
Br
/\SnBus
=
(COCl)p, 1.78 CO,Me  Pd(PPhj), .
NEty, 79% RN~ NBoc PhMe, A r-N
(0] o 0 N\Boc
TBDPSO TBDPSO TBDPSO

1.81 - 1.82 — 1.83

Scheme 1.13. Martin’s approach to the core of manzamine A.

The authors noted the free carboxylic acid was unstable and storage as the sodium salt
prevented any undesired decomposition. Simultaneously, synthesis of the diene fragment began
from silylation of Boc-protected 5-aminopentan-1-ol. When further reacted with excess acrolein

in the presence of CSA, aldehyde 1.79 was isolated in 71% yield. Wittig olefination proceeded
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with excellent selectivity for the Z-olefin and subsequent Boc deprotection with TMSOTf was
followed by treatment with TsOH to afford 1.80 as the stable crystalline tosylate salt.

With both fragments in hand, acid 1.78 was reacted sequentially with (COCI); and 1.80 to
give vinylogous urea 1.81. Now the key Stille/Diels Alder sequence was primed, and the vinyl
bromide next underwent a Stille cross-coupling reaction. The resulting intermediate diene 1.82,
upon continued heating, gave the cyclized tricycle 1.83 as the sole isomer in 68%. It isinteresting
to note the selectivity and electron-withdrawing nature of the diene moiety in comparison to
failed routes which employed electron-releasing dienes that produced low-yielding or isomeric
mixtures. The authors noted the necessity of the vinylogous urea and how the inherent electron-
richness facilitated the transformation in which the authors hypothesized was likely an inverse
electron-demand Diels-Alder cycloaddition. Installation of the methyl ester proved essential for
demonstrating the proposed effect.

Having successfully tested their hypothesis, the authors carried 1.83 forward and
exposure to CrOs furnished the enone moiety (Scheme 1.14). Acid-catalyzed global desilylation,
Swern oxidation, and Wittig olefination gave the diolefin 1.84. Reduction of the methyl ester and
amide was achieved with DIBAL-H and oxidation with Dess-Martin periodinane produced
aldehyde 1.85 that was then protected as the dimethyl acetal using trimethyl orthoformate and
HCl in MeOH. At this point the authors attempted to construct the macrocyclic and eight-
membered rings in a 5-step sequence which employed a double RCM cyclization strategy.
Unfortunately, they observed ring formation with undesired connectivity in addition to a 1:1

mixture of cis/trans isomers. Therefore, the authors employed an alternative multistep and
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productive approach. From dimethyl acetal 1.86, alkylation with 3-butenyllithium and careful

qguench produced cyclic carbamate 1.87.

CO,Me CHO
1. CrO3, 63% 1. DIBAL-H
2. HCI, MeOH 4 2. Dess-Martin
3. (COCl),, DMSO 53%
© ™N~Boc NEt; O 'N~Boc  oyer2 steps
4. PhsP=CH,, 479
OTBDPS 3 2 47% \
OTBDPS 183 | 1.84 | 1.85
CH(OM
H (OMe),
HC(OMe), LN 1. Grubbs-I, 67%
MeOH, HCI -78 °C 2. KOH, MeOH
—_— -
84% 65% 3. (0]
C|)LM’\
3
| 1.86 | 1.87 NEt3, 75%
OMe), CHO

1. DIBAL-H, 63%

- H 0,
Grubbs-I 2. Dess-Martin, 89% - manzamine A
then HCI 3. tryptamine ,TFA
26% 4. DDQ, NEt3

Ao
C
1.88 X

Scheme 1.14. Martin’s total synthesis of manzamine A.

When reacted with Grubbs’ first-generation catalyst, the macrocycle was obtained as an
8:1 mixture of Zand E olefins isolated in 67% yield. The absolute stereochemistry of the undesired
E-isomer was established via X-ray crystallography. Subsequent hydrolysis and N-acylation of the
Z-isomer gave the second RCM substrate precursor 1.88. When treated with Grubbs’ first-
generation catalyst, 1.89 was isolated in 26% yield after acidic workup. Efforts to optimize this

yield were unsuccessful and included protection of the tertiary alcohol and protonation of the
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amino groups. With limited supply of material, the authors hypothesized the low yield may be

attributed to competitive metathesis pathways.

Conclusion to Chapter 1

In summary, the manzamine alkaloids possess a rich history and provide an excellent
representation of the possibilities within marine natural products. Specifically, the discovery of
dozens of alkaloids which exhibited biological activity pertinent to human health and also
displayed molecular structures that spurned their synthetic pursuit from chemists across the
globe, showcases the power these alkaloids have. The manzamine alkaloids have served as a
sandbox which allowed the combination of synthetic chemistry and chemical biology to produce
new biosynthetic proposals, investigations, and synthetic methodologies which in turn catalyzed
new proposals and strategies. Such endeavors are worthwhile and exploratory in nature, and

serve as a vehicle for growth and scientific advancement.
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CHAPTER Il

SYNTHETIC APPROACHES OF XESTOCYCLAMINE A AND RELEVANT MANZAMINE ALKALOIDS

Introduction to Xestocyclamine A

Xestocyclamine A is a pentacyclic marine alkaloid in the manzamine alkaloid family first
isolated from the sponge Xestospongia sp in 1993 by Crews et. al collected off the waters of
Papua New Guinea.*? Initial biological assays of xestocyclamine A revealed moderate inhibition
against protein kinase C (ICso = 4 ug/mL) and activity in whole cell IL-1 release assays (ICsp = 1
uM). Additionally, the authors state this activity appeared to be selective, as xestocyclamine A
failed to display inhibition against related cancer-relevant targets such as protein tyrosine kinase
(PTK) and inosine-5'-monophosphate dehydrogenase (IMPDH). Structurally, xestocyclamine A
possesses several attractive synthetic challenges, namely the bicyclic [2.2.2] isoquinuclidine core,
fused piperidine ring containing a chiral secondary alcohol, and two large flanking macrocyclic
rings (Figure 2.1). More importantly, structure elucidation of xestocyclamine A has remained

challenging and has been repeatedly revised based on new NMR and structural evidence.

23\—/22
xestocyclamine A xestocyclamine A xestocyclamine A xestocyclamine B
original structure revised structure  current proposed structure original structure
1993 1994 2020 1994
21 2.2 23 24

Figure 2.1 Proposed Structures of xestocyclamine A & B.
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The original structure of xestocyclamine A (2.1) was proposed in 1993 from analysis of
HRMS-EI and NMR data but was revised to 2.2 a year later upon further examination of new
spectral data.?® In 1994 the authors isolated xestocyclamine B (2.4), which aided in the
identification of an artifact that previously led to a misassignment in the connectivity of the
macrocyclic rings.*! After characterization of xestocyclamine B was completed, reexamination of
the xestocyclamine A 'H-'H TOCSY spectrum revealed the correlation between C1 and “C18” at
49.3 ppm to be an artifact. Further analysis demonstrated a TOCSY correlation between C1 and
“C7” at 52.6 ppm, however this was inconsistent with spin-transfer across quaternary centers.
Lastly, a HMBC correlation between the carbon at 52.6 ppm and C19 indicated that carbons C7
and C18 had been misassigned. Thus, the proton and carbon assignments of atoms C7 and C18
were switched, which produced the revised 1994 structure 2.2 with the correct macrocyclic

connectivity.

TOCSY TOCSY
wmac  HO Hmartifact HO q

23 22
original structure revised structure
1993 1994
21 2.2

Figure 2.1. Original and revised structures of xestocyclamine A.

Thus, the revised 1994 or “nominal” structure 2.2 was thought to be correct until 2020,
after a report from the Firstner group revealed their synthetic sample of the completed natural
product did not correlate with the isolation *H and 3C NMR spectra.*? X-ray crystallography of
nominal xestocyclamine confirmed that the absolute stereochemistry and structure of nominal
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xestocyclamine A was correct, but a screen of deuterated solvents and titrated acid did not
produce a matching spectrum. The authors then further investigated the biosynthetic pathway
and other related natural products within the original Baldwin proposal. Xestocyclamine A
appeared unique as the A22 unsaturation is uncommon in many of the manzamine alkaloids.
Therefore, the authors hypothesized the true structure to share the more common A23 isomer.
Whether or not if a “Diels-Alderase” plays a role in the proposed biosynthesis, a transannular
cycloaddition could produce two possible enantiomers (Scheme 2.1). Indeed, keramaphidin B has
been isolated independently by the Andersen and Kobayashi groups as both the racemate and
enantiomerically pure sample.**® Furthermore, if ingenamine can be considered the “pseudo”
enantiomer of xestocyclamine A, then the single difference is the A23 alkene which is common
in both keramaphidins and other manzamine alkaloids. After further synthetic investigations,

xestocyclamine A is now believed to be the enantiomer of ingenamine.
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keramaphidin B (+) keramaphidin B (-)

\ enantiomers \

HO

[ ingenamine (+)] e/
N

psuedo"-
enantiomers

‘ xestocyclamine A (-)

Scheme 2.1. Rational of certain manzamine alkaloids based on biosynthetic pathways.*?

Danishefsky’s Approach Towards Xestocyclamine A

The first published report toward the synthesis of xestocyclamine A came from Danishefsky
and Gagnon who examined the construction of the azadecalin core via a Diels-Alder
cycloaddition. Their synthetic strategy aimed to construct the azadecalin core prior to the bicyclic

bridge and macrocyclic rings (Scheme 2.2).4’
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R

2.7 2.2
azadecalin core bridged azadecalin core bridged azadecalin core xestocyclamine A

one ansa bridge

Scheme 2.2. Danishefsky’s synthetic strategy. F = unspecified functionality.

The authors hoped to establish the azadecalin core of 2.7 with a Diels-Alder reaction and
screened a variety of dienophiles for suitable reactivity (Scheme 2.3). Early candidates included
lactams 2.10 and 2.13. The carbomethoxy group in 2.10 was an attractive activating group and
reacted efficiently with the elaborated Danishefsky-type diene 2.11 to produce cycloadduct 2.12.
However, any attempt to reduce the methyl ester and functionalize the quaternary center failed.

The elongated allylic handle in 2.13 offered better potential for functionalization, but lacked the

OTBDPS TBDP
z OTMS 9 S o
| N PhH, reflux
—_—_—
_N =z 9 _N
MeO,C CO,Me OMe OPMB 80% MeO,C :
o} o CO:Me OPMB
2.10 2.1 212
OTBDPS OTBDPS
H OTMS H
(0]
+ 2 e e N
Ts
OMe
213 2.14

Scheme 2.3. Danishefsky’s attempted Diels-Alder cycloadditions.
activating effect of the carbomethoxy group. As a result, when reacted with diene 2.14, the
authors noted a lack of reactivity. However, when reacted with the more electron-releasing

Rawal-Kozmin diene the authors were pleased to observe excellent reactivity.*® Dienophile 2.13
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was synthesized in a straightforward manner from 2.16 (Scheme 2.4). Access to the
enantiomerically pure alcohol 2.16 was achieved in gram scale quantities from glutamic acid in
a known 5-step sequence.® Silyl protection and subsequent tosylation of 2.16 afforded the bis-
protected piperidine 2.17 in good yield. Next selenoxide elimination furnished the alkene and a-

iodination followed by a Stille cross-coupling introduced the allylic handle.

1. LDA, THF
9" 4 tBDPSCI, IMH QTBDPS prsect, 65% QTBDPS
DMF, 100% 2. mCPBA, 85%
HN 2. n-BuLi, THF Ts’N 3. Iy, pyridine, 93% Ts’N
TsCl, DMAP 4. Pd(PPh3)Cly, 69%
0 84% 0 SnBu A
2.16 217 AP 213
OTBS
P OTBDPS
R OTMS
NMe, 1. HCI, rt, 76%
PhH, reflux 2. NEts, TMSOTf TS’N
98% CH,Cl,, 100% 0 m
2.19
I OTMS

2.20

Scheme 2.4. Danishefsky’s synthesis of the azadecalin core.

With dienophile 2.13 in hand, treatment with Rawal-Kozmin diene in benzene at reflux
generated cycloadduct 2.18 with excellent regio- and stereochemical control. Acid-mediated

elimination and subsequent exposure to NEtzand TMSOTf yielded the silyl vinyl ether 2.19. With
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the azadecalin core installed, the authors planned to introduce the bicycle with a heteronuclear

Diels-Alder cycloaddition but failed to observe any formation of 2.20.

TBDPSO TBDPSO H,N N
z OTMS z o \/\/\I
1. CH,NMe,l [ 2.21 L
2. Si0, Ts” Al,O3, DMSO
85% over 0 m it, 5 d, 90%
2 steps
2.19 2.20
| 0
TBDPSO(__\:-/ TBDPSO
‘ " NaBH,
+ Ts ~N
MeOH
100%
| X
2.22 2.23 2.24
1 : 2.6
0
1.9-BBN, THF TBDPSO

AsPh,, THF/DMF Ts~N

3. DMP
43% over 3 steps

2.25

Scheme 2.5. Danishefsky’s synthesis of the bicyclic core and macrocyclic ring.

With lack of reactivity, the authors sought to install the bridged bicyclic ring with an
alternative strategy (Scheme 2.5). Reaction of 2.19 with Eschenmoser’s salt and stirring over
acidic silica produced the exocyclic olefin 2.21. Next, the key bond-forming reaction was
performed when 2.21 was treated with amine 2.22 and weakly acidic aluminum oxide over 5
days. The tandem Michael addition proceeded in high yield but suffered from a lack of

stereoselectivity and gave a mixture of desired: undesired isomers, 2.24:2.23, in a 2.6: 1 ratio.
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Now with the entire core set, Danishefsky and Gagnon proceeded to install the southern
macrocycle. Taking advantage of the cis-vinyl iodide handle, the authors sought to functionalize
the allylic handle and use a B-alkyl Suzuki cross-coupling to form the macrocyclic ring. Reduction
of 2.24 with NaBH4 produced alcohol 2.25, which was then sequentially treated with 9-BBN,
palladium catalyst, and Dess-Martin periodinane3® to afford macrocycle 2.26.
Fiirstner Total Synthesis of Putative Xestocyclamine A

Recently the first total synthesis of xestocyclamine A was reported by the Firstner and
Meng in 2020.%> However, as mentioned previously, the nominal structure failed to replicate

spectra of an authentic sample and a new putative structure was synthetized.

2.2 2.26 2.27
xestocyclamine A Michael 0
R
R/Q RS 2R 6]/ 5
X 2.30
—> Rev J — u \
"Ry Ry COR® R
CO,R3 o]
2.28 2.29 Michael

Scheme 2.6. Fiirstner’s retrosynthetic analysis of nominal xestocyclamine A.

The Firstner group planned to reveal the Z-olefins in the macrocyclic rings with a
combination of semi-reduction and B-alkyl Suzuki cross-coupling reactions (Scheme 2.6).

Intermediate 2.27 would be accessed with RCAM, Ring-Closing Alkyne Metathesis, chemistry
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heavily used in the Firstner group. The central core of 2.28 would be set through tandem Michael
additions from lactams 2.30 and 2.31.

0 1. LHMDS

allyl chloroformate o 0
N,BOC 1. TBSCI, ImH _ N/BOC then PhSeCl _ \/\O N’BOC
2. RUOz, Na|O4 2. H202, CH20|2 |
= 55% 2 st = 76% over 2 steps z
OH o OVeresieps - Srms ° P OTBS
2.22 2.23 2.24

1. ClCOzMe, K2C03

0 2. LHMDS 0 0 Q _
. Z
ﬁjj allyl chloroformate o/\/ Pd,(dba); _ Eu]/\/
3. KZCigfcet} N MeCN, reflux N

N
H

| >95% |
| Z Eo,Me ° CO,Me
2.25 18% over 3 steps 2.26 2.27
(0] (0]
N /u/,,' .Boc
2.24 O N
LHMDS M902C\N K2003 -
_780© = -
027 THF, -78 °C 5TBs MeCN, reflux

43% over 2 steps

2.28

Scheme 2.7. Fiirstner’s approach to the bicyclic core of xestocyclamine A.

From the chiral alcohol 2.32, silylation and subsequent regioselective C-H oxidation
yielded lactam 2.33. Upon enolate formation with LHMDS, alkylation and selenoxide elimination
formed 2.34 in 76% over two steps. Synthesis of the other fragment began with 2.35 to form the
carbamate and B-keto ester. Then treatment with K2CO3 and 5-iodopentyne gave 2.36 and
introduced the alkynyl RCAM handle. Palladium-mediated decarboxylative dehydrogenation
revealed 2.37 with no competitive reactivity. When lactams 2.34 and 2.37 were treated with
LHMDS the double Michael addition was not observed and 2.38 was isolated. Further treatment

with K2COs at reflux in acetonitrile induced the second conjugate addition to give 2.39.
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Pd(PPhj), Boc 1. NaBH,, MeOH
> ~N N >
50°C, PhMe “CO,Me 2. MsClI, NEts,
>95% DMAP, CH,Cl,
81% over 2 steps
2.30 2.31
X
1. 2,6-lutidine, 170 °C
then TBSOTT, 72%
2. NaH, DMF, 91%
\/\/\
|
2.32 2.33 2.35 2.36

Scheme 2.8. Firstner’s approach to the northern macrocycle of xestocyclamine A.

Palladium-catalyzed decarboxylative allylation installed the quaternary center of 2.40 in
near quantitative yield. Reduction with NaBH4 produced the secondary alcohol which was
mesylated to afford 2.41. Heat and 2,6-lutidine induced elimination of the mesylate and
alkylation of the deprotected amine proceeded with NaH and alkyl iodide 2.42 to give 2.43. With
both alkynyl handles installed, the diyne was subjected to RCAM using molybdenum catalyst 2.44
and trisilanol ligand 2.45 to yield 2.46 in under 10 minutes. The structure of the macrocyclic ring
was confirmed by X-ray diffraction.

Cleavage of the methyl carbamate was induced with L-Selectride and followed by
reductive amination with aldehyde 2.47 to give the tertiary amine 2.48 (Scheme 2.9). Next
hydroboration with 2 equivalents of 9-BBN, selective hydrolysis of the vinyl borane, and cross-
coupling successfully installed the southern macrocycle of 2.49 in 48% yield. Final reduction of

the amide with DIBAL-H gave nominal xestocyclamine A.
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(i) 9-BBN

(i) H,0, HOAc, THF

(i) THF, NaHCO4

OM (iv) PACl,(dppf), AsPh,
T1,CO3, THF/DMF/H,0

' ~ | 48%
2.37 2.38 2.39

1. L-Selectride, THF
2. NaBH(OAc)3, CH,Cl,

DIBAL-H

THF, then MeOH
57%

2.2
xestocyclamine A

Scheme 2.9. Fiirstner’s approach to the southern macrocycle of xestocyclamine A.

As the nominal structure of xestocyclamine A did not correlate with isolation data, the
authors then went forward and synthesized the A23 isomer (Scheme 2.10). Beginning with
intermediate 2.43, a hydroboration-oxidation sequence using 9-BBN and sodium perborate and
subsequent treatment with PDC delivered aldehyde 2.50. Next, Wittig olefination with the non-
stabilized ylide afforded the Z-olefin and deprotection of the methyl carbamate with L-Selectride
revealed the secondary amine 2.51. When treated with Mukaiyama’s reagent°, macrocyclization
gave the 11-membered lactam 2.52 in 39% yield over 3 steps. RCAM using catalyst 2.44 and
ligand 2.45 installed the northern 13-membered macrocycle. Semi-reduction with nickel
borohydride generated the Z-olefin and global reduction with in-situ generated AlHs3 furnished

putative xestocyclamine.
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1. 9-BBN, NaBO3-H,0

2. PDC, 4 AMS, CH,Cl,
74% over 2 steps

2.33

Y ©
o
N™ CI
| .
(i-Pr)oNEt, CH,Cl,
39% over 3 steps

1. NHMDS, THF
[PhsP(CH;)4CO,H]IBr

2. L-Selectride, THF

Y

1. 2.34 (30 mol%),
2.35 (30 mol%), PhMe
100 °C, 82%
O 2. Ni(OAc),-4H,0, NaBH,
EtOH, H, (1 atm), 86%
3. LAH, AICl3, THF, 58%

23
putatative
xestocyclamine A

Scheme 2.10. Firstner’s synthesis of putative xestocyclamine A.

Nakada’s Approach Toward Keramaphidin B

Recently the Nakada group reported a novel approach toward the construction of the
bicyclic core in the manzamine alkaloids.”* In their approach toward the total synthesis of
keramaphidin B, the authors took inspiration from the Baldwin biosynthetic approach and

envisioned a modified intramolecular Diels-Alder (IMDA) cycloaddition to access the central
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scaffold (Scheme 2.11). Seeking to avoid the use of two unstable dihydropyridine macrocyclic
intermediates, the authors sought to employ dihydropyridine and lactam moieties of 2.55 in an

IMDA.

2.43 2.44 245
keramaphidin B

Scheme 2.11. Nakada’s retrosynthetic analysis of keramaphidin B.

Synthesis of the IMDA precursor began from the epoxidation of commercially available
myrcene with mCPBA followed by treatment with perchloric acid to give diol 2.57 (Scheme 2.12).
Oxidative cleavage with sodium periodate produced the resulting aldehyde which was
immediately subjected to Corey-Fuchs conditions and the alkynyl lithiate quenched with
iodoalkane. Reaction with p-toluenesulfonic acid furnished primary alcohol 2.59. Triflation with
Tf,0 and subsequent displacement with secondary amide 2.61 yielded the N-alkylated amide.
Next palladium-catalyzed carbonylation furnished the methyl ester 2.62 and fully elongated

IMDA precursor.
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45% over 2 steps

Br X
1. n-BuLi, THF, HMPA Tf,0, 2,6-lutidine
then I(CH,),OTHP A CH,Cl,
2.49 OH

2. TsOH, MeOH
48% over 2 steps

N 0 1. KHMDS X CO2Me
N | THF, PhMe, Et,0 = X
X | 2. PACl,(dppf),, NEt; < NI}
oTf MeOH, CO X
2.50

2.51 53% over 3 steps 2.52

1.mCPBA, CH,Clp OH  1.NalO,, THF/H,0, 87%
2. HCIO,, THF/H,0 2. CBry, PPhs, CH,Cly, 75%
OH

Scheme 2.12. Nakada’s synthesis of IMDA precursor toward keramaphidin B.

The penultimate intramolecular cyclization was nontrivial, and a variety of conditions
were screened. In addition to the cyclized regioisomers, 2.53 and 2.54, complex mixtures
containing pyridinone intermediates were also characterized. Employment of stoichiometric
Lewis acids such as: MgBr;, Zn(OTf);, ZnBr,, InCls, and Cu(OTf); resulted in no reaction,
inseparable mixtures, or trace product formation. Ultimately the authors found when 2.62 was
treated with SnCls and heat, the Type Il IMDA cyclization proceeded in 32% to yield 2.63 (Scheme
2.13). Unfortunately, 2.63 is the undesired regioisomer, and the yield of the desired isomer 2.64
was not reported.

. -CO2Me
X
o SnC|4, CHQC'Q

N
% 80 °C, 17 h, 32%

Y

2.52

Scheme 2.13. Nakada’s synthesis of IMDA precursor.

37



Dixon’s Approach Toward Keramaphidin B

The Dixon group has reported the total synthesis of several manzamine alkaloids, namely:
manzamine A, ircinal A, and nakadomarin A.>>3 In 2016, the Dixon group published a report on
the progress toward the total synthesis of keramaphidin B, in which the authors employ similar
nitro-Mannich reactions and macrocyclization strategies in their retrosynthetic analysis as used

in their previously named syntheses (Scheme 2.14).>*

2.43
keramaphidin B

p—
—

2.59

O,N"
+
(0] OMe

o O
2.60 2,58 2,57

Scheme 2.14. Dixon’s retrosynthetic analysis of keramaphidin B.

The authors’ immediately set out to install the stereochemistry of the quaternary center
with a diastereoselective organocatalyzed Michael addition. When 2.69 and 2.70 were reacted
in the presence of the cinchonine-derived organocatalyst 2.71, nitroalkane 2.72 was isolated in

95:5 dr and 92% vyield (Scheme 2.15). Aminolysis of the 6-lactone with amine 2.73 was followed
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by treatment with agueous formaldehyde and produced the resulting iminium which induced
cyclization from the nitroalkane to give 2.74. Radical-initiated reductive cleavage of the
nitroalkane proceeded when heated in the presence of AIBN and BusSnH. Subsequent Lewis acid
catalyzed lactonization employing Ti(O-iPr)s gave 2.75. Aminolysis of the newly formed 6-lactone
revealed the primary alcohol, which was then oxidized under Swern conditions and treated with
Petasis reagent> to give alkene 2.76. With both terminal olefin handles installed the authors plan

to utilize ring-closing metathesis for the closure of the first macrocyclic ring.

P
—

NH
2.59 — /\/\/ 2
N O 2.62
2 2.61 (20 mol %) aq. HCHO
MeOH, reflux
1h, 70%

* PhMe, -20°C, 36 h
(e} OMe 95:5dr, 92%
O O

2.60 2.58

1. AIBN, BusSnH
PhMe, reflux, 71%

2. Ti(0-iPr),, 50 °C
2h, 84%
__I\N

1. HZN/M

HN
P | | 130 °C, 67%
2

HN™ =S 2. (COCl),, DMSO
NEts, CH,Cl,, 88%

FoC oF 3. Tp2(CH3)2(Cp)a,

3 3 THF/PhMe, 42%

2.61

Scheme 2.15. Dixon’s synthetic approach towards keramaphidin B.
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Conclusion to Chapter 2

The structure of xestocyclamine A has received considerable interest which can be
attributed to its diverse functionality that includes its isoquinuclidine core, congested piperidine
ring fusion, and large macrocyclic rings. While the structure of xestocyclamine A appears to have
been fully validated, two syntheses from independent groups were required to do so, and notedly
completed nearly 30 years after its isolation. Synthetic strategies toward xestocyclamine A and
structurally related natural products were examined whose chemistry included: cycloadditions,

Michael additions, Mannich reactions, cross-couplings, and RCM macrocyclizations.
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CHAPTER IlI

SYNTHETIC ANALYSIS AND DEMONSTRATION OF [4+2] CYCLOADDITION

Retrosynthetic Analysis of Xestocyclamine A

It is important to consider xestocyclamine A’s rich history concerning its proposed
biosynthesis and previously employed synthetic strategies when developing a retrosynthetic
plan. To this end, our synthetic strategy aimed to incorporate the same key disconnection as seen
in the original Baldwin and Whitehead proposal.'® The installation of the two central C-C bonds
would be enabled via a Diels-Alder cycloaddition between a functionalized dihydropyridine 3.4
and suitable dienophile 3.5 (Scheme 3.1). Such a cycloaddition would construct the central core
in a single step and allow for a more robust and convergent strategy.

-alkyl Suzuki

“Cbz

| X
y - Ring
(\ expansion o
RCM/RCAM 3.5
3.1 3.2 3.3

xestocyclamine A

Scheme 3.1 First generation retrosynthetic analysis of xestocyclamine A, X = O; X = NR.

However, it is crucial to note the limited success of the transannular and intramolecular
cyclization approaches used by the Baldwin and Nakada groups (Figure 3.1). Therefore, an
intermolecular cycloaddition appeared to offer the best reactivity. Furthermore, despite the
apparent instability of dihydropyridines, there are several examples in the literature which have

utilized them in natural product total syntheses or methodology studies.?’°664
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Transannular Approach

MeOH
1 M aq buffer

then NaBH,4
MeOH, 0.3%

1.14

Intramolecular Approach

SN COzMe
X
SnCl,, CH,Cl,

N @) 5 5
% 80 °C, 17 h, 32%
2.52
Intermolecular Approach
. Ris
* many conditions N
= & » convergent 7
x-N ' d yield >
R; R, EWG good yields R; EWG
3.6 3.6 3.7

Figure 3.1 Cycloaddition strategies toward the core of manzamine alkaloids.

The two next most prominent obstacles involved synthesis of the large 13 and 11-
membered macrocyclic rings containing Z-olefins. This presented a challenge with two possible
variables, namely a macrocyclization strategy (e.g. Yamaguchi macrolactamization followed by
lactam reduction) and an olefination strategy (e.g. Wittig olefination). While there are a
multitude of many other possible approaches, our synthetic strategy planned on employing ring-
closing metathesis (RCM) reactions for synthesis of at least one macrocycle. This disconnection
across the C=C bond would solve both possible variables, macrocyclization and olefination, in a
single step. Using the well-established Grubbs catalysts, including the Z-Selective Grubbs
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Catalyst® C633, would offer a powerful method for synthesizing the Z-alkenes.t2-%4

We planned on exploring an alternative strategy for the second macrocycle as treatment
of the terminal diolefin substrate with Grubbs catalyst in the presence of the first macrocycle
may result in competitive ring-opening reactions. Indeed, this was observed in Martin’s total
synthesis of manzamine A, as described previously in (Scheme 1.14).38 Additionally, a double RCM
cyclization proved less than ideal, as observed by the Baldwin group in their total synthesis of
keramaphidin B (Scheme 3.2).17 In this case, reduction of pyridinium 3.8 lead to a Diels-Alder
cycloaddition to afford cycloadduct 3.9. When the tetraolefin 3.9 product was subjected to
Grubbs Gen | catalyst, monocyclic product 3.10 and keramaphidin B were isolated in 10-20% and
2% yield, respectively. The low yields can be attributed to the obvious statistical possibility for
undesired products which include: E/Z isomers, polymeric species, and macrocycles with

incorrect connectivity.

A X
| ®_ 1.pH 8.3
N CF3002® TRIS/HCI
2. NaBH,
22 %
over 2 steps

10-20% 2%
3.8 3.9 3.10 1.4
keramaphidin B

Scheme 3.2 Baldwin’s double RCM approach toward the total synthesis of keramaphidin B.

Thus, we aimed to synthesize the second macrocycle through the use of a B-alkyl Suzuki
cross-coupling reaction. This would allow a noncompetitive cyclization strategy and offer another

convergence point to install a fully elaborated alkyl species from N-alkylation of the
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isoquinuclidine nitrogen. This B-alkyl Suzuki cross-coupling is also the same strategy Danishefsky
and Gagnon used to install the first macrocyclic ring, as described previously in Scheme 2.16.%’
The last important structural challenge posed was the introduction of the quaternary
center and fused piperidine ring. Fortunately, the employment of a unique a-halo dienophile
would allow us to address both challenges. Notedly, use of such a dienophile has been

successfully implemented by previous members of the Sulikowski lab.°

Dihydropyridines and Bromomaleic Anhydride: Diene and Dienophile

To this end, a 1,6-dihydropyridine with a substituent at the 3 position would produce the
substituted isoquinuclidine core, presuming an endo selective cycloaddition, the desired
stereochemistry would be obtained. Thus, a suitable dienophile was the last remaining
requirement for this key transformation. Our initial investigations made use of bromomaleic
anhydride, a commercially available and unique dienophile. which has seen little use in the
literature.”®>28 Such a substrate would offer several advantages due to its inherent electronic
properties. Firstly, the carbonyl moieties are well known to prefer the endo transition state in the
Diels-Alder cycloaddition due to secondary orbital overlap, and would produce the desired
stereoisomers. Secondly the electronegative nature of the bromine atom would create an
inductive effect and generate partial positive charges on the alkene of the dienophile, and
resultingly afford the correct regioisomers. Lastly, the bromine atom could serve as a functional
group handle for installation of the congested quaternary center. We aimed to achieve this

% |n consideration of the radical

transformation via a radical-mediated Keck allylation.
intermediate, we intended for the rigid structure of the [2.2.2] bicyclic core to prevent

epimerization to the more strained trans isomer. Fortunately, Wenzler and Sulikowski,
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demonstrated this strategy in their work toward the total synthesis of upenamide A, a related
manzamine alkaloid.®°
Wenzler and Sulikowski’s Approach Toward the ABC Ring System of Upenamide

In 2016, the Sulikowski group published a report on the progress made toward the total
synthesis of upenamide A.%° In their retrosynthetic analysis (Figure 3.2), the authors aimed to
synthesize the C-ring system via a Diels-Alder cycloaddition between bromomaleic anhydride

3.13 and diene 3.14.

3.12
upenamide A

Figure 3.2 Wenzler and Sulikowski’s retrosynthetic analysis of upenamide A.

Indeed, when diene 3.14 was reacted with bromomaleic anhydride under mild reaction
conditions, cycloadduct 3.15 was isolated as a crystalline solid in 76-80% yield as a single isomer
(Scheme 3.3). Radical mediated allylation was initiated with AIBN and produced 3.16 in 65% yield.
Notedly, the B-epimer was observed in up to 23% yield. From anhydride 3.16, reduction with L-
Selectride generated the diol, from which, tritylation of the less sterically hindered alcohol was
followed by acetylation of the second primary alcohol to give 3.17 in good yields. Hydroboration-

oxidation of the allyl handle was successful when reacted with 9-BBN and basic peroxide. The
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resulting alcohol was displaced upon treatment with diphenylphosphoryl azide to give 3.18 in

86% over 2 steps.

TBSO TBSO TBSO )
I): Br O SnBU O 1, L-Selectride, 43%
i : N7 2. TrCl, NEts, 97%
CH,Cl,, 0 C B AIBN, PhMe 3. Ac,0, pyridine, 86%
76-80% H O 65%
3.16 3.17 3.18
N3
TBSO_) OAc  1.i.9-BBN, THF TBSQ :j OAc

ii. NaOH, HQOQ, 91% -
o 2. DPPA, DBU, PhMe -
H OTr 95% H OTr

3.19 3.20

Scheme 3.3 Synthesis of the C ring via a Diels-Alder cycloaddition and Keck allylation strategy.

First Generation Approach Toward Xestocyclamine A and Diene Substrates

In consideration of the studies from Wenzler and Sulikowski, our first investigations aimed
to test a simple model system (Scheme 3.4). In contrast to highly reactive Danishefsky-type
dienes such as 3.16 or 2.14, dihydropyridines have seen far less use in the literature. Although
the nitrogen atom is more electron-releasing than oxygen, nitrogens of dihydropyridines are
typically connected to an electron-withdrawing group, thus lowering the diene HOMO. For
example, carbamate protecting groups are often used to activate the pyridinium species and
facilitate reduction to the dihydropyridine. However, this creates a second important
structurally-related challenge, dihydropyridines are prone to oxidative elimination and in turn

generate stabilized aromatic pyridines. Furthermore, the presence of oxygen, elevated
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temperatures, and basic conditions accelerate this decomposition. This became a crucial
obstacle in future routes, but for the model system was of no concern. Synthesis of
dihydropyridine 3.19 was straightforward and achieved in 78% vyield upon treatment with
conditions developed by Fowler.®! Next, after a short screening of reaction conditions, it was
found that under mild reaction conditions, cycloadduct 3.20 was isolated as a single isomer in
43% upon treatment with bromomaleic anhydride.

Br.

“N—0 MeO,C
e ~
2 N H
o) O Br
7" __NaBH, @ 3.15 4 ‘PO
—_—
XN cico,me X N‘CQZMe 1.5 h, rt, neat ¢
78% 43% O
3.22 3.23

Scheme 3.4 Model system for dihydropyridines in the Diels-Alder reaction.

Trialkyl-Stannyl and Silyl Substituted 1,6-Dihydropyridines

With proof of concept in hand, we next focused on developing a synthesis for a 3-
substitued dihydropyridine that would act as a functional handle for introduction of the Southern
macrocyclic ring. However, 3-substitued pyridines are known to prefer reduction at the C2
position over the C6, leading to the undesired 1,6-dihydropyridine. This was demonstrated in
Scheme 3.5 even when the alkyl-substituted pyridine 3.21 was treated with the bulky reducing
agent, Li(t-OBu)3AIH, where the undesired 1,2-dihydropyridine 3.22 was isolated in 49% rather
than the 1,6-dihydropyridine isomer. In order to obtain the correct regioisomer, we next set forth
synthesizing two series of trialkylstannyl and silyl substituted pyridines. This was chosen due to
investigations by Sundberg and coworkers which demonstrated the effects of substituents and

hydride sources on the reduction of substituted pyridines.®? In their report, trialkylstannyl and
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trialkylsilyl pyridines produced the highest ratios of 1,6-dihydropyridines when treated with bulky
reducing agents such as Li(t-BuO)3AIH and K(i-OPr)3BH. The preference for the 1,6-isomer was
clearly shown to be guided by steric hindrance. In addition to their ability to dictate
regioselectivity, both trialkylstannanes and silanes could potentially serve as cross-coupling
partners post cycloaddition in Stille®® and Hiyama® cross-coupling reactions, respectively. The
two series of pyridines were accessed via magnesium-halogen exchange upon reaction between
bromopyridine 3.24 and i-PrMgCl followed by quench with the metal chloride. Substituted
pyridines 3.25 and 3.28a-c were then reduced using Li(t-BuO)sAlH to give a mixture of 1,2- and
1,6-dihydropyridines. In the stannyl series, 3.26:3.27 were obtain in a 1:5 ratio favoring the
desired 1,6 isomer. In the silyl series, as steric bulk increased from trimethyl silyl 3.30a to tert-
butyl dimethyl silyl 3.30c, the ratio of 1,6:1,2 isomers increased from 1:2 to 1:6. For both series,
purification by flash chromatography resulted in protodemetallation. Two-dimensional TLC
revealed both 3.26/2.27 and 3.29/330 were unstable towards silica, and thus were subsequently
telescoped into the Diels-Alder cycloaddition upon workup. However, analysis of the crude
reaction mixture by H NMR revealed 3.27 and 3.30 again underwent protodemetallation.

Adjustments in temperature, solvent, and equivalents did not prevent this from occurring.

49



N AN
\/\/G TBDPSC] ‘TBDPSO\/\@\I Li(tBuO)sAIR TBDPSO\/\Q OCH
HO ZN “imidazole, DMF ZN"Zgoc. THE :
3.26

n,2.5h CICO,Me
3.24 (85%) 3.25 " o )
| X i-PrMgCl @ _Li(-BuO)AH _ D D
[EEE——
N
g~ 0°C, THF BusSn” 2 -78 °C THF  Bu,Sn OzMe Bu,Sn ~CO,Me
3.27 then BuzSnCl 3.28 CICO,Me
(76-90%) (60%) (1:5)
B i-PrMgCl @ _Li(tBUO)AH /G D
N o N
B N\ 0°C, THF ReSi7 A 78 “7soC,THF COzMe R,Si ~Co,Me
then R3SiCl CICO,Me
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Scheme 3.5 Synthesis of trialkyl-stannyl and silyl 3-substituted pyridines

As the [4+2] cycloaddition progressed, formation of the oxidized pyridine ring was evident by
NMR, and it became apparent that the proton source originated from the methylene of the
dihydropyridine. In consideration of the lability of the trialkyl metal species and the propensity
of dihydropyridines to undergo oxidative decomposition, we decided to develop a route towards

a more stabilized diene.

Pyridones as Dihydropyridine Surrogates

In an attempt to mitigate rearomatization of the dihydropyridine we became interested
in a functional group that could serve as a protecting group for the methylene of the
dihydropyridine. In addition to avoiding vinyl metal species, we found substituted pyridones to
be an attractive class of compounds capable of providing both benefits. Our initial studies aimed
at functionalization of bromo-pyridone. Moreover, the vinyl bromide functional group could

serve as a site for introduction of the Southern macrocycle (e.g. cross-coupling partner).
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NaH, RX
THF
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N.
Br X

R = Me - 3.35a (95%
Bn - 3.35b (79%
Boc - 3.35¢ (59%
Ms - 3.35d (56%

0]

R

O

Br

~— ~— ~— ~—

oo

3.13
e
conditions

Br

entry diene eq.3.15  temperature  solvent conditions Result
1 3.34 4 110 °C PhMe - Michael addn
2 3.35a 1.1 100 °C PhMe - n.r.
3 3.35a 1.1 170 °C xylenes  pressurized decomposition
4 3.35b 1.1 100 °C PhMe - n.r.
5 3.35¢c 1.1 100 °C PhMe - decomposition
6 3.35d 1.1 100 °C PhMe - decomposition
7 3.35a 1.1 0°C CH,Cl, EtL,AICI decomposition
8 3.35a 1.1 rt Et,O LiClO4 n.r.
9 3.35a 1.1 rt CH,Cl, Sc(OTf)5 n.r.
10 3.35a 1.1 0°cC CH,Cl, AICl5 decomposition

Table 3.1 Conditions screened for [4+2] between pyridones and bromomaleic anhydride

N-alkylation of pyridone 3.34 was affected upon treatment with NaH and the
corresponding alkyl halide. N-alkylation was confirmed by the presence of a strong carbonyl
stretch by IR spectroscopy. A small series of pyridones, 3.35a-d, were synthesized with differing
electronic characteristics in order to assess reactivity in the subsequent Diels-Alder reaction. A
short screening of conditions was employed to test the reactivity of these pyridones as diene
substrates (Table 3.1). Alkylation of pyridone 3.34 prior to the cycloaddition was necessary,
otherwise when reacted with bromomaleic anhydride 3.13, a 1,4-addition was observed rather
than the [4+2] cycloaddition (entry 1). When reacted under thermal conditions pyridones 3.35a-
d decomposed or failed to show any reactivity at all. Notedly, a pressurized system run in a sealed

flask (entry 3) resulted in decomposition of both diene and dienophile with no cycloadduct
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formation observed. Lastly, 3.35a was selected as the most electron rich diene, and then reacted
with a variety of Lewis acid catalysts (entries 7-10). For entries 7 and 10, decomposition of the
dienophile was observed. 'H NMR analysis of entry 7 indicated conjugate addition of an ethyl
moiety onto dienophile 3.13. It became obvious that the electronics of the bromo-pyridones

were very poor and thus hindered reactivity in the Diels-Alder reaction.

S— /,S Raney Nickel =z
h F OMe — SN
MeO P~d Br R
S
/Cfo 3.37 /Cfs 3.39
> ] S
B XX NMe PhMe, reflux, 2 h B XX NMe 0~_70
(86-95%) 1/\40 Me.
3.35a 3.38
Br’ 3.13 7 B o
x>
Br %
0
o)
3.40

Scheme 3.6 Synthesis of thiopyridone and attempted cycloaddition and dethiolation.

In an attempt increase reactivity (i.e. raise the HOMO), we investigated the conversion of 3.35a
to thiopyridone 3.38, which would serve as a less deactivating substituent. Lawesson’s reagent®?
efficiently afforded thiopyridone upon reflux in toluene (Scheme 3.6). Attempts at dethiolation
of 3.38 using Raney nickel were unsuccessful and resulted in formation of a dimeric species by
'H NMR and HPLC-MS but was not fully characterized. Additionally, thiopyridone 3.38 was also
reacted with bromomaleic anhydride 3.13 and instead of cycloadduct formation, consumption
of dienophile was observed. The disappearance of alkenyl peaks by 'H NMR suggested 1,4-
addition and thioalkylation of dienophile with 3.38. Simultaneously another model system was

investigated (Scheme 3.7).
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Scheme 3.7 Pyridone model system for intramolecular [4+2] cycloaddition

Due to the electron poor nature of pyridones, reactivity was very limited. In an attempt to
compensate for this, we investigated an intramolecular [4+2] model system in an effort to gain
an entropic advantage. Synthesis of sulfonamide 3.41 was readily achieved upon treatment of
3.34 with NaH and allylsulfonyl chloride. We hoped transitioning to a unimolecular reaction in
addition to forming a 5-membered ring would provide a large enough entropic gain to overcome
the evidently high activation barrier. However, after extended reaction times and high
temperatures, formation of 3.42 was not observed. Monitoring by NMR and IR suggested
aromatization and possible N to O migration of the sulfonamide moiety to give pyridine 3.43.
With the complete lack of reactivity from the bromo-pyridones, we decided to investigate more

electron rich diene substrates.

Access to Alkoxy Substituted Pyridones via Aza-Achmatowicz Reaction

Upon searching the literature, an interesting alkoxy-substituted pyridone 3.44 was found
in the total synthesis of aspidophylline A by Garg and coworkers (Scheme 3.8).5567 [4+2]
cycloaddition with maleic anhydride afforded cycloadduct 3.45 in a referenced 97% yield. With
such a high yielding transformation and the electron-releasing nature of the benzyloxy
substituent, we next aimed to synthesize such a diene and investigate its reactivity.
Unfortunately, 5-alkoxy pyridones are not commercially available, and resultingly were required

to be prepared in lab. Access to gram scale quantities was achieved through the use of the Aza-
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Achmatowicz reaction, an oxidative rearrangement and cyclization of tosyl furfuryl amine
(Scheme 3.9). Admittedly, synthesis of the 3-alkoxy group was never achieved and rather our

focus was aimed at investigating the silyl vinyl ether moiety, due to its ease of synthesis and

stability.
O
Bn\
/Cﬁ PhMe, reﬂux
3.44 3.45 O 3.46

(x)-aspidophylline A

Scheme 3.8 Use of alkoxypyridone in Garg and coworkers’ total synthesis of aspidophylline A.

Beginning from furfuryl amine 3.47, tosylation produced the protected amine, which was
necessary prior to treatment with mCPBA in order to prevent hydroxylamine formation.
Subsequent reaction with mCPBA, induced the named Aza-Achmatowicz reaction to afford
hemiaminal 3.48 in excellent yields. From the hemiaminal a variety of strategies were
investigated to access the alkyoxy-substituted pyridones. Our first attempts began with synthesis
of 3.49 under Lewis acid catalysis in the presence of triethyl orthoformate. We hoped removal of
the free alcohol would allow formation of the corresponding enolate when deprotonated.
Additionally, 3.49 would also lack the electron-withdrawing amide moiety. Unfortunately, when
treated with LDA and AcCl, diene 3.50 was not formed and a complex mixture was observed.
Presumably 3.49 underwent competitive deprotonation at the a and y carbons. In a second

effort, hemiaminal 3.48 was oxidized under Jones conditions®® to generate 1,4 dione 3.51. When
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reacted with TBSCl| and imidazole, silyl vinyl ether 3.52 was isolated in 75% vyield. Lastly, O-

alkylation of 3.53 was achieved in low yield upon treatment with KHMDS and AcCl.

BF5-OEt2 ANCEt DA, THF _~_-OFEt
1) TsCl, NEt; on C(Etgl)anl;o/ o Ners  AcCl-78°C AcO™ N
EO)—/NHz DMAP, 81%= Z 2Clz, 92% 3.49 3.50
/ 2) mCPBA o N
CHCl3, 95%
3.47 3.48 Cro3, H,80, — AN°  1BSCl, ImH NP
0.5 h, acetone N. 18 h, CH,Cl, - No
; o) TBSO
56% s 759 Ts
.51
35 3.52
o)
KHMDS, AcCl =
THF, 0 °C I
16%
3.53

Scheme 3.9 Access to 5-hydroxy pyridone derivatives via Aza-Achmatowicz reaction.

With gram scale quantities of 3.52 in hand we screened conditions against bromomaleic
anhydride 3.13 (Table 3.2). Under thermal heating, microwave irradiation, and pressurized
conditions in a sealed flask (entries 1-4), only decomposition of 3.13 was observed. Changing the
dienophile to benzoquinone, 3.55, when reacted with pyridone 3.52 in a planetary ball mill or
under sealed pressurized conditions (entries 5,6) resulted in decomposition or no reaction.
Pyridone 3.53 was never synthesized in large enough quantities to investigate, and in
consideration of the failure of 3.52, the electronegative nature of the acetate deterred us from
further studies. Again, with the lack of reactivity of pyridones as dienes we became interested in
1,4-dione 3.51 as a potential dienophile. As an alkene with two electron-withdrawing
substituents inside a 6-membered ring, 3.51 could potentially install the piperidine ring of

xestocyclamine through a Diels-Alder reaction.
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0O

Ts ~N
= O conditions
X / o
8507 XN-p TBSO .
3.52 354 O
entry dienophile eq. temperature solvent conditions Result
1 3.15 1 110 °C PhMe thermal decomposition
2 3.15 1 100 °C PhMe microwave decomposition
3 3.15 1.1 90 °C CH,Cl, sealed tube n.r.
4 3.15 1.1 120 °C CH,Cl, sealed tube decomposition
5 3.55 1.1 rt - ball milling n.r.
6 3.55 1.1 90 °C CH,Cl, sealed tube decomposition

Table 3.2 Screening of conditions for [4+2] cycloaddition employing vinyl silyl ether pyridones.

Thus, a short screen was investigated to assess its utility as a dienophile (Table 3.3). Under
thermal conditions (entry 1) both diene and dienophile were consumed upon reflux in toluene.

'H NMR indicated tautomerization of 1,4-dione 3.51 and oxidation of dihydropyridine 3.22.

Y (0]
N
@) Ts
= 3.51
\/ -
- No 7N -
CO,Me conditions
3.22
entry diene eq. 3.51 temperature solvent conditions Result
1 3.22 2 110 °C PhMe thermal decomposition
2 3.22 2 100 °C PhMe microwave decomposition
3 3.22 2 rt CH,Cl, - decomposition
4 3.22 1 0°C CH,Cl, - decomposition
5 3.57 1.25 0°C CH,Cl, - 95%

Table 3.3 Screening of conditions for [4+2] cycloaddition employing 1,4-diones.

Similar results were observed under microwave irradiation and milder conditions (entries 2-4).

In a test reaction, 3.51 was able to undergo cycloaddition with cyclopentadiene, 3.57, in 95% at
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0 °C. Unfortunately, this reactivity was never translated into a system containing a
dihydropyridine diene substrate.

In a continued effort to increase reactivity of these pyridones, we next sought to perform
an intramolecular [4+2] cycloaddition. Inspired by Qi and coworkers,® we ambitiously envisioned
installing a tethered furfuryl amine and benzoquinone, followed by an oxidative or
photochemical-initiated Aza-Achmatowicz reaction and Diels-Alder sequence (Scheme 3.10). We
planned on synthesizing amide 3.58 from coupling of furfuryl amine and the corresponding
carboxylic acid or sulfonyl chloride. Upon oxidative rearrangement, we intended to access the

silyl vinyl ether 3.59 in a similar fashion as optimized previously (Scheme 3.10).

0] A/X

x

Oxidation
\/D and steps <N N
TBSOO YA\ N j o
o) TBSO /
O
3.59 3.60

Scheme 3.10 Attempted intramolecular cascade to induce Aza-Achmatowicz/Diels-Alder reaction.

Our first efforts aimed at synthesizing the sulfonamide 3.61 (Scheme 3.11). Beginning from 2-
methyl 1,4-hydroxyquinone, 3.57, bis-deprotonation with NaH was followed by methylation with
CHsl to give 3.58 in 73%. Benzylic bromination was next achieved upon reaction with NBS and
AIBN in 95%. When treated with sodium sulfite, the sulfonic acid was formed in good yield, and
was subsequently converted to 3.60 with thionyl chloride. However, we were unable to
efficiently access sulfonamide 3.61 after employing a variety of coupling reagents. Next, we
directed our attention towards the synthesis of the amide analogue 3.67 (Scheme 3.12).

Proceeding from the benzylic bromide 3.59, displacement with NaCN was achieved in high yield
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upon moderate heating (Route A). We planned to hydrolyze the nitrile to the corresponding
carboxylic acid, but while scaling up the route, upon use of NBS from a new supplier, we observed
the formation of undesired dibrominated side-products. This led us to change routes and begin
from the commercially available 2,6-dimethoxybenzaldehyde 3.62 (Route B). Reduction of the
aldehyde with NaBH4 was then followed by conversion to the alkyl chloride upon reaction with
sulfonyl chloride. Displacement of the benzyl chloride 3.64 with NaCN was then followed by
hydrolysis with NaOH and heat. Carboxylic acid 3.66 was then carried forward into the amide
coupling with furfuryl amine. Activation of the acid with HATU and DIPEA gave the fully furnished

amide 3.67 in up to 96% vyield.

OH OMe OMe
NaH, CHsl NBS, AIBN Br 1. Na,SOs, THF
> —2 T >
THF, 73% CCly, 95% 2. SOCl,, DMF
OH OMe OMe zg%t
3.57 3.58 3.59 over < steps
OMe A\ OMe
HZN\/D | N\
_Cl o) _HN
//S\\ X //S\\ o
oo
DMAP, NEt;
OMe CHCl OMe
3.60 3.61

Scheme 3.11 Route to sulfonamide and Aza-Achmatowicz/Diels-Alder reaction cascade.

With amide 3.67 in hand, we next sought to induce the Aza-Achmatowicz/Diels-Alder cascade.
Our initial strategy planned to approach the cascade in a step-wise manner in order to simplify
analysis of the reaction mixture and fully characterize intermediates. However, in the presence
of mCPBA, amide 3.67 failed to undergo oxidative rearrangement using the previously optimized

conditions. With no formation of hemiaminal 3.68, we screened a variety of oxidants (Table 3.4).

58



A

OH OMe OMe
NaH, CHjl NBS, AIBN Br
: —_—
THF, 73% CCly, 95%
OH OMe OMe
3.61 3.62 3.63
B
OMe O OMe
NaBH,, EtOH OH SOCl,, py Cl NaCN, DMF
> —_—
0°C,77% CHCI3, 0 °C 80 °C
(58-819 72-969
OMe OMe %) OMe ( %)
3.66 3.67 3.68
OMe l ) OMe \
o Ho
CN _NaOH,H,0 _ _HATU, DIEA O
T80°C, 49% DMF ft, 1h ©
3.69 3.70 3.7

Scheme 3.12 Route to amide and Aza-Achmatowicz/Diels-Alder reaction cascade.

Increasing equivalents of mCPBA failed to increase conversion of 3.67 to 3.68 (entries 1-3). Next,
photochemical conditions were employed to produce singlet oxygen, which has previously been
shown to initiate Achmatowicz rearrangements.’® Notedly, the use of singlet oxygen in the Aza-
Achmatowicz has not been reported in the literature, perhaps due to N-oxide formation.
Regardless, irradiation by a medium-pressure mercury UV lamp at a range of temperatures were
attempted (entries 4-6), but unsuccessful. Finally, a variety of common oxidants were
investigated such as: t-BuOOH, magnesium monoperoxyphthalate (MMPP), dimethyldioxirane
(DMDO), peracetic acid, and pyridinium chlorochromate (PCC) (entries 7-11). Unfortunately, in

every entry we observed no oxidative rearrangement and only recovered starting material.
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O
OMe H\/@ OMe |
N O conditions N
> -
N O OH
O

@]

OMe 3.7 Me  3.72

entry eq. [Ox] oxidant solvent  temperature Result
1 1.5 mCPBA CHCl, 0°C n.r.
2 2 mCPBA CHCl3 0°C n.r.
3 25 mCPBA CHCI3 0°C n.r.
4 - 10, rose bengal CH,Cl, 78 °C n.r.
5 - 10, rose bengal CH,Cl, 0°C n.r.
6 - 10, rose bengal CH,Cl, rt n.r.
7 25 t-BuOOH CH,Cl, rt n.r.
8 25 MMPP CH,Cl, rt n.r.
9 1.5 DMDO acetone rt n.r.
10 1.2 peracetic acid CH,Cl, rt n.r.
11 2 PCC CH,Cl, rt n.r.

Table 3.4 Attempts at Aza-Achmatowicz for the Diels-Alder cascade from amide 3.67
Alkyl-Substituted Pyridines and the Polonovski-Potier Reaction

Having fully experienced the complete lack of reactivity of pyridones, we next pursued
modification of alkyl-substituted pyridines due to their more electron-releasing nature and
literature precedence. From commercially available 3-propanol pyridine 3.21, silylation of the
alcohol was performed with imidazole and TBSCI, from which reduction of the benzyl pyridinium
with NaBH4 yielded tetrahydropyridine 3.70 in 63% yield. Next oxidation of the amine was
achieved in excellent yields upon subjection to mCPBA. From the resulting N-oxide 3.71, reaction
with trifluoroacetic anhydride induced the Polonovski-Potier reaction to provide the iminium
3.72.7* We planned to isomerize 3.72 upon deprotonation to give the desired dihydropyridine
3.73. After a short screening of bases, we found 3.72 exhibited remarkable sensitivity towards

air, heat, and basic conditions. A variety of bases were used such as: alkoxides (KOt-Bu), sterically
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hindered amines (Hilinig’s base, DBU), irreversible kinetic bases (NaH), and mild basic alumina.
Upon reaction with 3.72 a complex mixture of aromatic compounds was observed with no

formation of diene 3.73.

A | X |
_N TBSCI, ImH _N BnBr o N mCPBA _
CH,Cl,, 95% then NaBH, \| CH,Cl,, 95%
Ph
63%
OH OTBS OTBS
3.24 3.73 3.74
CF3C02_ /
. TFAA, CH,Cl, |1, bases
| —O> N —_—— N
O'\| 5 min, 95% \| \|
Ph Ph Ph
OoTBS OoTBS OTBS
3.75 3.76 3.77

Scheme 3.13 Attempted Polonovski-Potier reaction to access dihydropyridines.

In an attempt to modulate the reactivity of 3.72, we next investigated trapping the iminium
species as the enamine upon conjugate addition of methoxide or diethylmalonate (Scheme 3.14).
The resulting enamines 3.74 and 3.75, have been previously shown to undergo elimination upon
heating to release the conjugate base and generate dienes such as 3.73 in situ.”>’3 Enamines 3.74
and 3.75 were isolated in poor yields due to their instability toward silica, but were then carried
forward into the elimination. A variety of 2-step and one pot procedures were attempted in the
presence or absence of bromomaleic anhydride 3.13, but formation of diene 3.73 or cycloadduct

3.76 were not observed.

61



| \e TFAA CHCL | e NaH. R-H < A
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6_\| 5 min, 95% \I 1h \I
Ph Ph (34-51%) Ph
OTBS oTBs CF3COy OTBS
3.75 3.76 R = OMe - 3.78

(EtO,C)CH, - 3.79

=
S N\I
Ph
OTBS
- - OTBS
3.77 3.78

Scheme 3.14 Trapping of reactive a,B-unsaturated iminium species.

Diels-Alder Cycloaddition between Dihydropyridine and Bromomaleic anhydride

Due to the electron-richness of alkyl-substituted dihydropyridines and their more
frequent use in the literature, we decided to pursue a pathway developed by the Fukuyama group
in order to access the elusive 3-alkyl dihydropyridine intermediate.”* Beginning from
commercially available 3-propanol pyridine 3.21, silylation with TBDPSCI was necessary as
smaller protecting groups (e.g. TBS) were found to be labile in later steps. From the protected
alcohol 3.22 reduction of the benzyl pyridinium with two equivalents of NaBH4 was followed by
protecting group exchange with benzyl chloroformate. Loss of benzyl chloride from the
intermediate ammonium salt allowed for this transformation in a single step. Use of the benzyl
carbamate was necessary as in the following step, when reacted with bromine, undesired side-
products were observed, likely due to N-halogenation. From tetrahydropyridine 3.77,
dibromination occurred cleanly and required no further purification. Now posed for the bis-

elimination to the desired diene, considerable optimization was required to afford 3.79 as a single
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isomer. Ultimately it was found that when 3.78 was reacted with DABCO under elevated
temperatures in a sealed flask and static vacuum, diene 3.79 was formed as a single isomer.
Subjection to other bases, solvents, and non-pressurized or lower temperatures resulted in a
mixture of mono-, di-, and exocyclic alkenes. Isolation of 3.79 by flash chromatography proved
impossible due to its silica and air sensitivity. Amid optimization of the elimination, several
decomposition studies were conducted. Three aliquots of diene 3.79 were taken and placed
under separate conditions. The first reaction revealed that heating at 120 °C overnight resulted
in full conversion to the aromatic pyridine. The second aliquot was left open to air overnight and
also showed the same oxidative decomposition. Lastly, the third aliquot was left at room

temperature under vacuum and showed no appreciable decomposition for several days.

2 | AN |
Xx~N TBDPSCI, ImH _ #N 1.BnBr, NaBH, _ N cpz _Bra, CHoCl,
CH,Clp, 209 2. CbzCl, reflux (24 g, 72-86%)
(92%) (25 g, 68%)
OH

OTBDPS over 2 steps OTBDPS
3.24 3.79 3.80
o}

Br = I; Cbz\N

Br N N (@]
N<Cpz _DABCO, PhH XxNecps | Br L/ Br 5
120°C, 3 h neat, rt, 18 h )
(42%) o)
OTBDPS OTBDPS over 2 steps
3.81 3.82 OTBDPS
3.83

Scheme 3.15 Successful cycloaddition between alkyl dihydropyridine and bromomaleic anhydride.

Further studies and attempts to telescope 3.79 into the Diels-Alder reaction without an
aqueous workup were unsuccessful. Upon addition of bromomaleic anhydride, consumption of
dienophile was observed without conversion of diene 3.79. It appears DABCO serves as a

Michael-donor and sequesters dienophile from the [4+2] cycloaddition. Regardless, it was
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ultimately found that the previously optimized conditions (Scheme 3.4) produced cycloadduct
3.80 in 42% over two steps as a single isomer (Scheme 3.15). From 3.80 we next planned to
investigate opening of the anhydride with an amine in order to determine if we could gain
selectivity upon nucleophilic addition. Based upon the Biirgi-Dunitz trajectory, approach of the
incoming amine would greatly influence regioselectivity.”> We hypothesized nucleophilic
addition may occur towards the carbonyl adjacent to the quaternary center, due to the steric
hindrance of the endo bromine substituent toward the other carbonyl (Scheme 3.16). However,
we were also aware the adjacent quaternary center may completely block addition to the
adjacent carbonyl. Regardless, we hoped to gain some selectivity which would allow us to
proceed from 3.81 using functional group interconversions and ring closing metathesis to arrive

at macrocycle 3.82.

| Birgi-Dunitz Angle and Conformational Analysis |

=,Nuc
107°< 6 ,_‘// ‘Nuc Nu:}
/ Br H
e} C’..-nuullR' R 1) R
R 0 O=>0p0
Predicted Unfavored
CbZ\ Cbz\
N N
r
/ %O NH,R /
____t_h_e_n___>
1) TMSCHN, o)
OTBDPS OTBDPS

7 3.84 3.85

Scheme 3.16 Conformational analysis of Burgi-Dunitz angle and nucleophile trajectory.
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When cycloadduct 3.80 was first treated with benzyl amine followed by TMSCHN;, we
anticipated formation of methyl ester 3.83 but were surprised to isolate imide 3.84 (Scheme
3.17). Formation of the 5-membered imide was confirmed via *H-'3C HMBC-correlations, and in
hindsight is likely highly favored due to the close proximity of the endo substituents. This ring
closure was also observed when treated with heptylamine which produced 3.85 in 55% yield.
Attempts were made without a TMSCHN, quench, with HClI amine salts, and other solvent

systems, but all failed to prevent imide formation.

Cbz. Cbz.

N ; N
/ \Bfro : 7 B’ 0 TH-13C HMBC
BnNH, - NHOMe ' \]%> Correlations
then ! N
) . o]
TMSCHN, O Bn : ‘\s\—Ph
11% OTBDPS v OTBDPS
Cbz .
N 3.86 | 3.87
7 \?L/O not observed ! observed
o Cbz.
o 2>\
Br
OTBDPS HaN / o}
~+h . \f 'H-13C HMBC
3.83 then N Correlations
TMSCHN, O L(-\)5
55% OTBDPS
3.88

Scheme 3.17 Opening of anhydride and formation of imide.

However serendipitous, we believed formation of the imide could be used to our synthetic
advantage. Firstly, use of an imide would introduce the second nitrogen of xestocyclamine A’s
core. Second, N-alkylation of the imide would install the alkyl handle for construction of the
southern macrocyclic ring while offering a more convergent strategy. Furthermore, imides

typically show better silica stability than their anhydride analogues, which was a challenge
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encountered in the purification of cycloadduct 3.80. With these factors in mind, we next planned
to proceed with the new imide dienophile containing an alkynyl handle to later facilitate RCAM.
Moving forward, we first began by installing the alkyne on the diene. However, alkyne metathesis
requires terminal methyl groups in order to prevent C-H insertion from Mo or W alkylidene
catalysts and subsequent undesirable side reactions. Thus beginning from 3-propanol pyridine
3.21, Swern oxidation’® provided aldehyde 3.86 in 81% yield (Scheme 3.18). Next when reacted

with Bestmann-Ohira reagent’””’8, 3.87, the homologated alkyne 3.88 was generated.

7%
P-OMe
OMe
= | A N, 2
N (COCl),, DMSO 2N 3.90 o N
NEt3, CH2C|2 K2C03, MeOH
81% | 62% 4
OH o)
3.24 3.89 3.91
| X
n-BuLi, Mel ~.N
AV4 e
> -
THF, -78 °C =
’ 3.92
75% Z
Z | 3.93
N
& 3.91
Bases (n-BuLi, LDA, NaNH,) =z |
Additives (HMPA, TMEDA, NMP) =~ _N
NE - XY - »
X S P »
~""o1Bs Y
X = OTf, OTs, | 3.95
3.94
OR

Scheme 3.18 Failed alkylation of alkyne for RCAM substrates
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Alkylation with n-BuLi and methyl iodide was first successful, but suddenly stopped
providing full conversion of 3.89 and instead afforded an inseparable mixture of starting material
and product. Deprotonation followed by deuterium quench demonstrated successful
deprotonation, but increased equivalents, higher temperatures, and freshly distilled Mel failed
to restore the original reactivity. With our initial goal to access RCAM precursor 3.90 showing
limited success, we decided to investigate another alternative closure of the southern
macrocycle. Next, we envisioned alkylation of the terminal alkyne to install a fully elaborated
species which would enable macrolactamization by displacement of an activated leaving group.
Unfortunately, we observed similar problems, where deprotonation occurred but alkylation
failed. Upon encountering this obstacle, a variety of bases (n-BulLi, LDA, NaNH>), additives (HMPA,
TMEDA, NMP), and leaving groups (OTf, OTs, |I) were screened with no formation of 3.92
observed. With no hint of success or reactivity, we decided to abandon formation of an alkynyl

RCAM substrate and instead focus on pursuit of a terminal alkene RCM precursor.

397 O

Route A Route Bu Routex

Alkyl-Substituted

‘ Trialkyl-Stannyl and Silyl

’ Pyridone Dlenes ‘

Dihydropyridines Pyridines
@ K
- N< - N<
R3M Cbz RO A N\SOZR R Cbz
3.98 3.99 3.100

Scheme 3.19 Summary of routes used to access cycloadduct 3.97
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Conclusion to Chapter 3

After considerable setbacks and unforeseen transformations, we were able to access the
advanced intermediate, cycloadduct 3.97. Three main routes were employed which comprised
of trialkyl-stannyl and silyl substituted pyridines (Route A), pyridones as dihydropyridine
surrogates (Route B), and alkyl-substituted dihydropyridines (Route C). From the cycloadduct
nucleophilic opening of the anhydride with amines resulted in immediate imide formation.
Investigations into alkynyl RCAM substrates were unsuccessful and encouraged future directions

toward alkenyl RCM substrates.
Experimental Methods

@ 3.22: To a cooled suspension of NaBH4 (1.12 g, 29.7 mmol) in MeOH (25 mL) at
X N\COZMe

-78 °C was added pyridine (2 mL, 24.7 mmol) dropwise. The reaction mixture was
maintained at -78 °C for 30 min, then methyl chloroformate (2.5 mL, 32.2 mmol) was added by
syringe pump over 1 h. The reaction mixture was stirred at -78 °C for 2 additional hours, warmed
to room temperature, poured over ice and extracted with EtOAc (3 x 20 mL). The combined
organic extracts were washed with brine (30 mL), dried (Na2S04), and concentrated in vacuo to
give 2.70 g (78%) of dihydropyridine 3.22 as a yellow oil which was used without further
purification. *H NMR (400 MHz, CDCls) 6 6.78-6.64 (dd, J = 49.8, 7.6 Hz, 1H), 5.83 (m, 1H), 5.53-

5.47 (m, 1H), 5.17-5.11 (m, 1H), 4.36 (bs, 1H), 3.77 (s, 3H).

MeOC. ’ 3.23: To bromomaleic anhydride (1.7 mL, 18.0 mmol) was added 3.22 (1 g, 7.2
Br

4 o . . . .
\\’ mmol) neat. The resulting reaction mixture was stirred at room temperature
o]

o)
for 1.5 h and then purified by flash chromatography (silica gel, gradient
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elution, 0-30% EtOAc in hexanes) to afford 970 mg (92%) of cycloadduct 3.23 as a red oil: Ry 0.3
(7:3 hexanes/EtOAc); *H NMR (400 MHz, CDCl3) 6 6.55 (m, 2H), 5.40-5.20 (m, 1H), 3.78 (d, J = 8.2
Hz, 3H), 3.54 (d, J = 10.9 Hz, 1H), 3.47 (m, 1H), 3.40 (m, 1H), 3.17 (m, 1H); 3C NMR (400 MHz,
CDCl3) 6 168.2, 168.0, 167.1, 166.9, 155.3, 133.6, 133.1, 132.6, 132.0, 53.2, 53.1, 52.9, 52.8, 52.1,

51.6,44.6,44.4,34.1, 33.8.

Z I 3.25: To a solution of 3-propanolpyridine (10.0 g, 72.9 mmol) and imidazole (7.44

N g, 109 mmol) in CH,Cl; (243 mL) at 0 °C, was added TBDPSCI (20 mL, 76.5 mmol).

OTBDPS The reaction mixture was allowed to warm to room temperature and maintained
for 18 h. The mixture was then diluted with water (200 mL) and extracted with EtOAc (3 x 100
mL). The combined organic extracts were washed with brine (100 mL), dried (MgS0Qa4), and
concentrated in vacuo. The resulting residue was purified via flash column chromatography (silica
gel, gradient elution, 0-20% EtOAc in hexanes) to afford 25.25 g (92%) of pyridine 3.25 as a
colorless oil: Rf 0.3 (4:1 hexanes/EtOAc); *H NMR (400 MHz, CDCl3) &6 8.45 (m, 2H), 7.66 (m, 4H),
7.39 (m, 7H), 7.19 (dd, J = 7.5, 5.0 Hz, 1H), 3.69 (t, J = 6.2 Hz, 2H), 2.74 (t, J = 7.7 Hz, 2H), 1.87 (m,
2H), 1.08 (s, 9H); 13C NMR (400 MHz, CDCls) & 149.8, 147.0, 137.4, 136.0, 135.5, 133.7, 129.6,

127.6,123.2, 62.6, 33.7, 29.1, 26.8, 19.2.

AN 3.26: To a cooled solution of 3.25 (500 mg, 1.33 mmol) in THF
TBDPSO | N\"/OCH3
(0]

(2.7 mL) at -78 °C was added methyl chloroformate (0.11 mL,
1.46 mmol) dropwise. The solution was maintained at -78 °C for 30 min, then Li(t-BuO)3AIH (1.1
M in THF, 2.53 mL, 2.79 mmol) was added by syringe pump over 1 h. The reaction mixture was

stirred for 1 h at -78 °C, warmed to room temperature for 1 h, and poured over ice. Saturated ag.
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Rochelle’s salt was added and extracted with EtOAc (3 x 10 mL). The combined organic extracts
were washed with brine (20 mL), dried (MgS0a), and concentrated in vacuo to give 283 mg (49%)
of dihydropyridine 3.26 as a yellow oil that was used without further purification. *H NMR (400
MHz, CDCl3) § 7.66-7.38 (m, 15H), 6.70-6.55 (dd, J = 51.4, 7.5 Hz, 1H), 5.56 (d, J = 5.3 Hz, 1H), 5.11
(m, 1H), 4.22 (m, 1H), 3.78 (s, 3H), 3.68 (m, 2H), 2.10 (m, 2H), 1.72 (m, 4H), 1.06 (s, 9H); 3C NMR
(400 MHz, CDCl3) 6 135.6, 129.6, 129.6, 127.7, 127.6, 123.0, 116.0, 105.2, 63.2, 62.7, 53.1, 46.9,

46.7,33.8,31.1, 29.5, 29.2, 26.9, 26.6.

N, 3:28:Toa solution of 3-bromopyridine (2.0 mL, 10.4 mmol) in THF (20.8 mL) was
Bu3Sn/© added i-PrMgCl (2 M in THF, 10.4 mL, 20.8 mmol) dropwise. The reaction mixture
was stirred at room temperature for 2 h, then cooled to 0 °C and BusSnCl (5.9 mL, 21.6 mmol)
added dropwise. The reaction was allowed to warm to room temperature and stir overnight.
Mixture was poured over water and extracted with EtOAc (3 x 25 mL). The combined organic
extracts were washed with brine (30 mL), dried (MgS04), and concentrated in vacuo. The
resulting residue was purified via flash column chromatography (silica gel, gradient elution, O-
10% EtOAc in hexanes) to afford 6.93 g (90%) of pyridine 3.28 as a colorless oil: Rf 0.3 (9:1
hexanes/EtOAc); *H NMR (400 MHz, CDCl3) & 8.59 (m, 1H), 8.51 (m, 1H), 7.74 (m, 1H), 7.23 (m,
1H), 1.54 (m, 2H), 1.33 (m, 6H), 1.10 (m, 6H), 0.88 (t, J = 7.4 Hz, 9H); 13C NMR (400 MHz, CDCl3) &

155.8, 148.9, 144.2, 137.0, 123.8, 28.9, 27.2, 13.5, 9.5.

/@ . /@ 3.29,3.30: To a solution of 3.28 (577 mg, 1.56 mmol) in
BuzSn N\COZMe BuzSn X N\COQMe

THF (5.0 mL) at -78 °C was added methyl chloroformate

(0.13 mL, 1.72 mmol) dropwise. The solution was maintained at -78 °C for 30 min, then Li(t-
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BuO)sAlH (1.1 M in THF, 2.53 mL, 2.79 mmol) was added by syringe pump over 1 h. The reaction
mixture was stirred for 3.5 h at -78 °C, warmed to room temperature for 1 h, and poured over
ice. Saturated aqg. Rochelle’s salt was added and extracted with EtOAc (3 x 15 mL). The combined
organic extracts were washed with brine (20 mL), dried (MgS0a4), and concentrated in vacuo to
give 400 mg (60%) as a mixture of dihydropyridine 3.29 and 3.30 as a yellow oil that was used
without further purification. *H NMR (400 MHz, CDCl3) 6 6.65-6.51 (m, 1H), 5.83 (m, 1H), 5.20 (m,

1H), 4.29 (bs, 2H), 3.77 (s, 3H), 1.50 (m, 10H), 1.30 (m, H), 1.06 (s, 23H).

N 3.31a: To a solution of 3-bromopyridine (2.8 mL, 28.7 mmol) in THF (29 mL) was
TMS/G added i-PrMgCl (2 M in THF, 14.4 mL, 28.7 mmol) dropwise. The reaction mixture
was stirred at room temperature for 2 h, then cooled to 0 °C and TMSCI (4.0 mL, 31.6 mmol)
added dropwise. The reaction was allowed to warm to room temperature and stir overnight.
Mixture was poured over water and extracted with Et,0 (3 x 25 mL). The combined organic
extracts were washed with brine (30 mL), dried (MgS04), and concentrated in vacuo. The
resulting residue was purified via flash column chromatography (silica gel, gradient elution, O-
10% EtOAc in hexanes) to afford 2.82 g (65%) of pyridine 3.31a as a yellow oil: Rf 0.3 (9:1
hexanes/EtOAc); 'H NMR (400 MHz, CDCl3) 6 8.68 (bs, 1H), 8.57 (dd, J = 4.9, 1.8 Hz, 1H), 7.77 (dt,
J=17.5,1.8 Hz, 1H), 7.24 (m, 1H), 0.30 (s, 9H); 1*C NMR (400 MHz, CDCls) 6 153.9, 149.9, 141.0,

123.2, -1.4.

X, 3.31b: To a solution of 3-bromopyridine (1.0 mL, 10.2 mmol) in THF (10 mL) was
~-N

TES added i-PrMgCl (2 M in THF, 5.1 mL, 10.2 mmol) dropwise. The reaction mixture

was stirred at room temperature for 2 h, then cooled to 0 °C and TESCI (1.90 mL, 11.3 mmol)
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added dropwise. The reaction was allowed to warm to room temperature and stir for 48 h. The
mixture was poured over water and extracted with Et20 (3 x 25 mL). The combined organic
extracts were washed with brine (30 mL), dried (MgS04), and concentrated in vacuo. The
resulting residue was purified via flash column chromatography (silica gel, gradient elution, O-
10% EtOAc in hexanes) to afford 1.35 g (68%) of pyridine 3.31b as a yellow oil: Rf 0.3 (9:1
hexanes/EtOAc); 'H NMR (400 MHz, CDCls) & 8.63 (bs, 1H), 8.53 (m, 1H), 7.73 (m, 1H), 7.23 (m,
1H), 0.94 (m, 9H), 0.80 (m, 6H); 13C NMR (400 MHz, CDCls) § 154.3,149.6, 141.9, 132.2, 123.1, 7.1,

3.0.

Xy 3.31c: To a solution of 3-bromopyridine (1.5 mL, 15.4 mmol) in THF (15 mL) was
N

8BS added i-PrMgCl (2 M in THF, 7.7 mL, 15.4 mmol) dropwise. The reaction mixture

was stirred at room temperature for 2 h, then cooled to 0 °Cand TBSCI (2.32 g, 15.4 mmol) added.
The reaction was allowed to warm to room temperature and stir for 48 h. Mixture was poured
over water and extracted with Et,0 (3 x 25 mL). The combined organic extracts were washed with
brine (30 mL), dried (MgS0a), and concentrated in vacuo. The resulting residue was purified via
flash column chromatography (silica gel, gradient elution, 0-10% EtOAc in hexanes) to afford 611
mg (21%) of pyridine 3.31c as a yellow oil: Rf 0.3 (9:1 hexanes/EtOAc); *H NMR (400 MHz, CDCls)
6 8.67 (bs, 1H), 8.57 (dd, J=4.9, 1.8 Hz, 1H), 7.77 (dt, /= 7.4, 1.8 Hz, 1H), 7.25 (dd, J=7.4,4.9,1.8

Hz, 1H), 0.89 (m, 9H), 0.30 (m, 6H).

3.32a/3.32a: To a solution of 3.31a (400 mg, 2.64
Q O
™s X N‘Cone T™S N‘Cone mmol) in THF (4.1 mL) at -78 °C was added methyl

chloroformate (0.22 mL, 2.90 mmol) dropwise. The solution was maintained at -78 °C for 30 min,
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then Li(t-BuO)3AIH (1.1 M in THF, 4.0 mL, 1.65 mmol) was added by syringe pump over 1 h. The
reaction mixture was stirred for 4 h at -78 °C, warmed to room temperature for 1 h, and poured
over ice. Saturated aq. Rochelle’s salt was added and extracted with Et0 (3 x 20 mL). The
combined organic extracts were washed with brine (20 mL), dried (MgS0a), and concentrated in
vacuo to give 411 mg (52%) as a mixture of dihydropyridine 3.32a and 3.32a as a yellow oil that
was used without further purification. *H NMR (400 MHz, CDCl3) § 6.82-6.69 (m, 1H), 5.86 (m,

1H), 5.50 (m, 1H), 4.32 (bs, 2H), 3.79 (s, 3H), 0.10 (s, 9H).

/@ /@ 3.32b/3.32b: To a solution of 3.31b (200 mg, 1.03
TES N‘Cozlvle TES” N

“CO,Me  mmol) in THF (2.1 mL) at -78 °C was added methyl
chloroformate (0.10 mL, 1.24 mmol) dropwise. The solution was maintained at -78 °C for 30 min,
then Li(t-BuO)sAlH (1.1 M in THF, 1.96 mL, 2.16 mmol) was added by syringe pump over 1 h. The
reaction mixture was stirred for 4 h at -78 °C, warmed to room temperature for 1 h, and poured
over ice. Saturated aq. Rochelle’s salt was added and extracted with Et20 (3 x 20 mL). The
combined organic extracts were washed with brine (20 mL), dried (MgS0a), and concentrated in
vacuo to give 168 mg (53%) as a mixture of dihydropyridine 3.32b and 3.32b as a yellow oil that
was used without further purification. *H NMR (400 MHz, CDCl3) § 6.80-6.66 (m, 1H), 5.83 (m,

1H), 5.50 (m, 1H), 4.32 (m, 2H), 3.78 (s, 3H), 0.95 (m, 16H), 0.60 (m, 10H).

| X z 3.32¢/3.32c: To a solution of 3.31c (486 mg, 2.51
TBS N\CO Me TBS X N\CO M
2Vie 2Y®  mmol) in THF (5 mL) at -78 °C was added methyl

chloroformate (0.21 mL, 2.76 mmol) dropwise. The solution was maintained at -78 °C for 30 min,

then Li(t-BuO)sAIH (1.1 M in THF, 9.1 mL, 10.0 mmol) was added by syringe pump over 1 h. The
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reaction mixture was stirred for 4 h at -78 °C, warmed to room temperature for 1 h, and poured
over ice. Saturated ag. Rochelle’s salt was added and extracted with EtOAc (3 x 20 mL). The
combined organic extracts were washed with brine (20 mL), dried (MgS0a), and concentrated in
vacuo to give 430 mg (56%) as a mixture of dihydropyridine 3.32c and 3.32c as a yellow oil that
was used without further purification. *H NMR (400 MHz, CDCl3) & 6.82-6.68 (m, 1H), 5.88 (m,

1H), 5.50 (m, 1H), 4.32 (m, 2H), 3.79 (s, 3H), 0.88 (s, 9H), 0.07 (s, 6H).

_ o 3.35a: Toacooled suspension of NaH (60% in mineral oil, 46 mg, 1.89 mmol) in
B X N\Me THF (9.5 mL) at 0 °C was added a solution of 5-bromopyridin-2(1H)-one (300 mg
mL, 1.72 mmol) in THF (5.7 mL) dropwise. The solution was maintained at 0 °C for 1 h, and then
Mel (0.21 mL, 3.44 mmol) was added dropwise. The mixture was allowed to warm to room
temperature and stir overnight. The reaction was quenched with water (30 mL) and extracted
with EtOAc (3 x 15 mL). The combined organic extracts were washed with brine (30 mL), dried
(MgS0a4), and concentrated in vacuo. The resulting residue was purified via flash column
chromatography (silica gel, gradient elution, 0-10% MeOH in CH,Cl;) to afford 323 mg (>95%) of
pyridone 3.35a as a light-yellow solid: Rt 0.4 (9:1 CH,Cl,/MeOH); IR (film) 3053, 2948, 1661, 1586,

1529 cm%, 'H NMR (400 MHz, CDCl3) & 7.41 (d, J = 2.7 Hz, 1H), 7.34 (dd, J = 9.6, 2.7 Hz, 1H), 6.48

(d,J=9.6 Hz, 1H), 3.51 (s, 3H); 3C NMR (400 MHz, CDCl3) §161.4, 142.4,138.0, 121.8, 97.5, 37.6.

_ o 3.35b: To acooled suspension of NaH (60% in mineral oil, 50 mg, 2.06 mmol) in
B N\Bn THF (4 mL) at 0 °C was added a solution of 5-bromopyridin-2(1H)-one (300 mg

mL, 1.72 mmol) in THF (5 mL) dropwise. The solution was maintained at 0 °C for 1 h, and then

BnBr (0.41 mL, 3.44 mmol) was added dropwise. The mixture was allowed to warm to room
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temperature and stirred overnight. The reaction was quenched with water (20 mL) and extracted
with EtOAc (3 x 10 mL). The combined organic extracts were washed with brine (20 mL), dried
(MgS0a4), and concentrated in vacuo. The resulting residue was purified via flash column
chromatography (silica gel, gradient elution, 0-5% MeOH in CHCl,) to afford 359 mg (79%) of
pyridone 3.35b as a light-yellow solid: R¢ 0.3 (95:5 CH2Cl2/MeOH); *H NMR (400 MHz, CDCls) &
7.38-7.27 (m, 7H), 6.53 (dd, J = 9.6, 1.6 Hz, 1H), 5.10 (bs, 1H); 13C NMR (400 MHz, CDCl3) 6 161.0,

142.4, 136.9, 135.6, 129.0, 128.3, 128.2, 122.3, 98.0, 52.0.

0 3.35c: To a cooled suspension of NaH (60% in mineral oil, 50 mg, 2.06 mmol)
Br/qBoc in THF (5 mL) at 0 °C was added a solution of 5-bromopyridin-2(1H)-one (300
mg mL, 1.72 mmol) in THF (4 mL) dropwise. The solution was maintained at 0 °C for 1 h, and then
a solution of Boc,0 (750 mg, 3.44 mmol) in THF (1 mL) was added dropwise. The mixture was
allowed to warm to room temperature and stir overnight. The reaction was quenched with water
(20 mL) and extracted with EtOAc (3 x 10 mL). The combined organic extracts were washed with
brine (20 mL), dried (MgS0a), and concentrated in vacuo. The resulting residue was purified via
flash column chromatography (silica gel, gradient elution, 0-20% EtOAc in hexanes) to afford 279
mg (59%) of pyridone 3.35c as a yellow oil: Rf 0.3 (8:2 hexanes/EtOAc); IR (film) 3050, 2986, 1755,
1689, 1607 cm%; *H NMR (400 MHz, CDCls) & 7.74 (d, J = 2.6 Hz, 1H), 7.25 (m, 1H), 6.43 (d, J = 9.3

Hz, 1H), 1.62 (s, 9H); 3C NMR (400 MHz, CDCl3) 6 142.9, 132.8, 124.8, 27.7.

/CY//O 3.35d: To a cooled suspension of NaH (60% in mineral oil, 50 mg, 2.06 mmol) in
N.
Br Ms  THF (4 mL) at 0 °C was added a solution of 5-bromopyridin-2(1H)-one (300 mg

mL, 1.72 mmol) in THF (5 mL) dropwise. The solution was maintained at 0 °C for 1 h, and then
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MsCl (0.27 mL, 3.44 mmol) was added dropwise. The mixture was allowed to warm to room
temperature and stir overnight. The reaction was quenched with water (20 mL) and extracted
with EtOAc (3 x 10 mL). The combined organic extracts were washed with brine (20 mL), dried
(MgS0a4), and concentrated in vacuo. The resulting residue was purified via flash column
chromatography (silica gel, gradient elution, 0-30% EtOAc in hexanes) to afford 241 mg (56%) of
pyridone 3.35d as a white solid: Rt 0.2 (7:3 hexanes/EtOAc); IR (film) 3063, 2931, 1681, 1594,
1528 cm™L; H NMR (400 MHz, CDCl3) § 7.99 (d, J = 2.3 Hz, 1H), 7.42 (d, J = 9.7, 2.3 Hz, 1H), 6.52

(d,J=9.7 Hz, 1H), 3.62 (s, 3H); 3C NMR (400 MHz, CDCl3) §159.5, 145.0, 130.5, 124.2,99.3, 41.9.

/Cfs 3.38: To a solution of 3.35a (150 mg, 0.80 mmol) in PhMe (3.2 mL) was added
Br "Me Lawesson’s reagent (323 mg, 0.80 mmol) in one portion. Reaction mixture was
heated at reflux for 2 h, cooled to room temperature and concentrated in vacuo. The resulting
residue was purified via flash column chromatography (silica gel, gradient elution, 0-5% MeOH in
CH,Cl,) to afford 163 mg (>95%) of thiopyridone 3.38 as a light-yellow solid: R 0.2 (CH,Cl,); *H

NMR (400 MHz, (CD3)2CO & 8.28 (d, J = 2.2 Hz, 1H), 7.42 (d, J = 9.3 Hz, 1H), 7.37 (dd, J = 9.3, 2.2

Hz, 1H), 3.91 (s, 3H); 3C NMR (400 MHz, (CD3).CO 6 179.6, 141.9, 136.0, 135.9, 104.4, 45.0.

3.39: To a cooled suspension of NaH (60% in mineral oil, 76 mg, 3.16

= 0]
Br ™ N\S/\/ mmol) in THF (6 mL) at 0 °C was added a solution of 5-bromopyridin-

77\

2(1H)-one (500 mg mL, 2.87 mmol) in THF (19 mL) dropwise. The
solution was maintained at 0 °C for 1 h, and then propene sulfonyl chloride (807 mg, 5.74 mmol)
was added dropwise. The mixture was allowed to warm to room temperature and stir overnight.

The reaction was quenched with water (20 mL) and extracted with EtOAc (3 x 10 mL). The
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combined organic extracts were washed with brine (20 mL), dried (MgS0a4), and concentrated in
vacuo. The resulting residue was purified via flash column chromatography (silica gel, gradient
elution, 0-20% EtOAc in hexanes) to afford 552 mg (69%) of sulfonamide 3.39 as a yellow oil: Rt
0.3 (8:2 hexanes/EtOAc); *H NMR (400 MHz, CDCls) & 8.41 (d, J = 2.5 Hz, 1H), 7.92 (d, J = 8.6, 2.5
Hz, 1H), 7.05 (d, J = 8.6 Hz, 1H), 6.02 (ddt, J = 17.1, 9.9, 7.2 Hz, 1H), 5.55 (m, 2H), 4.36 (s, J = 7.2

Hz, 2H); 13C NMR (400 MHz, CDCls) 6 156.1, 149.0, 142.9, 125.4, 123.7,118.6, 117.2, 57.5.

0 NHTs 3.47.5: To a cooled solution of furfurylamine (3.06 g, 31.5 mmol), NEt3 (8.8
E/)_/ mL, 63 mmol), and DMAP (2.3 g, 18.9 mmol) in CH,Cl; (100 mL) at 0 °C was
added a solution of TsCl (6.31 g, 33.1 mmol) in CH2Cl; (70 mL) by cannula. The reaction mixture
was allowed to warm to room temperature and stir for 1.5 h. Reaction was quenched with water
(150 mL) and extracted with CH,Cl, (3 x 50 mL). The combined organic extracts were washed with
brine (20 mL), dried (MgS0Qa), and concentrated in vacuo. The resulting residue was purified via
flash column chromatography (silica gel, CH2Cl,) to afford 5.91 g (81%) of 3.47.5 as a white solid:
Rf 0.3 (CH2Cl2); *H NMR (400 MHz, CDCl3) 6 7.72 (d, J = 8.1 Hz, 1H), 7.28 (d, J = 8.1 Hz, 1H), 7.25

(m, 1H), 6.22 (dd, J = 3.2, 1.8 Hz, 1H), 6.09 (d, J = 3.2 Hz, 1H), 4.67 (m, 1H), 4.18 (d, J = 6.0 Hz, 2H),

2.42 (s, 3H); 13C NMR (400 MHz, CDCls) 6 179.6, 141.9, 136.0, 135.9, 104.4, 45.0.

Z OH 3.48: To a solution of 3.47.5 (150 mg, 0.597 mmol) in CHCI3 (1.5 mL) at 0 °C was
O/I/i)\l/‘Ts added a solution of mCPBA (155 mg, 0.895 mmol) in CHCl3 (1.5 mL) by cannula.
Reaction mixture was allowed to warm to room temperature and stir for 3 h. Reaction was
guenched with water (10 mL) and extracted with CH2Cl; (3 x 5 mL). The combined organic extracts

were washed with brine (10 mL), dried (MgSQa4), and concentrated in vacuo to afford 145 mg
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(91%) of 3.48 as a white solid that was used without further purification: Rf 0.3 (CH2Cl,); *H NMR
(400 MHz, CDCls) 6 7.71 (d, J = 8.3 Hz, 1H), 7.32 (d, J = 8.3 Hz, 1H), 6.91 (dd, J = 10.2, 5.0 Hz, 1H),
6.07 (m, 1H), 5.99 (m, 1H), 4.05 (m, 2H), 3.16 (m, 1H), 2.42 (s, 3H); *3C NMR (400 MHz, CDCl3) &

191.4, 144.5,143.7, 135.4, 130.0, 128.1, 127.2, 73.0, 48.1, 21.5.

> OEt 3.49: To a solution of 3.48 (398 mg, 1.49 mmol) in CHCl, (7.5 mL) at 0 °C was
O/J/\/)\l/‘Ts added triethyl orthoformate (0.5 mL 2.98 mmol) and BF3.OEt; (0.04 mL, 0.30
mmol) sequentially. Reaction mixture was maintained at 0 °C and stirred for 1.5 h. Reaction was
guenched with NaHCOs3 (10 mL) and extracted with Et;0 (3 x 5 mL). The combined organic
extracts were washed with brine (10 mL), dried (MgS0a), and concentrated in vacuo to afford 406
mg (92%) of 3.49 as an orange oil that was used without further purification: R 0.3 (7:3
hexanes/EtOAc); *H NMR (400 MHz, CDCls) & 7.60 (d, J = 8.3 Hz, 1H), 7.26 (d, J = 8.3 Hz, 1H), 6.79
(dd, J = 10.3, 4.7 Hz, 1H), 5.85 (d, J = 10.3 Hz, 1H), 5.62 (d, J = 4.7 Hz, 1H), 4.09 (dd, J = 81.0, 18.5
Hz, 2H), 3.94-3.64 (dddt, J = 89.7, 9.5, 7.1, 7.1 Hz, 2H), 2.40 (s, 3H), 1.24 (t, J = 7.1 Hz, 3H) 4.05 (m,
2H), 3.16 (m, 1H), 2.42 (s, 3H); 13C NMR (400 MHz, CDCl3) 6 191.6, 144.1, 142.8, 135.8, 129.9,

128.1, 127.0, 79.0, 64.6, 48.6, 21.5, 14.8.

= O 3.51:To a cooled solution of crude 3.49 (761 mg) in acetone (20 mL) at 0°C was
OﬁTs added Jones reagent (2.9 M CrOs, 1.03 mL, 2.98 mmol). Reaction mixture was
stirred for 20 min at 0 °C, filtered, and concentrated in vacuo. The resulting residue was dissolved
in EtOAc (15 mL) and washed with water (15 mL) and brine (10 mL), dried (MgS0a), and
concentrated in vacuo to afford 544 mg (69% over 2 steps) of dione 3.59 as a white solid that was

used without further purification: R¢ 0.3 (95:5 CH2Cl,/MeOH); *H NMR (400 MHz CDCls) & 7.97 (d,
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J=8.3Hz, 1H), 7.36 (d, J = 8.3 Hz, 1H), 6.74 (dd, J = 18.3, 10.3 Hz, 1H), 4.66 (s, 2H), 2.45 (s, 3H);
13C NMR (400 MHz, CDCls & 188.7, 159.3, 145.9, 139.8, 137.5, 134.3, 129.6, 129.1, 127.1, 53.5,

21.7.

_ o 3.52: To a cooled solution of 3.47 (150 mg, 0.561 mmol) and imidazole (95
850" X~N-10  mg, 1.403 mmol) in CH2Cl (2.8 mL) at 0 °C was added TBSCl (101 mg, 0.673
mmol). The mixture was allowed to warm to room temperature and stir overnight. The reaction
was quenched with water (30 mL) and extracted with EtOAc (3 x 10 mL). The combined organic
extracts were washed with brine (10 mL), dried (MgS0a), and concentrated in vacuo. The
resulting residue was purified via flash column chromatography (silica gel, gradient elution, O-
30% EtOAc in hexanes) to afford 159 g (75%) of silyl vinyl ether 3.52 as a light-yellow oil: Rf 0.3
(7:3 hexanes/EtOAc); *H NMR (400 MHz, CDCls) § 7.97 (d, J = 8.3 Hz, 2H), 7.64 (d, J = 3.0 Hz, 1H),

7.34 (d, J = 8.3 Hz, 2H), 7.07 (dd, J = 9.8, 3.0 Hz, 1H), 6.32 (d, J = 9.8 Hz, 1H), 2.44 (s, 3H), 0.98 (s,

9H), 0.21 (s, 6H).

/(/\(O 3.53: To a cooled solution of 3.47 (53 mg, 0.20 mmol) THF (1 mL) at 0 °C was
AcO X

N‘Ts added KHMDS (0.5 M in THF, 0.44 mL, 0.23 mmol) dropwise. The reaction
mixture was maintained at 0 °C for 0.5 h, then AcCl (0.02 mL, 0.22 mmol) was added and stirred
at 0 °C for 1 h. Reaction was quenched with water (5 mL) and extracted with EtOAc (3 x 5 mL).
The combined organic extracts were washed with brine (30 mL), dried (MgS0a), and concentrated
in vacuo. The resulting residue was purified via flash column chromatography (silica gel, gradient
elution, 0-5% MeOH in CH,Cl,) to afford 10 mg (16%) of acetate 3.53 as a white solid: Rf 0.3 (95:5

CH:Cl2/MeOH); *H NMR (400 MHz, CDCls) § 8.00 (m, 2H), 7.35 (d, J = 8.3 Hz, 2H), 7.18 (dd, J = 9.8,
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3.0 Hz, 1H), 6.40 (d, J = 9.8 Hz, 1H), 2.44 (s, 3H), 2.29 (s, 3H); 13C NMR (400 MHz, CDCl5 6 138.8,

130.1, 129.6, 123.3, 21.8, 20.7.

3.57: To a cooled solution of 3.51 (251 mg, 0.945 mmol) in CHCl; (3.1 mL) at O

/ 0]
°C was added freshly distilled cyclopentadiene (0.06 mL, 0.756 mmol). Reaction

N
(@) \ . . .
Ts mixture was maintained at 0 °C for 2 h and then allowed to warm to room

temperature and stir for 1 h. Reaction was concentrated in vacuo and the resulting residue was
purified via flash column chromatography (silica gel, gradient elution, 0-3% MeOH in CH,Cl;) to
afford 250 mg (>95%) of cycloadduct 3.57 as a white solid: Rf 0.3 (1:1 hexanes/EtOAc); *H NMR
(400 MHz, CDCl3) 6 7.85 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.3 Hz, 2H), 6.17 (dd, J = 5.7, 2.7 Hz, 1H),
5.92 (dd, J =5.7, 2.7 Hz, 1H), 4.24 (d, J = 3.4 Hz, 2H), 3.45 (m, 2H), 3.29-3.12 (ddd, J = 53.2, 9.7,
3.9 Hz, 2H), 2.44 (s, 3H), 1.52-1.36 (m, 2H); 1*C NMR (400 MHz, CDCl3 6 169.6, 145.3, 136.1, 135.2,

129.3,128.8, 54.4, 50.6, 49.0, 49.0, 48.1, 46.1, 21.6.

OMe  3.62:To a cooled suspension of NaH (60% in mineral oil, 725 mg, 30.2 mmol) in THF (9
mL) at 0 °C was added a solution methylhydroquinone (1.50 g, 12.1 mmol) in THF (15

OMe  ml) by cannula. The solution was maintained at 0 °C for 0.5 h, and then Mel (1.9 mL,
30.2 mmol) was added dropwise. The mixture was allowed to warm to room temperature and
stir overnight. The reaction was quenched with water (30 mL) and extracted with EtOAc (3 x 15
mL). The combined organic extracts were washed with brine (30 mL), dried (MgS0a), and
concentrated in vacuo. The resulting residue was purified via flash column chromatography (silica

gel, gradient elution, 0-10% EtOAc in hexanes) to afford 1.35 g (73%) of 3.62 as a light-yellow oil:
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Rf 0.3 (9:1 hexanes/EtOAc); *H NMR (400 MHz, CDCls) 6 6.73 (m, 3H), 3.79 (s, 3H), 3.76 (s, 3H),

2.21 (s, 3H); 2C NMR (400 MHz, CDCl3) 6 153.3, 152.0, 127.8, 117.0, 110.9, 110.6, 55.8, 55.6, 16.3.

OMe 3.63: A solution of 3.62 (285 mg, 1.87 mmol), NBS (367 mg, 2.06 mmol), and AIBN
(31 mg, 0.19 mmol) in CCls (5.2 mL) was heated at 70 °C for 3 h in a sealed tube.

OMe The reaction mixture was then cooled to room temperature and washed with brine
(2x 10 mL), dried (MgS0a), and concentrated in vacuo. The resulting residue was purified via flash
column chromatography (silica gel, gradient elution, 0-5% Et,0 in hexanes) to afford 430 mg
(>95%) of 3.63 as a white solid: Rf 0.5 (9:1 hexanes/Et;0); *H NMR (400 MHz, CDCls) § 6.82 (m,
3H), 4.54 (s, 2H), 3.85 (s, 3H), 3.77 (s, 3H); 13C NMR (400 MHz, CDCl3) 6 153.3, 151.6, 126.9, 116.3,

115.0,112.1, 56.1, 55.7, 28.8.

OMe 3.64: A solution of 3.63 (50 mg, 0.216 mmol) and Na;SO0s3 (27 mg, 0.216 mmol)
_ClI

& ‘o inwater (0.9 mL) was heated at reflux for 18 h. Reaction mixture was cooled to

OMe room temperature and concentrated in vacuo. The resulting solid was dissolved
in CH2Clz (1 mL), then DMF (0.1 mL) and SOCI; (0.02 mL, 0.237 mmol) were added sequentially.
Reaction mixture was heated at 40 °C for 1 h. The mixture was then diluted with water (5 mL)
and extracted with Et;0 (3 x 5 mL). The combined organic extracts were washed with water (3 x
5 mL), brine (2 x 10 mL), dried (MgS0a4), and concentrated in vacuo to give 21 mg (39%) of 3.64
as a white solid that was used without further purification; *H NMR (400 MHz, (CD3),CO) & 6.95
(m, 3H), 4.66 (s, 2H), 3.83 (s, 3H), 3.76 (s, 3H); 13C NMR (400 MHz, (CD3),C0) 6 116.3, 114.6, 112.1,

55.6, 55.0, 41.2.
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OMe OH 3.67: To a cooled suspension of NaBH4 (683 mg, 18.1 mmol) in EtOH (36 mL) at 0 °C
was added a solution of (2,5-dimethoxyphenyl)methanol (3.0 g, 18.1 mmol) in EtOH

OMe (36 mL) by cannula. Reaction mixture was maintained at 0 °C for 0.5 h then poured
over ice water (100 mL) and extracted with EtOAc (3 x 15 mL). The combined organic extracts
were washed with brine (20 mL), dried (MgS0a), and concentrated in vacuo to give 2.33 g (77%)
of 3.67 as a yellow oil that was used without further purification; *H NMR (400 MHz, CDCls) &
6.80 (M, 3H), 4.65 (bs, 2H), 3.82 (s, 3H), 3.77 (s, 3H); 3C NMR (400 MHz, CDCls) 6 114.8, 113.0,

111.1, 62.1, 55.8.

OMe 3.68: To a cooled solution of 3.67 (300 mg, 1.78 mmol) and pyridine (0.16 mL, 1.96
mmol) in CHCl3 (3.6 mL) at 0 °C was added SOCI; (0.14 mL, 1.87 mmol) was added

OMe dropwise. Reaction mixture was maintained at 0 °C for 0.5 h then quenched with
water (10 mL) and extracted with EtOAc (3 x 5 mL). The combined organic extracts were washed
with brine (10 mL), dried (MgS0a), and concentrated in vacuo to give 193 mg (58%) of 3.68 as a
white solid that was used without further purification; *H NMR (400 MHz, CDCl3) § 6.84 (m, 3H),

4.64 (s, 2H), 3.84 (s, 3H), 3.78 (s, 3H).

OMe 3.69: A solution of 3.68 (399 mg, 2.14 mmol) and NaCN (126 mg, 2.57 mmol) in
DMF (8.6 mL) was heated at 80 °C for 2 h. Reaction mixture was diluted with

OMe water (15 mL) and extracted with Et20 (3 x 5 mL). The combined organic extracts
were washed with water (2 x 10 mL), brine (10 mL), dried (MgSQa4), and concentrated in vacuo to

give 363 mg (>95%) of 3.69 as a white solid that was used without further purification; 'H NMR
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(400 MHz, CDCls) 6 6.82 (m, 3H), 3.81 (s, 3H), 3.78 (s, 3H), 3.66 (s, 2H); 13C NMR (400 MHz, CDCl3)

6 153.6, 150.8, 119.4, 117.9, 115.3, 113.7, 111.3, 55.8, 55.7, 18.6.

OMe 3.70: To a solution of NaOH (45 mg, 1.13 mmol) in water (1.4 mL) was added
OH

o 3.69 (50 mg, 0.282 mmol). Reaction mixture was heated at 80 °C for 8 h and

OMe cooled to room temperature. Mixture was acidified to pH 3 upon addition of 1

N solution of HCl and extracted with EtOAc (3 x 5 mL). The combined organic extracts were
washed with brine (10 mL), dried (MgS0a), and concentrated in vacuo. The resulting residue was
purified via flash column chromatography (silica gel, gradient elution, 0-50% EtOAc in hexanes)
to afford 27 mg (49%) of 3.70 as a white solid: Rf 0.3 (1:1 hexanes/EtOAc); *H NMR (400 MHz,
CDCl3) 8 6.79 (m, 3H), 3.80 (s, 3H), 3.76 (s, 3H), 3.65 (s, 2H) 13C NMR (400 MHz, CDCl3) & 153.5,

151.5,123.2,117.1, 113.1, 111.6, 56.1, 55.6, 35.9.

OMe H\/E\> 3.71: To a solution of 3.70 (381 mg, 1.94 mmol) in DMF (9.7 mL) was
O added HATU (886 mg, 2.33 mmol), DIPEA (1.01 mL, 5.83 mmol), and

OMe furfurylamine (0.19 mL, 2.136 mmol) sequentially. Reaction mixture
was stirred at room temperature for 0.5 h, diluted with water (20 mL), and extracted with EtOAc
(3 x 10 mL). The combined organic extracts were washed with water (5 x 5 mL), brine (10 mL),
dried (MgS0a), and concentrated in vacuo. The resulting residue was purified via flash column
chromatography (silica gel, gradient elution, 0-50% EtOAc in hexanes) to afford 513 mg (96%) of

amide 3.71 as a white solid: Rf 0.3 (1:1 hexanes/EtOAc); *H NMR (400 MHz, CDCl3) § 7.31 (brs,

1H), 6.82 (m, 3H), 6.29-6.11 (m, 3H), 4.38 (d, J = 5.7 Hz, 2H), 3.76 (app. d, J = 2.3 Hz, 6H), 3.55 (s,
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2H); 13C NMR (400 MHz, CDCl3) § 170.8, 153.7, 151.5, 151.2, 141.9, 124.4, 116.9, 113.3, 111.7,

110.3, 106.8, 55.8, 55.6, 38.9, 36.5.

X oTBS 3.73:To a cooled solution of 3-propanolpyridine (4.7 mL, 36.5 mmol) and

\

imidazole (3.7 g, 54.8 mmol) in CHxCl, (36 mL) at 0 °C, was added a solution
of TBSCI (6.6 g, 43.8 mmol) in CH2Cl, (36 mL) was added by cannula. The reaction mixture was
allowed to warm to room temperature and maintained for 18 h. The mixture was then diluted
with water (100 mL) and extracted with EtOAc (3 x 30 mL). The combined organic extracts were
washed with brine (50 mL), dried (MgS0a), and concentrated in vacuo. The resulting residue was
purified via flash column chromatography (silica gel, gradient elution, 0-20% EtOAc in hexanes)
to afford 8.78 g (96%) of pyridine 3.73 as a colorless oil: Rf 0.3 (8:2 hexanes/EtOAc); *H NMR (400
MHz, CDCls) & 8.45 (d, J = 1.9 Hz, 2H), 8.43 (dd, J = 4.8, 1.4 Hz, 1H), 7.50 (m, 1H), 7.19 (dd, J = 7.7,
4.8 Hz, 1H), 3.63 (t, J = 6.2 Hz, 2H), 2.69 (t, J = 7.9 Hz, 2H), 1.83 (m, 2H), 0.90 (s, 9H), 0.05 (s, 6H);

13C NMR (400 MHz, CDCls) 6 150.0, 147.2, 135.9, 123.3, 61.9, 34.0, 29.2, 25.9, -5.3.

@MOTBS 3.74: To a solution of 3.73 (1.0 g, 3.98 mmol) in CH2Cl> (4 mL) was added

r\ll\ BnBr (0.5 mL, 4.2 mmol) and the mixture was stirred at room temperature

over:ight. The reaction mixture was then added dropwise to a cooled suspension of NaBHa4 (166
mg, 4.38 mmol) in EtOH (13 mL) and maintained at 0 °C for 3 h. Reaction was then quenched with
water (20 mL) and extracted with EtOAc (3 x 10 mL). The combined organic extracts were washed
with brine (20 mL), dried (MgS0a), and concentrated in vacuo. The resulting residue was purified

via flash column chromatography (silica gel, gradient elution, 0-10% EtOAc in hexanes) to afford

869 mg (63%) of tetrahydropyridine 3.74 as a yellow oil: Rf 0.3 (8:2 hexanes/EtOAc); *H NMR (400
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MHz, CDCl3) 6 7.30 (m, 5H), 5.46 (bs, 1H), 3.59 (app t, / = 6.4 Hz, 4H), 2.88 (bs, 2H), 2.50 (m, 2H),
2.13 (bs, 2H), 1.96 (t, J = 7.3 Hz, 2H), 1.61 (m, 2H), 0.89 (s, 9H), 0.04 (s, 6H); 3C NMR (400 MHz,

CDCls) 6 129.2,128.2, 118.9, 62.8, 31.4, 30.8, 26.0, -5.3.

(Y\/\OTBS 3.75: To a cooled solution of 3.74 (200 mg, 0.58 mmol) in CHxCl, (1.2 mL)

-o/'\ll\ at 0 °C was added a solution of mCPBA (129 mg, 0.75 mmol) in CH,Cl,

a (0.75 mL) dropwise. Reaction mixture was maintained at 0 °C for 15 min,
guenched with a saturated aq. solution of KHCOs, and extracted with CH,Cl, (3 x 5 mL). The
combined organic extracts were washed with brine (10 mL), dried (MgS0a), and concentrated in
vacuo to give 185 mg (88%) of N-Oxide 3.75 as a yellow oil that was used without further
purification: Rf 0.3 (7:3 hexanes/EtOAc); *H NMR (400 MHz, CDCls) & 7.58-7.37(m, 5H), 5.58 (bs,
1H), 4.34 (bs, 2H), 3.73-3.40 (m, 4H), 3.41 (s, 1H), 3.26 (m, 2H), 2.68-2.28 (m, 2H), 2.00 (t, J = 7.2

Hz, 2H), 1.58 (m, 2H), 0.86 (s, 9H), 0.01 (s, 6H); 3C NMR (400 MHz, CDCls) § 132.4, 132.1, 130.1,

129.4,128.4, 117.6,71.5, 66.9, 62.2, 61.3, 30.9, 30.2, 25.8, 23.2, 18.2, -5.4.

(ﬁ/\/\OTBS 3.76: To a solution of 3.75 (100 mg, 0.28 mmol) in CH2Cl; (1.4 mL) was

Nk CF3CO,” added TFAA (0.04 mL, 0.30 mmol) dropwise. Reaction mixture was
Ph

stirred for 5 min at room temperature and used without further

purification or workup. *H NMR (400 MHz, CD2Cl2) & 8.46 (s, 1H), 7.48 (m, 5H), 6.80 (bs, 1H), 5.06

(s, 2H), 3.76 (t, J = 9.6 Hz, 2H), 3.64 (t, J = 5.9 Hz, 4H), 2.69 (m, 2H), 2.43 (t, J = 7.4 Hz, 2H), 1.69

(m, 2H), 0.88 (s, 9H), 0.05 (s, 6H).
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OMe 3.78: To a solution of 3.75 (207 mg, 0.57 mmol) in CH2Cl; (1.9 mL) was

OTBS
@/\/\ added TFAA (0.09 mL, 0.63 mmol) dropwise. Reaction mixture was stirred

N
I\Ph for 5 min at room temperature and then a solution of NaOMe (0.5 M, 2.5

mL, 1.3 mmol) was added dropwise. Solution was stirred at room temperature for 30 min,
guenched with water (10 mL), and extracted with EtOAc (3 x 5 mL). The combined organic
extracts were washed with brine (10 mL), dried (MgS0a), and concentrated in vacuo to give 121
mg (57%) of enamine 3.78 as a yellow oil that was used without further purification: R 0.3 (95:5
CH.Cl,/MeOH); *H NMR (400 MHz, CDCls) § 7.28 (m, 5H), 5.94 (s, 1H), 4.03-3.90 (dd, J = 37.4, 14.4
Hz, 2H), 3.60 (m, 5H), 3.33 (s, 3H), 2.72 (m, 2H), 1.98 (m, 2H), 1.60 (m, 2H), 0.90 (s, 9H), 0.05 (s,
6H); 13C NMR (400 MHz, CDCl3) 6 138.7, 135.4, 128.5, 128.3, 127.3, 108.2, 73.1, 63.2, 59.6, 55.8,

42.3,32.5,29.0, 26.6, 26.2, -5.1.

EtO,C.__CO,Et 3.79: To a solution of 3.75 (25 mg, 0.069 mmol) in CHxCl; (0.6 mL)
| OTBS was added TFAA (0.01 mL, 0.077 mmol) dropwise. Reaction mixture

N
I\ was stirred for 5 min at room temperature and then a solution of

Ph
sodium diethyl malonate (0.3 M, 0.5 mL, 1.52 mmol) was added dropwise. Solution was stirred
at room temperature for 30 min and concentrated in vacuo. The resulting residue was purified
via flash column chromatography (silica gel, gradient elution, 0-10% EtOAc in hexanes) to afford
12 mg (34%) of enamine 3.79 as yellow oil: R¢ 0.3 (9:1 hexanes/EtOAc); *H NMR (400 MHz, CDCls)
& 7.30 (m, 5H), 5.89 (s, 1H), 4.15 (m, 4H), 3.95 (s, 2H), 3.58 (t, J = 6.4 Hz, 2H), 3.48 (d, J = 7.3 Hz,

1H), 2.95 (m, 1H), 2.75 (m, 2H), 1.90 (m, 4H), 1.67-1.51 (m, 2H), 1.25 (dt, J = 17.0, 7.1 Hz, 6H),

0.89 (s, 9H), 0.04 (s, 6H); 3C NMR (400 MHz, CDCl3) & 169.3, 168.5, 138.6, 134.2, 129.8, 129.1,
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128.8,128.4,128.1, 127.7, 127.2, 106.6, 62.8, 61.3, 61.1, 59.5, 55.7, 53.5, 43.6, 33.6, 31.9, 29.3,

26.1, 26.0, 26.0, 18.4, 14.2, 14.1, -5.2.

=z I 3.80: To a cooled solution of 3-propanolpyridine (10.0 g, 72.9 mmol) and imidazole
N

(7.445 g, 109.4 mmol) in CHCl; (243 mL) at 0 °C, was added TBDPSCI (20 mL, 76.5
OTBDPS mmol). Reaction mixture was allowed to warm to room temperature and stir for
18 h. The mixture was then diluted with water (200 mL), and extracted with EtOAc (3 x 50 mL).
The combined organic extracts were washed with brine (100 mL), dried (MgS0a4), and
concentrated in vacuo. The resulting residue was purified via flash chromatography (silica gel,
gradient elution, 0-20% EtOAc in hexanes) to afford 25.3 g (92%) of pyridine 3.80 as colorless oil:
Rf 0.3 (8:2 hexanes/EtOAc); *H NMR (400 MHz, CDCl3) 6 8.46 (m, 2H), 7.66 (m, 4H), 7.39 (m, 7H),
7.18 (dd, J = 7.5, 5 Hz, 1H), 3.69 (t, J = 6.2 Hz, 2H), 2.73 (t, J = 7.7 Hz, 2H), 1.86 (m, 2H), 1.07 (s,

1H); 13C NMR (400 MHz, CDCls) 6 150.0, 147.2, 135.7, 135.5, 129.5, 127.6, 123.1, 62.6, 33.7, 29.1,

26.8.
| 3.81: To a solution of 3.80 (2.00 g, 5.32 mmol) in CH>Cl; (11 mL) was added
N\
Cbz benzyl bromide (0.67 mL, 5.59 mmol). Solution was stirred for 18 h at room
OTBDPS temperature. Reaction mixture was then diluted with EtOH (3 mL) and added

dropwise via cannula to a cooled suspension of NaBH4 (201 mg, 5.32 mmol) in EtOH (18 mL) at 0
°C. Reaction mixture was maintained at 0 °C for 1 h, quenched with water (20 mL), and extracted
with EtOAc (3 x 10 mL). The combined organics were washed with water (2 x 10 mL), brine (1 x
10 mL), dried (MgS0a), and conc. in vacuo. Residue was dissolved in benzene (21 mL) and benzyl

chloroformate (50% wt/sol) (1.52 mL, 10.64 mmol) added. Reaction mixture was heated at reflux
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for 3 h, cooled to room temperature, and conc. in vacuo. The resulting residue was purified via
flash chromatography (silica gel, gradient elution, 0-10% EtOAc in hexanes) to afford 1.74 g (64%)
of tetrahydropyridine 3.81 as colorless oil: Rf 0.3 (9:1 hexanes/EtOAc); *H NMR (400 MHz, CDCls)
8 7.66 (m, 4H), 7.37 (m, 11H), 5.50 (s, 1H), 5.16 (s, 2H), 3.82 (s, 2H), 3.66 (t, J = 6.1 Hz, 2H), 3.49
(t,J=6.1Hz, 2H), 2.08 (s, 4H), 1.68 (s, 2H); 33C NMR (400 MHz, CDCls) § 155.4, 136.9, 135.5, 133.9,

129.5,128.4,127.9,127.8,127.5, 119.4, 119.0, 66.9, 63.2, 46.0, 40.6, 40.3, 30.8, 30.5, 26.8, 24.9,

24.6,19.1.
Br 3.82: To a cooled solution of 3.81 (2.43 g, 4.73 mmol) in CH2Cl; (19 mL) at 0 °C
Br N\
Cbz was added bromine (0.27 mL, 5.21 mmol) dropwise. Reaction mixture was
OTBDPS maintained at 0 °C for 5 min, quenched with a saturated solution of Na2S;03

(30 mL) and extracted with CH2Cl; (3 x 15 mL). The combined organics were washed with brine
(20 mL), dried (MgS0a), and concentrated in vacuo to give 2.77 g (87%) of dibromo 3.82 as a
viscous yellow oil that was used without further purification: R¢0.3 (9:1 hexanes/EtOAc); *H NMR
(400 MHz, CDCl3) & 7.66 (m, 4H), 7.37 (m, 11H), 5.17 (s, 2H), 4.59 (s, 1H), 4.16 (m, 2H), 3.72 (m,
2H), 3.36 (m, 2H), 2.78 (m, 2H), 1.94 (m, 4H); 13C NMR (400 MHz, CDCls) & 155.1, 135.4, 134.7,

133.7,128.4,128.0, 127.9, 127.6, 70.4, 67.4, 63.1, 56.1, 56.1, 50.9, 39.2, 37.4, 27.2, 26.8, 19.1.

= 3.83: To a solution of 3.82 (300 mg, 0.445 mmol) in benzene (1.8 mL) was
CbZ " 3dded DABCO (100 mg, 0.890 mmol). The mixture was heated immediately at
OTBDPS 120 °C for 3 h under static vacuum (ca. 0.01 torr). The reaction mixture was

cooled to room temperature, filtered, and the filtrate diluted with water (10 mL), and extracted

with EtOAc (3 x 5 mL). The combined organic extracts were washed with brine (1 x 15 mL), dried
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(Na2S04), and concentrated in vacuo. Residue was used without further purification. *H NMR (400
MHz, CDCls) § 7.66 (m, 4H), 7.37 (m, 11H), 6.54 (d, J = 38.6 Hz, 1H), 5.78 (d, J = 9.8 Hz, 1H), 5.54
(m, 1H), 5.20 (s, 2H), 4.31 (s, 2H), 3.66 (m, 2H), 2.13 (m, 2H), 1.65 (m, 2H), 1.05 (s, 9H); 3C NMR
(400 MHz, CDCl3) 6 135.6, 129.6, 128.6,128.2,128.1,127.7,127.6,125.0,120.9, 119.7, 67.6, 62.9,
43.4,31.6, 28.6, 26.9.

3.84: Crude oil of 3.83 was transferred to an oven-dried sealed flask, which
Br

\140 was sparged with argon for 5 minutes. Bromomaleic anhydride (0.08 mL, 0.89

mmol) was added, and the reaction mixture stirred at room temperature for

OTBDPS

18 h under static vacuum (ca. 0.01 torr). Mixture was then purified via flash
chromatography (silica gel, gradient elution, 0-20% EtOAc in hexanes) to afford 128 mg (42%) of
cycloadduct 3.84 as a red oil: Rt 0.3 (8:2 hexanes/EtOAc); *H NMR (400 MHz, CDCls) 6 7.61 (m,
4H), 7.37 (m, 11H), 5.90 (dd, J = 5.2, 12.4 Hz, 1H), 5.09 (m, 3H), 3.57 (m, 1H), 3.46 (m, 2H), 3.34
(m, 1H), 3.30 (m, 1H), 3.01 (dd, J = 10.8, 35.5 Hz, 1H), 2.24 (m, 2H), 1.60 (m, 2H), 1.04 (s, 9H); 13C
NMR (400 MHz, CDCl3) 6 168.2, 166.8, 155.1, 146.4, 135.5, 133.6, 130.0, 129.6, 128.5, 128.3,

128.2,127.9,127.6,124.3, 67.6, 62.1, 55.8, 55.1, 53.5, 45.2, 34.1, 29.9, 29.0, 20.8, 19.1.

Cbz. 3.87: To a solution of 3.84 (100 mg, 0.145 mmol) in CH,Cl> (0.32 mL) was
N

B
7 \]L/O added benzylamine (0.04 mL, 0.348 mmol). Reaction mixture was stirred

0 N\—Ph at room temperature for 2 h then concentrated in vacuo. The residue was
OTBDPS
taken up in MeOH (0.2 mL) and PhH (0.7 mL) to which TMSCHN; (2M in

hexanes, 0.09 mL, 0.189 mmol) was added. Reaction was stirred at room temperature for 30 min

and concentrated in vacuo. The resulting residue was purified via flash chromatography (silica
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gel, gradient elution, 0-20% EtOAc in hexanes) to give 13 mg (11%) of imide 3.87 as a colorless
oil: R¢ 0.3 (8:2 hexanes/EtOAc); *H NMR (400 MHz, CDCl3) 6 7.61-7.24 (m, 20H), 5.50 (t, J = 7.6
Hz, 1H), 5.15 (m, 1H), 5.01 (d, J = 64.3 Hz, 1H), 4.56 (m, 2H), 3.51-3.30 (m, 3H), 3.19 (m, 1H), 3.09
(dd, J=6.7,2.8 Hz, 1H), 2.98 (ddd, J = 33.7, 10.7, 2.3 Hz, 1H), 1.98-1.85 (m, 2H), 1.82-1.40 (m, 2H),
1.26 (m, 2H), 1.04 (s, 9H); 13C NMR (400 MHz, CDCls) 6 174.4, 174.3, 172.6, 155.4, 154.8, 145.6,
145.0, 136.5, 136.3, 135.7, 134.9, 133.9, 129.8, 129.8, 128.7, 128.6, 128.4, 128.3, 128.2, 128.0,
127.8,123.9,123.7,67.7,67.5,62.5,62.4,57.1,57.0, 56.6,53.2,45.9,45.6,43.2,34.4,34.2,29.7,

29.0, 28.9, 27.0, 19.3.

CbZ‘N 3.88: To a solution of 3.84 (25 mg, 0.036 mmol) in CH,Cl, (0.5 mL) was

Br
A \140 added heptylamine (0.01 mL, 0.040 mmol). Reaction mixture was stirred

o NL(_\)S at room temperature for 1 h then concentrated in vacuo. The residue was

OTBDPS
taken up in MeOH (0.5 mL) to which TMSCHN; (2M in hexanes, 0.04 mL,
0.072 mmol) was added. Reaction was stirred at room temperature for 30 min and concentrated
in vacuo. The resulting residue was purified via flash chromatography (silica gel, gradient elution,
0-20% EtOAc in hexanes) to give 16 mg (55%) of imide 3.88 as a colorless oil: Rf 0.3 (8:2
hexanes/EtOAc); *H NMR (400 MHz, CDCl3) § 7.61-7.28 (m, 15H), 5.73 (m, 1H), 5.17-4.99 (m, 3H),
3.63-3.41 (m, 5H), 3.23 (m, 1H), 3.08-2.97 (m, 2H), 2.18 (m, 2H), 1.74-1.46 (m, 5H), 1.26 (m, 12H),
1.03 (s, 9H), 0.86 (m, 3H); 3C NMR (400 MHz, CDCl3) & 174.8, 174.6, 173.0, 172.8, 155.4, 154.8,
145.8, 145.2, 136.6, 136.3, 135.7, 133.8, 129.8, 128.6, 128.4, 128.3, 128.0, 127.8, 124.1, 123.8,

67.7, 62.5, 62.4, 57.2, 57.1, 56.5, 53.3, 53.2, 46.0, 45.7, 39.6, 34.3, 34.1, 31.8, 29.9, 29.4, 29.2,

28.9,27.4,27.0, 26.7,22.7,19.3, 14.2.
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N 3.89: To a cooled solution of oxalyl chloride (1.4 mL, 16.0 mmol) in CHxCl; (36 mL)

N

at -65 °C was added a solution of DMSO (2.3 mL, 32.9 mmol) in CH2Cl; (8 mL)

| dropwise and stirred for 2 min. A solution of 3-pyridinepropanol (2.0 g, 14.6
mmol) in CH2Cl; (58 mL) was added and the mixture maintained at -65 °C for 15 min. Then NEt3
(10.2 mL, 72.9 mmol) was added, and the reaction stirred at -65 °C for 5 min, warmed to room
temperature for 30 min. The reaction mixture was quenched with water (60 mL) and extracted
with CHCl; (3 x 20 mL). The combined organic extracts were washed with brine (30 mL), dried
(MgS04), and concentrated in vacuo. The resulting residue was purified via flash chromatography
(silica gel, gradient elution, 0-5% MeOH in CH,Cly) to give 1.62 g (82%) of aldehyde 3.89 as a
yellow oil: Rf 0.3 (95:5 CH2Cl,/MeOH);*H NMR (400 MHz, CDCl3) § 9.83 (s, 1H), 8.47 (m, 2H), 7.52
(m, 1H), 7.22 (dd, J = 7.7, 4.3 Hz, 1H), 2.96 (t, J = 7.4 Hz, 2H), 2.82 (t, J = 7.4 Hz, 2H); 13C NMR (400

MHz, CDCls) § 200.6, 150.0, 148.0, 136.0, 123.6, 45.0, 25.3.

=z | 3.91: To a suspension of 3.89 (500 mg, 3.70 mmol) and K,COs3 (1.02 g, 7.40

N
mmol) in MeOH (3.7 mL) was added a solution of Bestmann-Ohira reagent (782
mg, 4.07 mmol) in MeOH (3.7 mL) dropwise. Reaction mixture was maintained
at room temperature and stirred for 18 h. Mixture was diluted with water (15 mL) and extracted
with CH,Cl; (3 x 10 mL). The combined organic extracts were washed with brine (10 mL), dried
(MgS04), and concentrated in vacuo. The resulting residue was purified via flash chromatography
(silica gel, gradient elution, 0-5% MeOH in CH,Cl;) to give 301 mg (62%) of alkyne 3.91 as a light-
yellow oil: R¢ 0.3 (95:5 CH2Cl,/MeOH); *H NMR (400 MHz, CDCls3) & 8.49 (m, 2H), 7.57 (m, 1H), 7.23
(dd, J=7.7, 4.8 Hz, 1H), 2.84 (t, J = 7.3 Hz, 2H), 2.51 (td, J = 7.3, 2.6 Hz, 2H), 1.99 (t, J = 2.6 Hz, 1H);

13C NMR (400 MHz, CDCls) 6 149.9, 147.9, 135.8, 135.5, 123.2, 82.8, 69.6, 31.7, 20.2.
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X 3.92:To acooled solution of 3.91 (100 mg, 0.76 mmol) in THF (3 mL) at -20 °C
N

was added n-BulLi (2.5 M in THF, 0.3 mL, 0.76 mmol) dropwise. Reaction
Z

mixture was stirred at -20 °C for 20 min and then Mel (0.05 mL, 0.84 mmol)
was added dropwise. Reaction stirred at -20 °C for 5 min, and then allowed to warm to room
temperature and stir for 0.5 h. Reaction mixture was quench with a saturated aq. solution of
NH4Cl (10 mL) and extracted with EtOAc (3 x 5 mL). The combined organic extracts were washed
with brine (10 mL), dried (MgS0a), and concentrated in vacuo. The resulting residue was purified
via flash chromatography (silica gel, gradient elution, 0-5% MeOH in CH,Cl;) to give 83 mg (75%)
of 3.92 as a brown oil: R¢ 0.3 (95:5 CH,Cl,/MeOH); *H NMR (400 MHz, CDCls) & 8.43 (m, 2H), 7.51

(m, 1H), 7.18 (m, 1H), 2.75 (m, 2H), 2.40 (m, 2H), 1.72 (m, 3H); 3C NMR (400 MHz, CDCl3) § 150.1,

147.8,136.2,135.9,123.3,77.7,77.0, 32.5,3.4 .
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Appendix A.3: Spectra Relevant to Chapter 3
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Figure A.3.1 'H NMR (400 MHz, CDCls) and 3C NMR (400 MHz, CDCls) of 3.22
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Figure A.3.2 'H NMR (400 MHz, CDCls) and 13C NMR (400 MHz, CDCls) of 3.23
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Figure A.3.3 HSQC NMR (400 MHz, CDCl3) and COSY NMR (400 MHz, CDCls) of 3.23
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Figure A.3.5 'H NMR (400 MHz, CDClz) and DEPT-135 NMR (400 MHz, CDCl3) of 3.26
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Figure A.3.6 HSQC NMR (400 MHz, CDCl3) and COSY NMR (400 MHz, CDClz) of 3.26

101



11 10 9 8 7 6 5 4 3 2 1 0 ppm
I Il [
=g al; 3
o <o
AN i
] T
BusSn

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

Figure A.3.7 'H NMR (400 MHz, CDCl3) and HSQC NMR (400 MHz, CDCls) of 3.28
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Figure A.3.8 'H NMR (400 MHz, CDCl3) of 3.29 and 3.30
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Figure A.3.9 'H NMR (400 MHz, CDCls) and DEPT-135 NMR (400 MHz, CDCls) of 3.31a
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Figure A.3.10 'H NMR (400 MHz, CDCl3) and *3C NMR (400 MHz, CDCls) of 3.31b
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Figure A.3.11 'H NMR (400 MHz, CDCls) of 3.31c and 3.32a/3.32a
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Figure A.3.13 'H NMR (400 MHz, CDCl3) and *3C NMR (400 MHz, CDCls) of 3.35a
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Figure A.3.14 'H NMR (400 MHz, CDCls) and 13C NMR (400 MHz, CDCls) of 3.35b
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Figure A.3.15 *H NMR (400 MHz, CDCls) and *3C NMR (400 MHz, CDCls) of 3.35c¢
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Figure A.3.16 *H NMR (400 MHz, CDCls) and 13C NMR (400 MHz, CDCls) of 3.35d
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Figure A.3.17 *H NMR (400 MHz, (CD3),CO and 13C NMR (400 MHz, (CDs).CO of 3.38
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Figure A.3.18 *H NMR (400 MHz, CDCl3) and 3C NMR (400 MHz, CDCls) of 3.41
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Figure A.3.19 *H NMR (400 MHz, CDCls) of 3.47.5
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Figure A.3.20 *H NMR (400 MHz, CDCl3) and 3C NMR (400 MHz, CDCls) of 3.48
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Figure A.3.21 'H NMR (400 MHz, CDCls) and *3C NMR (400 MHz, CDCls) of 3.49
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Figure A.3.22 'H NMR (400 MHz, CDCls) and *3C NMR (400 MHz, CDCl3) of 3.51
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Figure A.3.23 'H NMR (400 MHz, CDCls) of 3.52 and 3.53
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Figure A.3.24 'H NMR (400 MHz, CDCls) and *3C NMR (400 MHz, CDCls) of 3.57
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Figure A.3.25 HSQC NMR (400 MHz, CDCls) of 3.57
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Figure A.3.26 *H NMR (400 MHz, CDCls) and 13C NMR (400 MHz, CDCls) of 3.62
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Figure A.3.27 *H NMR (400 MHz, CDCl3) and 3C NMR (400 MHz, CDCls) of 3.63
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Figure A.3.28 'H NMR (400 MHz, CDCls) and *3C NMR (400 MHz, CDCls) of 3.63
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Figure A.3.29 'H NMR (400 MHz, CDCl3) and DEPT-135 NMR (400 MHz, CDCl3) of 3.67
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Figure A.3.30 'H NMR (400 MHz, CDCl3) of 3.68
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Figure A.3.31 'H NMR (400 MHz, CDCl3) and DEPT-135 NMR (400 MHz, CDCl3) of 3.69
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Figure A.3.32 13C NMR (400 MHz, CDCls) of 3.69
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Figure A.3.33 'H NMR (400 MHz, CDCls) and *3C NMR (400 MHz, CDCls) of 3.70
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Figure A.3.34 'H NMR (400 MHz, CDCls) and *3C NMR (400 MHz, CDCl3) of 3.71
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Figure A.3.35 'H NMR (400 MHz, CDCl3) and DEPT-135 NMR (400 MHz, CDCI3) of 3.73
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Figure A.3.36 'H NMR (400 MHz, CDCl3) and DEPT-135 NMR (400 MHz, CDCI3) of 3.74
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Figure A.3.37 'H NMR (400 MHz, CDCls) and *3C NMR (400 MHz, CDCls) of 3.75
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Figure A.3.38 'H NMR (400 MHz, CD,Cl,) of 3.76
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Figure A.3.39 'H NMR (400 MHz, CDCl3) and DEPT-135 NMR (400 MHz, CDCls) of 3.78
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Figure A.3.40 3C NMR (400 MHz, CDCl3) and HSQC NMR (400 MHz, CDCl3) of 3.78
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Figure A.3.41 'H NMR (400 MHz, CDCl3) and DEPT-135 NMR (400 MHz, CDCl3) of 3.79
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Figure A.3.42 3C NMR (400 MHz, CDCls) of 3.79
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Figure A.3.43 'H NMR (400 MHz, CDCls) and DEPT-135 NMR (400 MHz, CDCls) of 3.81
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Figure A.3.45 'H NMR (400 MHz, CDCls) and DEPT-135 NMR (400 MHz, CDCls) of 3.82
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Figure A.3.47 'H NMR (400 MHz, CDCl3) of 3.83
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Figure A.3.48 *H NMR (400 MHz, CDCl3) and 3C NMR (400 MHz, CDCls) of 3.87
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Figure A.3.49 HSQC NMR (400 MHz, CDCl3) and HMBC NMR (400 MHz, CDCl3) of 3.87
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Figure A.3.50 *H NMR (400 MHz, CDCl3) and 3C NMR (400 MHz, CDCls) of 3.88
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Figure A.3.51 HSQC NMR (400 MHz, CDCls) and HMBC NMR (400 MHz, CDCls) of 3.88
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PROGRESS TOWARD THE TOTAL SYNTHESIS OF XESTOCYCLAMINE FROM AN ADVANCED

BICYCLIC INTERMEDIATE

A Ring-Closing Metathesis Approach Toward the Southern Macrocycle
After success of the Diels-Alder reaction, functionalization of the anhydride proved
challenging and resulted in the adoption of a new maleimide dienophile. Moving forward with
the nitrogen analogue, our future goal focused on installation of the Southern macrocycle

(Scheme 4.1) and required preparation of an N-alkylated bromomaleimide.

3.83

OTBDPS

(@) R
Dyt
Br— X ~0
4.1

Scheme 4.1 Synthetic strategy toward the southern macrocycle.

4.2 4.3 44

Synthesis of the N-alkylated bromomaleimides was straightforward and routinely
conducted on gram scale in reproducibly high yields. Beginning from maleimide 4.5, a
dibromination and elimination sequence was performed to afford bromomaleimide 4.6 in
excellent yields which required no purification (Scheme 4.2). Next, imide 4.6 was reacted with
furan to induce a Diels-Alder reaction that generated an inconsequential mixture of
diastereomers prior to N-alkylation under basic conditions which give 4.9. Notedly, extended
reaction times at reflux would equilibrate the exo to endo isomer. More importantly, reaction

with furan was necessary as the cycloadduct served as a protecting group which prevented
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competitive Michael additions toward the reactive bromomaleimide under basic conditions.

Deprotection occurred readily above 100 °C in an open vessel to give 4.10 in 86% yield.

o) 1. Brz, CH2C|2 o) Br (@)
NH 40 °C, 2 g, (88%) NH furan, 60 °C, neat _ w -
- N (0] -
X709 ;2 nNEw, 00, THE  Br sealed flask, 18 h
4.5 g, (95%) H o
0.5 h, 4.3 g (95%)
4.5 4.6 4.7
XAKBr
3
4.8 Br O p /_(_/{=
@) 3
K,COs, acetone - N_}/*)B\/ PhMe N
reflux, 2 h reflux, 24 h S 0
2.54, (72-80%) H O 4 g, (86%) Br
4.9 4.10

Scheme 4.2 Synthesis of N-alkyl bromomaleimides.

With dienophile in hand, we examined the ability of N-alkyl bromomaleimide 4.10 to
engage in the Diels-Alder cycloaddition and we were surprised to observe no reactivity using
previously optimized conditions (Scheme 3.15). A wide variety of conditions were then screened
to optimize this transformation (Table 4.1). In summary, early studies showed microwave
irradiation and thermal heating produced the cycloadduct in 29-31% vyields (entries 1, 2). It was
found that increasing equivalents of diene 3.82 and antioxidant additives such as BHT increased
the yield to 47% (entries 3, 4). Employing milder temperatures (65 °C) further raised the yield to
58% while extended reaction times led to a decrease (entries 5-7). Next, a variety of Lewis acids
were screened, of which the Co- and Cr-salen catalysts, 4.12a-c were of the most interest (entries
8-11). Such Co and Cr-salen complexes were developed by the Jacobson group and have been
employed by Rawal and coworkers in catalysis of 1,2-dihydropyridines and 1-amino-3-siloxy- 1,3-

butadienes in Diels-Alder reactions.”®81
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“Cbz >
conditions o
OTBDPS OTBDPS
3.82 /
4.2

entry eq.3.82 eq.4.10 temperature solvent class conditions Result
1 1 1 120 °C PhH microwave 4 h 29%
2 1 1 80 °C PhH thermal 18 h 31%
3 3 1 80 °C PhH thermal 18 h 42%
4 3 1 80 °C PhH thermal BHT, 18 h 47%
5 3 1 65 °C PhH thermal BHT, 18 h 58%
6 3 1 65 °C PhH thermal BHT, 24 h 56%
7 3 1 65 °C PhH thermal BHT, 48 h 46%
8 3 1 rt acetone  Lewis acid 412a,11d 32%*2
9 3 1 rt acetone  Lewis acid 4.12b, 8 d 39%*?
10 3 1 rt CH,Cl,  Lewis acid 4.12b, 8 d 46%*2
11 3 1 rt acetone Lewis acid 412c,5d 28%°2
12 3 1 rt CH,CIl, Lewis acid 412b, 3 d decomp®
13 1 1 0°C CH,CIl, Lewis acid Znl, 1 eq. decomp
14 1 1 0°C CH,Cl, Lewisacid ZnBr,, 1eq. decomp
15 1 1 0°C CH,Cl, Lewisacid ZnCl,, 1eq. decomp
16 1 1 0°C CH,Cl, Lewisacid AICI;, 1eq. decomp
17 1 1 0°C CH,Cl, Lewis acid AIEt,Cl, 1 eq. decomp

0.1 equivalents of 4.12a-c were used, ® 1 equivalent of 4.12b was used.
Table 4.1 Screening of conditions employing maleimide dienophile.

Preparation of 4.12a-c commenced with chelation of the chromium metal ion with the
readily available Schiff base 4.11. Precipitation of AgCl then generated the triflate and
hexafluoroantimonate salts. The cobalt complex 4.12a was also readily available and we were
pleased to find that when 4.12a-b were charged to the Diels-Alder reaction, cycloadduct 4.2 was
isolated in 32% and 39% vyields (entries 8, 9). A simple solvent change with 4.12b to CH,Cl,

increased the yield to 46% (entry 10). Meanwhile triflate salt 4.12c and stoichiometric
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equivalents led to lower yields or decomposition of substrate, respectively (entries 11, 12). Due
to the extended reaction times, we were interested if 4.12a-c were catalyzing the reaction
enantioselectively and therefore measured the optical rotation of cycloadduct 4.2. The measured
[a]p?* +0.1° failed to confirm if 4.2 was isolated as an enantiopure compound. Analysis by chiral-
HPLC was never pursued, but regardless, while interesting, the extended reaction times became
unamendable to creating a productive synthetic route and catalysts 4.12a-c were not pursued
further. Finally and unremarkably, other Lewis acids such as: zinc halides, AICls;, and AlEt,Cl

resulted in decomposition of substrate (entries 13-17).

>/:'—, 1. CrCly, THF g 2

—N N= Sho7sn _N\[M]/N_
t-Bu OH HO tBu 2-AgX ELO tBu o” o t-Bu
(60-89%)
t-Bu t-Bu B t-Bu t-Bu |
4.1 4.12a - [M] = Co

4.12b - [M] = Cr, X = SbFg
4.12c - [M] = Cr, X = OTf

Scheme 4.3 Synthesis of metal-salen catalysts.

With thermal conditions optimized to yield 4.2 in 58%, we now gained access to a scalable
route enabling access to gram quantities of cycloadduct 4.2. The next objective focused on
installation of the southern macrocyclic ring and would require a second alkenyl handle. Thus,
desilylation with HF-pyridine afforded alcohol 4.13 in good yields and was necessary as TBAF gave
incomplete conversion (Scheme 4.4). Oxidation to aldehyde 4.14 was achieved using Dess-Martin
periodinane from which a seemingly trivial olefination would then give alkene 4.3. However,

when reacted with ylides such as Ph3P=CH,, decomposition of substrate was observed.
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Interestingly when reacted with stabilized ylides such as PhsP=CHCO;Et, the trans-alkene 4.15
was isolated in 75% yield under identical reaction conditions. Presumably the unstabilized ylide’s
stronger nucleophilic character resulted in addition at the imide or carbamate carbonyl.
Lombardo conditions® utilizing 1,CH2, Zn, and Ti(O-i-Pr)s systems failed to show any reactivity.
Fortunately, Julia-Lythgoe®3#* and Julia Kocienski®® olefinations provided the terminal alkene 4.3

in modest yields. When reacted with methyl sulfone 4.16 at -40 °C, the olefin was isolated in 45-

56%.
- - Q (’ i4 Cbz~ Cbz~
N * 4.10 N N
= Br Br
SN T A ~—~p " PO
~Cbz - HF, pyridine -
BHT, PhH N MeCN, rt, 2 h N
65°C, 18 h (85-95%)
|OTBDPS ] 4.8 g, (55-58%) OTBDPS OH
3.82 / /
4.2 4.13
NP
s
Cb N~ >_S‘ 0 C
Z—N N\ CH, bz~
7 Br o Ph 4.16 7 Br o
DMP, CH,Cl, ¥ LHMDS ¥
(85-95%) 3 N THF, -40 °C J N
é) /_/_> (45-56%) \
4.14 4.3

Scheme 4.4 Synthesis of alkenyl RCM precursor.

With the RCM precursor 4.3 in hand, the terminal diolefin was first subjected to Grubbs
1stand 2" generation catalysts, 4.17 and 4.18, respectively to give macrocycle 4.20 (Scheme 4.5).

Surprisingly a single isomer was observed by *H NMR and LCMS. However, assignment of the
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olefin geometry proved impossible due to complex rotameric peaks caused by the benzyl
carbamate. Fortunately, our next step was to examine introduction of the Northern macrocycle
starting with removal of the Cbz group. Standard deprotection of Cbz-groups occurs readily under
hydrogenolytic conditions, but also resulted in reduction of both alkenes. Other reagents such as
Raney Ni, or Pd(OH); similarly resulted in hydrogenation of the alkenes. Non-hydrogenolytic
conditions such as Pd(OAc),, EtsSiH, NEts or TMSI both failed to generate the secondary amine.
Ultimately the Lewis acid BClz revealed the secondary amine in 53% yield with minor desilylation.
Unfortunately, the 'H NMR spectrum and alkenyl region remained unresolved and the J-values
were difficult to be extrapolated. Using a selective 1D NOESY *H NMR decoupling experiment, we
found irradiation of the vicinal protons allowed us to elucidate 3J values of the vicinal peaks.

Unfortunately, the major product from both appeared to favor the undesired trans-isomer as

o Ay

indicated by the coupling constant J = 16 Hz.

NN —Ru=
IIDCY3 Mes O’N/‘\ 7 |u
CI/I'RU— ClII'RU— +
ClI” | j|:>h ClI” | \ph
PCys PCys
417 418 4.19
Grubbs (15t generation)  Grubbs (2" generation) Grubbs Z-Selective

Figure 4.1 Alkene ring closing metathesis catalysts.

Returning to terminal diolefin 4.3, we next employed Grubbs Z-Selective catalyst 4.19
(Figure 4.1) which has been demonstrated to deliver excellent Z-selectivity in RCM and cross
metathesis chemistry.2687 Gratifyingly, upon reaction with catalyst 4.19, macrocycle 4.4 was

isolated in 19% yield and 67% BRSM. The low yield can be attributed to a lack of optimization, as
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at the time, our source of catalyst began to provide lower conversion and commercial vendors
were out of supply. So rather than wait for suppliers to restock 4.19 we began to purse

development of methodology to access the remaining ring systems.

Cbz.
N
7 Br
4.18 YO BCls, CH,Cl,
—_—
CH,Cl,, 40 °C rt, 18 h
(42-54%) 53%
CbZ\N
Br
/ %O ] 4.21
N
\ o
J 4.19
43 PhH, 80 °C
19%

(67% BRSM)

Scheme 4.5 RCM of terminal diolefin with Grubbs Il generation and Z-Selective catalysts.

Approach Toward the Ring-Expansion

Shifting our focus again toward the expansion of the maelimide, we next investigated
strategies to effect ring expansion and yield the desired 6-membered piperidine ring as seen in
xestocyclamine A. To this end, using conditions previously employed by Wenzler and
coworkers,®? allylation of cycloadduct 4.2 occurred cleanly, in high yields, and stereoselectively
(Scheme 4.6). With the quaternary center installed, we next hoped to gain selectivity upon
nucleophilic addition and further functionalization. Test experiments were conducted on the
reduction of 4.2 and 4.23 with NaBHs and gave hemiaminals 4.24 and 4.25a which demonstrated
exclusive reactivity at the distal carbonyl. Reduction appeared to occur from the convex face as

indicated by 'H NOESY correlations for both bromide and allyl functional groups. Although
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inconsequential in the next steps, epimerization of hemiaminal 4.25a to 4.25b under basic

conditions was necessary for full characterization and assignment.

Synthesis of quaternary center and eneamide |

Cbz~
N
/ Br Bussn”
\40 AIBN
N PhH, 80 °C
/_;_} (76-84%)
/

Cbz~ N Cbz~ N

1. MeMgBr
\40 THF, 0 °C
2. TFA, CH,Cl,
(61-80%)
over 2 steps

Y

OTBDPS OTBDPS OTBDPS
/ /
4.2 4.22 4.23

| Model system imide reduction

CbZ\N CbZ\N CbZ\N
R R R
/ 0 / H / OH
¥~ _ NaBH, Yion __ tBuOK Yo
_— —_—
N EtOH,0°C N 50 °C, 1h N
0 0 95% 0

(55-64%)

OTBDPS OTBDPS OTBDPS
R =Br-4.2 R =Br-4.24 R = CH,CHCH, - 4.25b
R = CH,CHCH, - 4.23 R = CH,CHCH, - 4.25a

Scheme 4.6 Allylation and reduction of cycloadduct intermediates.

Next from 4.22, we found upon reaction with MeMgBr, the same selectivity was obtained,
and subsequent treatment with TFA furnished eneamide 4.23. Now with the last remaining
carbon installed, our next obstacle became the ring expansion. When treated with NBS in MeOH,
the methoxy hemiaminal 4.26 was isolated in modest yields (Scheme 4.7). From the alkyl
bromide, we envisioned treatment with AgNO3 would precipitate AgCl and produce aziridinium
4.27 followed by fragmentation of the central C-N bond upon donation of electrons from the
methoxy moiety. However, when treated with AgNO3 or AgSbFs, piperidone 4.28 was not

observed and instead vinyl bromide 4.29 was isolated in 47 % vyield. It appears both Ag () salts
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function as Lewis acids and facilitate loss of methoxide, from which tautomerization proceeds to
the enamine. Attempts to induce aziridinium formation from the alkyl chloride and iodide were

also unsuccessful.

coz~N| coz~\| ¢ coz~\| ¢
/ OMe OMe
NBS / AgNO; /
IT§ MeOH ILA\Br $E7
0 41% 4 4

OTBDPS N TBDPS S,
4.23 4.26 4.27
' proposed
Cbz~p 7 Cbz~| J intermediate
o 7
H20 / \g 1
—_— : _—
-MeOH a )\l/\Br
@) | e
OTBDPS | OTBDPS
4.28 : 4.29
not observed observed

Scheme 4.7 Allylation and reduction of cycloadduct intermediates.

Due to the electron poor nature of the amide, formation of the aziridinium appeared to
be suppressed. Although an electron withdrawing group would accelerate fragmentation, if
aziridinium is never generated it serves no purpose. Therefore, a variety of reductants were
reacted with eneamide 4.23 hoping to arrive at the basic tertiary amine (Table 4.2). Remarkably,
the amide proved incredibly resistant to reduction, even upon treatment with strong reducing
agents (e.g. LAH, Et3BHLi.). The only reactivity observed was entry 5 where LAH reduced the benzyl
carbamate to give the methyl amine. Perhaps reassuringly, in Firstner and coworkers’ total

synthesis of xestocyclamine A, reduction was performed in the last step for both approaches
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(Schemes 2.9 and 2.10). Presumably the adjacent quaternary center restricts hydride addition,
and we hypothesized that construction of the northern macrocycle may attenuate this observed

lack of reactivity.

cbz~\| ¢ cbz~\| ¢
/ conditions /
¥ \
N N
(0]
OTBDPS OTBDPS
4.23 4.30
entry reductant equivalents temperature solvent Result
1 DIBAL-H 2 0°C 2 n.r.
2 Red-Al 2 65 °C THF n.r.
3 LiBH,4 3 0°C THF/MeOH n.r.
4 Et;BHLI 10 rt THF n.r.
5 LAH 5 0°C THF decomp
6  Et;OBF4 NaBH, 15 rt 1.5 n.r.

Table 4.2 Screening of reductants against eneamide.

Before abandoning the ring expansion approach, we next investigated the use of a secondary
amide prior to the cascade sequence. We hypothesized that perhaps the charged nature of the
aziridinium intermediate 4.27, in addition to its strained structure, may provide an activation
barrier too high to overcome while a neutral aziridine may be more accessible. Thus,
cycloaddition with bromomaleimide 4.6 and subsequent allylation to cycloadduct 4.32
proceeded in good yields (Scheme 4.8). However, access to the eneamide was unsuccessful even
upon treatment with 6 eq. of MeMgBr. Presumably, the deprotonated amide anion prevents
nucleophilic addition at the adjacent carbonyl due to electrostatic repulsion. Therefore, several

analogues of protected imides were synthesized 4.33a-c. The Boc protecting group proved labile
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in the presence of MeMgBr while the trityl group resulted in no reaction. From the PMB-
protected amide, eneamide 4.34c was accessed in 82% over two steps. Unfortunately, all
attempts at deprotection employing reagents such as: DDQ, CAN, AlCl3 and anisole, or neat TFA
failed to provide eneamide 4.35. Again, with lack of success in the modification of the 5-
membered ring we planned to focus on the northern macrocycle prior to the ring expansion in

hopes of improving reactivity.

H
0 / Cbz~
B 7] N 4.6 N
= Br Bu Sn/\/
N Br X © 2 \fo ’
~Cbz - ! AIBN -
BHT, PhH o) \H PhH, 80 °C
65 °C, 24 h (76-84%)

0TBDPS i 1q, 58% OTBDPS OTBDPS
3.82 4.31 4.32

CbZ\N CbZ\N

1. MeMgBr .
conditions %o THF, 0 °C % conditions %
(25-73%) N 2. TFA, CH,Cl, . N,
R R H
OTBDPS OTBDPS OTBDPS
4.33a-d 4.34a-d 4.35
R=a-H R=a-H(nr)

=b - Boc (70%) = b - Boc (decomp)

=c- Tr(25%) =c- Tr(nr)

=d - PMB (73%) =d-PMB (82%)

Scheme 4.8 Approach toward aziridination from the secondary eneamide.

Installation of the Northern Macrocycle by B-alkyl Suzuki Cross-coupling reaction

Shifting our attention to away from the ring expansion, we predicted the completed
northern macrocyclic ring would induce a conformational change which would facilitate
reduction of the amide and thus aziridine formation. Moving forward, we planned on employing

a B-alkyl Suzuki cross-coupling reaction as previously mentioned (Scheme 3.1), similar to both
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the Danishefsky and Flirstner approaches (Schemes 2.5 and 2.9), respectively. However, the
required hydroboration would likely fail to provide regioselectivity between the desired allylic
handle and hexenyl alkyl chain, and thus we proceeded to synthesize a dienophile containing a
terminal protected alcohol instead (Scheme 4.9). The chemistry mirrored (Scheme 4.2) except

we found use of Mitsunobu conditions provided N-alkylated imide 4.38 in more robust yields.

'e) 1. Br2, CH2C|2 0 Br @)
NH 40°C, 2 g, (88%) NH furan, 60 °C, neat @ N—H
> ~ 0 =
X o 2. NEtg, 0 °C, THF Br sealed flask, 18 h
4.5g, (95%) HOY
0.5h,4.3 g (95%)
4.5 4.6 4.7
OTBDPS
HO k4 _OTBDPS . o OTBDPS /_/_/7
PhMe
4.36 > w N_(_/)s—/ o

—>
DIAD, PPh; reflux, 24 h I}t
THF, rt, 2 h H Y 49,(90%) BN ©

_ano,
2:59, (72-80%) 4.37 4.38

Scheme 4.9 Synthesis of maleimide dienophile with terminal protected alcohol.

Employing the same methodologies as used previously, access to the secondary amine
4.41 was achieved on gram scale (Scheme 4.10). Alkylation of the amine was first done by
displacement of a tosylate leaving group, but reductive amination employing aldehyde 4.42 and
NaBH(OAc)s was found to give improved vyields. Vinyl iodide 4.42 was prepared from
commercially available 4-pentyn-1-ol using chemistry reported by the Denmark group.® With
both the vinyl iodide and allylic alkene installed, substrate 4.43 was now primed to commence
the B-alkyl Suzuki cross-coupling. However, both the hydroboration and cross-coupling
presented considerable challenges and required extensive optimization. Namely, the borane

source proved to be key, as solutions of 9-BBN in hexanes or THF failed to provide full conversion.
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Catalytic systems which utilized alkylboranes and Wilkinson’s catalyst showed moderate
reactivity.® Fortunately it was found that 9-BBN dimer, a crystalline solid known for its excellent
stability to heat and atmospheric oxygen, gave full conversation.’®°! Proceeding to the cross-
coupling, a variety of bases and solvent systems were investigated, whereas the catalyst,
PdCly(dppf), remained constant due to its bidentate geometry which promotes reductive
elimination and prohibits B-hydride elimination.®? Thallium bases such as TI,COs; were screened
due to their rate enhancement as reported by Kishi and coworkers.®® Additionally, AsPhs was
investigated due to reports® at improving Pd-mediated cross-couplings, but unfortunately both
additives failed to provide 4.44. Lastly, attempts at an intermolecular cross-coupling were briefly

studied but were unfruitful.

OTBDPS
O s CbZ\N
N * 438
~ j\:)to ’ ﬁs;o Buysn”
No Br
X-Ncps . i AIBN, PhMe
BHT, PhH 0 90°C,2h
65°C, 18 h OTBDPS 4.9g, (74-93%) OTBDPS
OTBDPS 5.4 g, (54-56%)
TBDPSO TBDPSO
3.82 4.39 4.40
Z
o ~ 0 9-BBN
BCls, 07 442 o PdCl,(dppf), KsPO,
CHyCly, 1.3 g NaBH(OAc); J THF:H,0 (20:1), rt
69-81% OTBDPS 1.29,75% 17% o
( 2 OTBDPS Sreops
TBDPSO TBDPSO BRSO
4.41 4.43 4.44

Scheme 4.10 Synthesis of the Northern macrocyclic ring.

We were then pleased to find that K3POs provided macrocycle 4.44 in 17%, but
unfortunately this proved to be irreproducible. Albeit, when repeated, other macrocyclic

products were isolated as indicated by HPLC-MS and *H NMR analysis and suggested the
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undesired side products may be reduced hemiaminal species or boron adducts. Regardless, due
to the incredibly fickle nature of the B-alkyl Suzuki reaction, we next took into consideration the

recent report by the Firstner group and decided to pursue the nominal A23 isomer 2.3.°°

HO

CbZ\N

7
o
Y’ i) 9-BBN, THF

Y’O DMP

y

i) HyO,, NaOH CHyCl,
o 87-95%
OTBDPS 149,63% OTBDPS ( ° breops
TBDPSO TBDPSO TBDPSO
4.40 4.45 4.46
-N
N Y—g%o
N\ \
N CHy
Ph 4.16 Ox~NFA
0
LHMDS __BCl3 *’ ...... 442 .
THF, -40 °C CH,Cl, NaBH(OAc);
48%
OTBDPS OTBDPS
TBDPSO TBDPSO
4.47 4.48

419 L~ =0 -
.......... » ceccccsI
OTBDPS OTBDPS
TBDPSO TBDPSO 23
4.49 4.50 nominal

xestocyclamine A
Scheme 4.11 Synthesis of A23 Northern macrocycle.
Our approach toward the A23 isomer 4.50, began with the homologation of the allylic
handle to provide the correct substitution pattern. Hydroboration-oxidation with 9-BBN and
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basic peroxide gave 4.45 in 63%, from which the resulting alcohol was oxidized using Dess-Martin
periodinane to give aldehyde 4.46. Olefination under Julia-Kocienski conditions produced alkene
4.47 in 48%. Moving forward, BClz mediated deprotection and subsequent reductive amination
would set the stage for macrocyclization of the Northern ring. Investigations into the ring

expansion and closure of the southern macrocycle would then be conducted in due time.

CbZ\N
7 Br o
N
(0]
OTBDPS
/ 4.2

g
N
O
OTBDPS
1

. TBDPSO 45
ring-closing B-alkyl Suzuki
. ring expansion .
metathesis cross-coupling

Scheme 4.12 Summary of routes from advanced cycloadduct toward each ring system.
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Conclusion to Chapter 4

From the advanced cycloadduct intermediate 4.2, a number of investigations were conducted to
develop routes to access the remainder ring systems. Route A successfully accessed macrocycle
4.4 through ring-closing metathesis utilizing Grubbs Z-Selective catalyst. Route B focused on
expansion of the 5-membered ring and led to an aziridination strategy and eneamide precursor
that awaits further functionalization. Route C provided limited success toward the Northern

macrocycle and gave 4.51 in low irreproducible yields.

Experimental Methods

4.2: To a sealed vessel was charged 3.82 (7.68 g, 11.4 mmol) in benzene (57

CbZ\N
Br
A %O mL) and DABCO (2.56 g, 22.8 mmol). The vessel was evacuated and heated at
N
o) 120 °C under static vacuum (ca. 0.01 torr) for 3 h. The reaction mixture was
OTBDPS
i cooled to room temperature, filtered, and the filtrate diluted with water (100

mL), and extracted with EtOAc (3 x 50 mL). The combined organic extracts were washed with
brine (25 mL), dried (Na2S04), and concentrated in vacuo. The crude residual oil was dissolved in
benzene (3.8 mL) to which BHT (84 mg, 0.38 mmol) and 4.10 (982 mg, 3.80 mmol) were added.
The reaction mixture was placed under static vacuum and maintained at 65 °C for 18 h. The
reaction mixture was then cooled to room temperature and concentrated in vacuo. The resulting
residue was purified via flash chromatography (silica gel, gradient elution, 0-20% EtOAc in
hexanes) to yield 1.70 g (58%) of cycloadduct 4.2 as a red oil: Rf 0.3 (8:2 hexanes/EtOAc); *H NMR
(400 MHz, CDCl3) 0 7.65-7.28 (m, 15H), 5.74 (m, 2H), 5.15-4.91 (m, 5H), 3.57-3.38 (m, 5H), 3.22

(m, 1H), 3.12-2.96 (m, 2H), 2.27-1.94 (m, 4H), 1.60-1.20 (m, 8H), 1.04 (s, 9H); 3C NMR (400 MHz,
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CDCls) 0 174.5,174.4,172.7,172.6, 155.2, 154.6, 145.5, 145.0, 137.9, 137.8, 136.3, 136.1, 135.5,
135.5, 133.7, 133.6, 129.6, 129.6, 128.4, 128.2, 128.1, 128.0, 127.8, 127.6, 123.9, 123.6, 115.0,
67.5, 67.3, 62.3, 62.2, 57.0, 56.8, 56.3, 55.8, 53.0, 52.9, 45.8, 45.4, 39.2, 34.1, 33.9, 33.0, 29.7,

29.6, 29.1, 29.0, 26.8, 26.6, 25.7, 25.7, 19.1.

Cbz—y 4.3: To a solution of sulfone 4.16 (149 mg, 0.663 mmol) in THF (2.6 mL) at

4 \?L/O -78 °C was added LHMDS (1 M in THF, 0.73 mL, 0.730 mmol) and

) " maintained at -78 °C for 1 h. A solution of 4.2 (351 mg, 0.663 mmol) in THF (4
/ mL) was then added dropwise via cannula and the reaction mixture
maintained for 0.5 h and then warmed to -40 °C for 2 h. Reaction mixture was diluted with brine
(10 mL), and extracted with EtOAc (3 x 10 mL). The combined organic extracts were dried (MgS0a4)
and concentrated in vacuo. The resulting residue was purified via flash chromatography (silica
gel, gradient elution, 5-15% EtOAc in hexanes) to yield 173 mg (53%) of alkene 4.3 as a clear
yellow oil: Rf 0.3 (8:2 hexanes/EtOAc); *H NMR (400 MHz, CDCl3) 0 7.40 (m, 5H), 5.85 (t, /= 7.0
Hz, 1H), 5.74 (m, 1H), 5.61 (m, 1H), 5.21-4.89 (m, 7H) 3.52 (td, J = 8.5, 1.6 Hz, 1H), 3.45 (m, 2H),
3.31 (m, 1H), 3.14 (m, 1H), 3.09 (t, J = 2.8 Hz, 1H), 2.24-2.04 (m, 6H), 1.50 (m, 2H), 1.33 (m, 2H);
13C NMR (400 MHz, CDCl3) 6 174.5,174.4,172.8,172.6, 155.3, 154.7, 145.2, 144.6, 137.8, 136.7,
136.5, 136.3, 136.1, 128.5, 128.4, 128.2, 128.1, 128.0, 127.8, 124.2, 123.8, 115.6, 115.5, 115.0,

67.5, 67.4, 56.9, 56.8, 56.3, 55.8, 53.0, 52.9, 45.9, 45.6, 39.2, 34.1, 33.9, 33.0, 32.7, 30.4, 30.3,

26.6, 25.7, 25.6; LRMS [M+H]* calc. for C27H31BrN204(m/z): 527.5, found 527.6
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4.4: To a solution of 4.3 (38 mg, 0.072 mmol) in PhH (36 mL) at 80 °C was
added a solution of Grubbs Z-Selective catalyst (5 mg, 0.007 mmol) in PhH (1

mL) via syringe pump over 3 h. The reaction mixture was maintained at 80 °C

for 18 h. The reaction vessel was opened to the atmosphere and stirred for 5
min, concentrated in vacuo, and purified via flash chromatography (silica gel, gradient elution, 0-
30% EtOAc in hexanes) to yield 6 mg (17%) of 4.4 as a yellow oil: Rf 0.3 (7:3 hexanes/EtOAc); H
NMR (400 MHz, CDCls) 8 7.36 (m, 5H), 5.98 (m, 1H), 5.57 (m, 2H), 5.20 (m, 2H), 5.10-4.94 (d, J =
64.8 Hz, 1H), 3.55 (m, 3H), 3.38 (m, 1H), 3.20 (dt, J = 10.7, 2.7 Hz, 1H), 3.11 (m, 1H), 2.51 (m, 1H),
2.13-1.82 (m, 6H), 1.68-1.47 (m, 3H); 3C NMR (400 MHz, CDCls) 6 174.8, 173.1, 155.5, 154.8,
145.7, 145.0, 136.3, 130.9, 130.8, 129.4, 129.3, 128.5, 128.1, 128.0, 127.8, 123.1, 122.8, 67.5,
67.4,57.6,57.1,57.0, 53.3, 53.1, 45.5, 45.2, 39.8, 33.8, 33.6, 33.5, 27.7, 27.5, 26.3, 22.0; LRMS

[M+H]* calc. for CasH28BrN204 (m/z): 499.12, found 499.4

0] NH 4.6: To a solution of maleimide (2.0 g, 20.6 mmol) in CH,Cl, (20 mL) was added

Br N\ bromine (1.2 mL, 22.6 mmol). The reaction mixture was maintained at reflux for

3 h and then allowed to cool to 0 °C. The resulting precipitate was filtered and rinsed thoroughly
with cold CHCls to provide 4.39 g (83%) of dibromomaleimide as a white solid. To a cooled
solution of crude dibromomaleimide (4.39 g, 17.1 mmol) in THF (70 mL) at 0 °C was added NEt3
(2.0 mL, 14.6 mmol) over 10 min and maintained at 0 °C for 30 min. The reaction mixture was
diluted in water (50 mL) and the extracted with EtOAc (3 x 25 mL). The combined organic extracts
were washed with brine (25 mL), dried (MgS0a), and concentrated in vacuo to afford 2.70 g (90%)
of 4.6 as a white solid that was used without further purification. Spectral data matched reported

literature values.?®
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0 4.10: To a sealed flask was charged a suspension 4.6 (2.70 g, 15.4

I NN F mmol) in furan (20 mL) and heated at 60 °C for 24 h. The reaction
(0]

Br
mixture was cooled to room temperature and concentrated in vacuo

to yield a white solid that was used without further purification. The resulting solid was dissolved
in acetone (57 mL), to which K,COs (12.0 g, 86.9 mmol) and 6-bromohex-1-ene (4.7 mL, 34.8
mmol) were added. The resulting mixture was heated at 70 °C in a sealed tube for 2 h. The
reaction mixture was allowed to cool to room temperature, filtered, diluted with water (100 mL),
and extracted with EtOAc (3 x 30 mL). The combined organic extracts were washed with brine
(30 mL), dried (MgSQa), and concentrated in vacuo. The resulting residue was purified via flash
chromatography (silica gel, gradient elution, 0-10% EtOAc in hexanes) to give 2.55 g (47%) of a
mixture of diastereomers as a yellow oil. The resulting mixture was dissolved in toluene (20 mL)
and heated in an open flask at 110 °C for 48 h. The reaction mixture was allowed to cool to room
temperature and concentrated in vacuo to yield 2.64 g (52% over 3 steps) of 4.10 as a pure red
oil: 'H NMR (400 MHz, CDCl3) 8 6.79 (s, 1H), 4.73 (ddt, J = 17.0, 10.2 , 6.8 Hz, 1H), 4.91 (m, 2H),
3.49 (t,J = 7.2 Hz, 2H), 2.01 (q, J = 7.1 Hz, 2H), 1.54 (p, J = 7.6 Hz, 2H), 1.31 (m, 2H); 13C NMR (400

MHz, CDCls) 0168.5, 165.3, 138.0, 131.7, 131.2, 114.9, 38.6, 33.0, 27.8, 25.8.

4.13: To a solution of 4.2 (339 mg, 0.440 mmol) in MeCN (1.8 mL) was added

CbZ\N
Br
/ \140 70% HF-pyridine (0.32 mL, 17.6 mmol) in one portion. Reaction mixture was
N
o) maintained at room temperature for 2 h, quenched with saturated aq.
OH
Vi NaHCO3 (30 mL) and extracted with EtOAc (3 x 5 mL). The combined organic

extracts were dried (MgS04) and concentrated in vacuo. The resulting residue was purified via

flash chromatography (silica gel, gradient elution, 0-10% EtOAc in hexanes) to yield 225 mg (95%)
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of 4.13 as a clear yellow oil: R¢ 0.3 (1:1 hexanes/EtOAc); *H NMR (400 MHz, CDCls) 8 7.35 (m, 5H),
5.88, (m, 1H), 5.75 (m, 1H), 5.22-4.97 (m, 5H), 3.53 (m, 5H), 3.31 (m, 1H), 3.15 (app. dt, J = 10.5,
2.7 Hz, 1H), 3.10 (t, J = 2.5 Hz, 1H), 2.15 (dt, J = 29.9, 6.2 Hz, 2H), 2.05 (m, 2H), 1.73-1.46 (m, 4H),
1.33 (m, 2H); 3C NMR (400 MHz, CDCl3) 6 174.4,174.3,172.8, 155.4, 154.6, 145.6, 144.9, 137.9,
136.2, 128.5, 128.3, 128.2, 128.1, 127.8, 124.1, 123.7, 115.0, 67.5, 67.4, 61.6, 56.9, 56.7, 56.3,
55.8, 53.0, 52.9, 45.9, 45.6, 39.2, 34.1, 33.9, 33.0, 29.7, 29.6, 29.5, 29.3, 26.6, 25.7, 14.0; LRMS

[|\/|+H]+ calc. for Cstngeros (m/z): 531.45, found 531.4

4.14: To a solution of 4.13 (322 mg, 0.606 mmol) in CH,Cl; (2.4 mL) was added

CbZ\N
Br
7 \140 DMP (282 mg, 0.666 mmol) in one portion. Reaction mixture was maintained
N
1 o) at room temperature for 3 h, then quenched with a 1:1 solution of
(0]
Vi NaHCO3:Na3S203 (10 mL) and extracted with CH2Cl; (3 x 5 mL). The combined

organic extracts were dried (MgS04) and concentrated in vacuo. The resulting residue was
purified via flash chromatography (silica gel, gradient elution, 0-30% EtOAc in hexanes) to yield
284 mg (89%) of 4.14 as a clear yellow oil: Rf 0.3 (7:3 hexanes/EtOAc); *H NMR (400 MHz, CDCls)
0 9.54 (d, J = 36 Hz, 1H), 7.31 (m, 5H), 5.83 (d, J = 6.3 Hz, 1H), 5.71 (m, 1H), 5.17-4.19 (m, 5H),
3.48 (m, 3H), 3.27 (m, 1H), 3.10 (m, 2H), 2.54 (m, 4H), 2.02 (m, 2H), 1.47 (br s, 2H), 1.3 (m, 2H);
13C NMR (400 MHz, CDCl3) 6 200.0, 199.6, 174.2,174.1, 172.7, 172.6, 155.3, 154.5, 144.0, 143.4,
137.8,136.2,136.1, 128.4, 128.3,128.2, 128.0, 127.7, 124.7, 124.6, 115.0, 67.5, 67.4, 56.7, 56.5,
56.1, 55.4, 45.6, 45.1, 40.1, 39.1, 34.0, 33.8, 32.9, 26.5, 25.7, 25.7, 25.6; LRMS [M+H]* calc. for

Ca26H29BrN20s (m/z): 531.13, found 531.4
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Cbz—y 4.15: To a solution of 4.14 (50 mg, 0.094 mmol) in THF (0.9 mL) was
/ ?;0 added carboxyethyl methylene triphenylphosphine (39 mg, 0.113

) N mmol) in one portion and stirred at room temperature for 3 h.
EtO,C Vi Reaction mixture was quenched with water (10 mL) and extracted with
CH2Cl; (3 x 5 mL). The combined organic extracts were dried (MgS04) and concentrated in vacuo.
The resulting residue was purified via flash chromatography (silca gel, gradient elution, 0-20%
EtOAc in hexanes) to yield 41 mg (75%) of 4.15 as a clear yellow oil: Rf 0.3 (7:3 hexanes/EtOAc);
'H NMR (400 MHz, CDCl3) 9 7.29 (m, 5H), 6.69 (m, 1H), 5.81 (m, 1H), 5.66 (m, 2H), 5.17-4.87 (m,
5H), 4.08 (m, 2H), 3.38 (m, 3H), 3.23 (m, 1H), 3.03 (m, 2H), 2.16 (m, 4H), 1.99 (m, 2H), 1.43 (m,
2H), 1.21 (m, 6H); 3C NMR (400 MHz, CDCls) & 174.5, 174.4, 173.0, 172.8, 166.3, 155.5, 154.7,
146.8, 146.4, 144.7, 144.1, 138.0, 136.4, 136.2, 128.7, 128.6, 128.5, 128.2, 127.9, 124.8, 124.7,

122.5,115.2, 67.8,67.7, 60.5, 60.4, 60.3, 56.9, 56.8, 56.3, 55.6, 53.1, 53.0, 46.0, 45.7, 39.4, 34.3,

34.1, 33.2, 32.0, 31.9, 28.9, 26.8, 25.9, 14.4, 14.3.

-N O 4.16: To a solution of 1-phenyl-1H-tetrazole-5-thiol (1.5 g, 8.42 mmol) in THF (33
mL) was added (NEts, 8.83 mmol) and Mel (0.6 mL, 9.26 mmol) sequentially.
Reaction mixture was stirred for 2 h at room temperature, diluted with water (50 mL) and
extracted (3 x 20 mL) EtOAc. The combined organic extracts were dried (MgS0O4) and
concentrated in vacuo. The resulting residue was purified via recrystallization (1:1:1)
Hexane/Et,0/CH,Cl; to yield 1.41 g (87%) of methyl thioether as a light-yellow solid: R¢ 0.5 (95:5

MeOH/ CH,Cly). Spectral data matched reported literature values. °’
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To methyl thioether (1.41 g, 7.34 mmol) in EtOH (29 mL) was added ammonium molybdate
tetrahydrate (3.63 g, 2.94 mmol) and H;0; (30% wt/wt, 1.3 mL, 44.0 mmol), sequentially.
Reaction mixture was stirred overnight at room temperature, diluted with water, and extracted
with EtOAc (3 x 20 mL). The combined organic extracts were washed with brine (20 mL), dried
(MgS0a), and concentrated in vacuo. The resulting residue was purified via recrystallization
(1:1:1) Hexane/Et20/CH,Cl; to yield 1.04 g (63%) of sulfone 4.16 as a white solid: Rf 0.3 (7:3

hexanes/EtOAc). Spectral data matched reported literature values.”’

4.20: To degassed solution of Grubbs-II catalyst (6 mg, 0.007 mmol) in CH,Cl,
Br
O (5 mL) was added a solution of 4.3 (39 mg, 0.074 mmol) in CH2Cl; (10 mL). The

reaction mixture was heated at 40 °C for 2 h under static vacuum (ca. 0.01

torr). The reaction vessel was then opened to the atmosphere and stirred for 5 min,
concentrated in vacuo, and purified via flash chromatography (silica gel, gradient elution, 0-10%
EtOAc in hexanes) to yield 20 mg (54%) of macrocycle 4.20 as a yellow oil: Rf 0.3 (9:1
hexanes/EtOAc); *H NMR (400 MHz, CDCls) 0 7.36 (m, 5H), 5.92 (m, 1H), 5.38-5.16 (m, 4H), 5.09-
4.92 (d, J = 64.5 Hz, 1H), 3.51 (m, 2H), 3.41-3.33 (m, 2H), 3.13 (dt, J = 10.6, 2.6 Hz, 1H), 3.08 (m,
1H), 2.49-2.00 (m, 5H), 1.75-1.44 (m, 4H); 3C NMR (400 MHz, CDCl3) § 175.1, 175.0, 173.1, 155.5,
154.9, 143.9, 143.2, 136.3, 131.9, 131.8, 129.1, 129.0, 128.4, 128.1, 128.0, 127.8, 122.6, 122.2,
67.4,57.3, 57.0, 56.7, 53.2, 53.0, 46.3, 46.0, 40.1, 34.0, 33.8, 32.3, 32.2, 29.7, 26.3,26.2, 25.1;

LRMS [M+H]* calc. for CasH28BrN204 (m/z): 499.12, found 499.4
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4.21: To a solution of 4.20 (25 mg, 0.032 mmol) in CH,Cl; (0.3 mL) was added

Br
O BCl3 (1 M in CHxCl3, 0.1 mL, 0.97 mmol). The reaction mixture was allowed to

stir at room temperature overnight, quenched with saturated aq. NaHCOs to
pH =9 and extracted with CH,Cl; (3 x 5 mL). The combined organic extracts were dried (MgS0a4)
and concentrated in vacuo. The resulting residue was purified via flash chromatography (silica
gel, gradient elution, 0-5% methanol in CH,Cl,) to yield 7 mg (58%) of amine 4.21 as a yellow oil:
Rr 0.2 (95:5 CH2Cl2:MeOH); *H NMR (400 MHz, CDCl3) 3 5.90 (m, 1H), 5.41-5.20 (m, 2H), 3.78 (s,
1H), 3.51-3.41 (m, 2H), 3.20 (m, 1H), 3.12 (m, 1H), 3.05 (d, J = 2.9 Hz, 1H), 2.66 (dd, J = 10.2, 2.4
Hz, 1H), 2.50 (m, 1H), 2.22-2.06 (m, 5H), 1.70-1.54 (m, 4H); 13C NMR (400 MHz, CDCls) & 175.5,

173.6, 143.2,131.7,129.3, 122.2, 58.4, 53.2, 44.2, 40.0, 33.2, 32.2, 29.8, 29.6, 26.3, 26.2, 25.1

4.22: To a solution of 4.2 (1.53 mg, 1.99 mmol) and AIBN (33 mg, 0.20 mmol)
in PhMe (6.6 mL) was added tributylallyl stannane (1.2 mL, 3.97 mmol). The

reaction mixture was maintained at 90 °C for 2 h, allowed to cool to room

OTBDPS
/ temperature and concentrated in vacuo. The resulting residue was purified

via flash chromatography (silica gel:K,CO3 (10:1), gradient elution, 0-10% EtOAc in hexanes) to
yield 1.17 g (80%) of 4.22 as a yellow oil: Rf 0.3 (9:1 hexanes/EtOAc); *H NMR (400 MHz, CDCls) d
7.63-7.30 (m, 15H), 5.69 (m, 2H), 5.53 (m, 2H), 5.20-4.89 (m, 6H), 4.77-4.63 (d, J = 57.9 Hz, 1H),
3.64-3.47 (m, 2H), 3.34-3.16 (m, 4H), 2.98 (ddd, J = 32.9, 10.7, 2.5 Hz, 1H), 2.73 (ddd, J = 39.9,
13.4,6.8, 1H), 2.51 (app t, J = 3.5 Hz, 1H), 2.24-2.01 (m, 5H), 1.78- 1.59 (m, 2H), 1.44-1.29 (m, 5H),
1.04 (s, 9H); 3C NMR (400 MHz, CDCls) 6§ 178.3, 178.2, 177.2, 177.0, 155.4, 154.9, 146.3, 145.7,

138.0, 136.4, 136.1, 135.5, 133.7, 131.3, 131.2, 129.5, 129.5, 128.5, 128.4, 128.2, 128.0, 127.8,
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127.6,126.9, 123.3, 123.0, 120.2, 114.8, 67.4, 67.1, 62.5, 62.4, 54.7, 54.2, 53.4, 53.3, 46.3, 46.2,

45.9, 38.5, 38.4, 33.9, 33.7, 33.1, 29.9, 29.3, 29.2, 26.9, 26.8, 25.8, 25.8, 23.4

Chz—y /  4.23:To a solution of 4.22 (100 mg, 0.137 mmol) in THF (0.6 mL) at 0 °C, was
7 \/ added MeMgBr (1 M in Et20, 0.41 mL, 0.41 mmol) and stirred for 1 h. Reaction
o § mixture was quenched with saturated aq. NH4Cl and extracted with EtOAc (3

OTBDPS
Vi x 5 mL). The combined organic extracts were washed with brine (10 mL), dried
(MgS0a4), and concentrated in vacuo. The resulting oil was dissolved in CH,Cl, (0.85 mL) and
cooled to 0°C to which TFA (0.02 mL, 0.27 mmol) was added and allowed to stir for 1 h. Reaction
mixture was neutralized to pH = 8 with saturated aqg. NaHCOs and extracted with CH,Cl> (3 x 5
mL). The combined organic extracts were dried (MgSQa4), concentrated in vacuo. The resulting
residue was purified via flash chromatography (silica gel, gradient elution, 0-30% EtOAc in
hexanes) to yield 72 mg (72% Over 2 Steps) of 4.23 as a yellow oil: Rf 0.3 (7:3 hexanes/EtOAc); *H
NMR (400 MHz, CDClsz) 0 7.63-7.30 (m, 15H), 5.70 (m, 2H), 5.55 (m, 2H), 5.10-4.91 (m, 6H), 4.66-
4.53 (d, J = 50.8 Hz, 1H), 4.14 (m, 2H), 3.57-3.47 (m, 2H), 3.32-3.23 (m, 3H), 2.90-2.83 (m, 3H),
2.59 (m, 2H), 2.17-2.02 (m, 5H), 1.78- 1.48 (m, 2H), 1.42-1.29 (m, 6H), 1.04 (s, 9H); 13C NMR (400
MHz, CDCl3) 6 175.3, 155.4, 155.1, 148.8, 148.6, 145.8, 145.1, 138.2, 138.1, 136.8, 136.4, 135.5,
133.9, 133.8, 132.6, 132.5, 129.5, 128.4, 128.3, 128.1, 128.0, 127.9, 127.7, 127.5, 123.6, 123.3,

118.8,118.7,114.7,83.8, 83.5, 67.1, 66.8, 62.7, 62.6, 54.5, 54.0, 53.6, 46.3, 46.1, 43.2, 39.5, 37.7,

37.4,33.2,33.2,29.9, 29.4, 29.3, 26.8, 26.0, 25.9, 25.6, 25.6, 19.1

174



4.24: To a solution of 4.2 (65 mg, 0.084 mmol) in EtOH (0.5 mL) at 0 °C, was

CbZ\N
Br
7 F%H added NaBHs (13 mg, 0.338 mmol). The reaction mixture was warmed to
N
o room temperature and stirred overnight. Reaction mixture was quenched
OTBDPS
Vi with water (10 mL) and extracted with EtOAc (3 x 5 mL). The combined

organic extracts were washed with brine (10 mL), dried (MgS0a) and concentrated in vacuo. The
resulting oil was purified via flash chromatography (silica gel, gradient elution, 10-30% EtOAc in
hexanes) to yield 36 mg (55%) of 4.24 as a yellow oil: Rf 0.3 (7:3 hexanes/EtOAc); *H NMR (400
MHz, CDCls) 8 7.63-7.27 (m, 15H), 5.83-5.74 (m, 2H), 5.38 (m, 1H), 5.15-4.90 (m, 5H), 3.59-3.47
(m, 2H), 3.41 (app d, J = 10.8 Hz, 1H), 3.31 (m, 1H), 3.10-2.89 (m, 5H), 2.23 (m, 2H), 2.05 (g, J =
7.1 Hz, 2H), 1.63-1.30 (m, 6H), 1.03 (s, 9H); 13C NMR (400 MHz, CDCls) 168.9, 155.6, 155.3, 138.4,
136.7,136.5,135.7,134.0,129.7,128.6,128.2,128.1,127.9,127.8,125.0, 115.0, 81.5, 67.4, 67.2,
63.7, 62.7, 62.6, 57.8, 57.3, 50.7, 50.6, 47.0, 46.6, 40.1, 33.3, 32.4, 32.2, 29.9, 29.6, 29.4, 27.0,

26.5, 26.0, 19.3,39.4, 34.3, 34.1, 33.2, 32.0, 31.9, 28.9, 26.8, 25.9, 14.4, 14.3

4.25a: To a solution of 4.22 (427 mg, 0.584 mmol) in EtOH (5.8 mL) at 0 °C,
was added NaBHs (88 mg, 2.34 mmol). The reaction mixture was

maintained at 0 °C for 0.5 h and then stirred at room temperature for 18 h.

OTBDPS

/

EtOAc (3 x 5 mL). The combined organic extracts were washed with brine (10 mL), dried (MgS0Qa)

Reaction mixture was quenched with water (10 mL) and extracted with

and concentrated in vacuo. The resulting oil was purified via flash chromatography (silica gel,
gradient elution, 10-30% EtOAc in hexanes) to yield 232 mg (54%) of 4.25a as a yellow oil: Rf 0.3
(7:3 hexanes/EtOAc); *H NMR (400 MHz, CDCl3) d 7.63-7.30 (m, 15H), 5.70 (m, 2H), 5.55 (m, 2H),

5.10-4.91 (m, 6H), 4.66-4.53 (d, J = 50.8 Hz, 1H), 4.14 (m, 2H), 3.57-3.47 (m, 2H), 3.32-3.23 (m,
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3H), 2.90-2.83 (m, 3H), 2.59 (m, 2H), 2.17-2.02 (m, 5H), 1.78- 1.48 (m, 2H), 1.42-1.29 (m, 6H),
1.04 (s, 9H); 13C NMR (400 MHz, CDCls) & 175.3, 155.4, 155.1, 148.8, 148.6, 145.8, 145.1, 138.2,
138.1, 136.8, 136.4, 135.5, 133.9, 133.8, 132.6, 132.5, 129.5, 128.4, 128.3, 128.1, 128.0, 127.9,
127.7,127.5,123.6,123.3, 118.8, 118.7, 114.7, 83.8, 83.5, 67.1, 66.8, 62.7, 62.6, 54.5, 54.0, 53.6,
53.6, 46.3, 46.1, 43.2, 39.5, 37.7, 37.4, 33.2, 33.2, 29.9, 29.4, 29.3, 26.8, 26.0, 25.9, 25.6, 25.6,

19.1; LRMS [M+H]* LRMS [M+H]* calc. for CasH73N204Si 732.40 (m/z): found 716.8

J 4.25b: To a solution of 4.25a (30 mg, 0.041 mmol) in THF (1 mL) was added

H
V,OH KOt-Bu (23 mg, 0.205 mmol) and stirred 50 °C for 1 h. Reaction mixture

N
o) guenched with water (5 mL) and extracted with EtOAc (3 x 5 mL). The

OTBDPS

Vi combined organic extracts were washed with brine (10 mL), dried (MgSQOa)
and concentrated in vacuo. The resulting oil was purified via flash chromatography (silica gel,
gradient elution, 10-30% EtOAc in hexanes) to yield 16 mg (53%) of 4.25b as a yellow oil: Rf 0.3
(7:3 hexanes/EtOAc); *H NMR (400 MHz, CDCI3) d 7.63-7.27 (m, 15H), 5.70 (m, 3H), 5.21-4.91 (m,
6H), 4.62 (d, J = 51.1 Hz, 1H), 4.40 (d, J = 11.7 Hz, 1H), 3.65-3.48 (m, 2H), 3.32 (m, 1H), 3.18 (app
d, J=9.5 Hz, 1H), 3.01-2.81 (m, 3H), 2.72 (ddd, J = 43.3, 13.1, 5.4 Hz, 1H), 2.16 (m, 4H), 1.93 (d, J
= 11. 7Hz, 1H), 1.79 (bs, 1H), 1.44 (m, 6H), 1.03 (s, 9H); 13C NMR (400 MHz, CDCI3) § 173.5, 155.2,
147.0, 138.3, 135.7, 135.2, 135.0, 134.0, 129.6, 128.6, 128.5, 128.3, 128.2, 128.1, 127.8, 127.7,
122.2, 121.9, 119.9, 115.0, 85.6, 77.3, 67.3, 67.0, 62.9, 55.9, 55.7, 48.3, 46.7, 39.8, 39.8, 39.3,

34.7,34.4, 33.4, 30.1, 29.6, 29.5, 26.9, 26.8, 26.7, 26.1, 19.3, 33.2, 32.0, 31.9, 28.9, 26.8, 25.9,

14.4, 14.3; LRMS [M+H]* calc. for CagH73N204Si 732.40 (m/z): found 716.8
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Chz— 4 4.26: To a cooled solution of 4.23 (373 mg, 0.512 mmol) in MeOH (2.6
N
/3 OMe o . .
\V\Br mL) at 0 °C was added NBS (91 mg, 0.512 mmol) as as single portion.
N
o Reaction mixture was maintained at 0 °C for 1.5 h and concentrated in
OTBDPS
72 vacuo. The resulting residue was purified via flash chromatography (silica

gel, gradient elution, 0-10% EtOAc in hexanes) to yield 175 mg (41%) of 4.26 as a yellow oil: Rt
0.3 (8:2 hexanes/EtOAc); *H NMR 9 7.63-7.28 (m, 15H), 5.88 (m, 1H), 5.72 (m, 1H), 5.58 (m, 1H),
5.16-4.92 (m, 6H), 4.66 (d, J = 45.9 Hz, 1H), 3.74-3.36 (m, 5H), 3.27 (m, 1H), 3.18 (s, 3H), 2.93 (m,
2H), 2.48 (m, 1H), 2.4-1.89 (m, 5H), 1.57 (m, 4H), 1.30 (m, 2H), 1.03 (s, 9H); *C NMR (400 MHz,
CDCl3) 6 176.0, 155.2, 146.5, 138.2, 136.4, 135.7, 134.0, 133.3, 129.7, 128.5, 128.2, 128.0, 127.8,
127.7, 122.1, 118.0, 115.0, 92.6, 67.3, 66.9, 62.9, 55.0, 54.7, 54.1, 53.9, 50.4, 49.0, 48.8, 47.4,

47.1,41.4,39.8,33.3,32.1, 31.4,30.1, 29.8, 29.5, 28.7, 27.0, 26.3, 19.3

7 4.29: To a solution of 4.26 (80 mg, 0.095 mmol) in MeOH (0.5 mL) was

CbZ\N
7 \4\8 added AgNOs (16 mg, 0.095 mmol) and stirred at room temperature for

r
N

@) 6 h. Reaction mixture was diluted with water (10 mL) and extracted with

OTBDPS
J EtOAc (3 x 5 mL). The combined organic extracts were washed with brine

(10 mL), dried (MgS0a4) and concentrated in vacuo. The resulting residue was purified via flash
chromatography (silica gel, gradient elution, 0-10% EtOAc in hexanes) to yield 36 mg (47%) of
4.29 as a yellow oil: Rf 0.3 (9:1 hexanes/EtOAc); *H NMR (400 MHz, CDCl3) d 7.64-7.29 (m, 15H),
5.72 (m, 1H), 5.65 (m, 1H), 5.54 (m, 1H), 5.30 (dd, J = 4.9, 1.3 Hz, 1H), 5.12-4.96 (m, 6H), 4.64 (dd,
J=52.5,1.2 Hz, 1H), 3.58-3.46 (m, 3H), 3.30 (m, 2H), 3.15 (m, 1H), 2.95 (ddd, J = 26.7, 10.5, 2.6
Hz, 1H), 2.25 (m, 3H), 2.04 (m, 2H), 1.66 (m, 2H), 1.39 (m, 4H), 1.09 (s, 9H); 3C NMR (400 MHz,

CDCls) 0 175.4, 155.6, 155.3, 146.4, 145.8, 145.1, 144.9, 138.2, 138.1, 136.8, 136.5, 135.7, 134.1,
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134.0, 132.3, 132.2, 129.7, 129.6, 128.6, 128.4, 128.3, 128.1, 127.8, 123.4, 123.1, 119.4, 119.3,
115.2,79.5,79.2,67.4,67.1, 62.9, 62.8, 54.9, 54.5, 54.4, 54.3, 46.8, 46.6, 44.2, 39.9, 39.4, 33.3,
33.1, 32.9, 30.1, 29.5, 29.4, 27.0, 26.0, 25.7, 19.3; LRMS [M+H]* calc. for C46HssBrN204Si 806.31

(m/z): found 809.6

Cbz—y 4.31: To a sealed vessel was charged 3.82 (4.27 g, 6.34 mmol) in benzene (32

Br
4 %O mL) and DABCO (1.42 g, 12.7 mmol). The vessel was evacuated and heated at

N
O 4 120 °C under static vacuum (ca. 0.01 torr) for 3 h. The reaction mixture was

OTBDPS

cooled to room temperature, filtered, and the filtrate diluted with water (100
mL), and extracted with EtOAc (3 x 50 mL). The combined organic extracts were washed with
brine (25 mL), dried (Na2S04), and concentrated in vacuo. The crude residual oil was transferred
to a sealed flask containing BHT (70 mg, 0.32 mmol) and bromomaleimide (558 mg, 3.17 mmol)
in benzene (3.2 mL). The vessel was placed under static vacuum (ca. 0.01 torr) and maintained at
65 °C for 18 h. Reaction mixture was cooled to room temperature concentrated in vacuo. The
resulting residue was purified via flash chromatography (silica gel, gradient elution, 0-50% EtOAc
in hexanes) to yield 840 mg (39%) of 4.31 as a white foam: Rf 0.3 (1:1 hexanes/EtOAc); *H NMR
(400 MHz, CDCl3) 8 8.21 (bs, 1H), 7.61-7.27 (m, 11H), 5.83 (dd, J = 11.1, 6.0 Hz, 1H), 5.15 (m, 2H),
5.05 (dd, J=64.3, 1.2 Hz, 1H), 3.57-3.46 (m, 3H), 3.22 (m, 1H), 3.12 (dd, J = 6.3, 3.0 Hz, 1H), 3.01
(app. ddd, J = 34.4, 10.6, 2.6 Hz, 1H), 2.22 (m, 2H), 1.62 (m, 2H), 1.04 (s, 9H); 3C NMR (400 MHz,
CDCl3) 0 174.5,174.4,172.5,172.3, 155.4, 154.8, 145.7, 145.1, 136.4, 136.2, 135.7, 133.8, 129.8,

129.7, 128.6, 128.4, 128.3, 128.0, 127.8, 124.3, 124.0, 67.8, 67.6, 62.5, 62.4, 58.0, 57.9, 56.3,

55.8,54.5,54.4,45.8, 45.5, 34.1, 33.8, 29.9, 29.3, 29.2, 27.0, 19.3.
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J 4.32: To a solution 4.31 (2.26 g, 3.29 mmol) and AIBN (54 mg, 0.329 mmol) in

%O toluene (11 mL) was added tributylallyl stannane (2.0 mL, 6.58 mmol). The

N
“H  reaction mixture was maintained at 90 °C for 2 h, allowed to cool to room

OTBDPS

temperature and concentrated in vacuo. The resulting residue was purified
via flash chromatography (silica gel:K,CO3 (10:1), gradient elution, 0-10% EtOAc in hexanes) to
yield 1.79 g (84%) of 4.32 as a yellow oil: Rf 0.3 (7:3 hexanes/EtOAc); *H NMR (400 MHz, CDCls3) 9
7.63-7.30 (m, 15H), 5.78 (m, 1H), 5.63 (m, 1H), 5.12 (m, 4H), 4.68 (d, J = 58.4 Hz, 1H), 3.57-47 (m,
2H), 3.22 (m, 2H), 2.92 (ddd, J=33.1, 10.4, 2.3 Hz, 1H), 2.66 (ddd, J = 39.8, 13.8, 6.7 Hz, 1H), 2.55
(m, 1H), 2.22 (m, 3H), 1.59 (m, 4H), 1.03 (s, 9H); 3C NMR (400 MHz, CDCl5) 6 155.6, 147.1, 146.4,
135.7,131.1, 129.7, 128.7, 128.6, 128.4, 128.0, 127.8, 123.8, 123.5, 121.0, 67.6, 67.4, 62.9, 54.3,

47.0, 46.3, 39.1, 34.3, 30.2, 29.6, 29.5, 27.8, 27.0, 19.3.

J 4.33b: To a solution of 4.32 (300 mg, 0.462 mmol), DIPEA (0.16 mL, 0.926

%O mmol), and DMAP (3 mg, 0.023 mmol) in CHxCl; (1.1 mL) was added a

N
‘Boc solution of Boc,0 (121 mg, 0.554 mmol) in CH,Cl; (1.1 mL). Reaction mixture

OTBDPS

was stirred at room temperature overnight, quenched with water (5 mL),
and extracted with CH,Cl, (3 x 5 mL). The combined organic extracts were washed with brine (10
mL), dried (Na2SOa), and concentrated in vacuo. The resulting residue was purified via flash
chromatography (silica gel, gradient elution, 0-20% EtOAc in hexanes) to yield 36 mg (47%) of
4.29 as a yellow oi: Rf 0.3 (8:2 hexanes/EtOAc); *H NMR (400 MHz, CDCl3) 8 7.63- 7.30 (m, 15H),
5.81 (m, 1H), 5.63 (m, 1H), 5.12 (m, 4H), 4.72 (d, J = 59.8 Hz, 1H), 3.54 (m, 2H), 3.26 (m, 2H), 2.98
(ddd, J =32.2, 10.4, 2.1 Hz, 1H), 4.72 (ddd, J = 38.5, 13.7, 6.2 Hz, 1H), 2.57 (m, 1H), 2.24 (m, 3H),

1.62 (m, 2H), 1.51 (s, 9H), 1.03 (s, 9H).
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J 4.33c: To a solution of 4.32 (100 mg, 0.458 mmol) and TrCl (153 mg, 0.550

%O mmol) in CHxCl; (2.3 mL) was added a solution of NEt3(0.11 ml, 0.824 mmol)

N
“Ir dropwise. Reaction mixture was stirred at room temperature overnight,

OTBDPS

guenched with water (5 mL), and extracted with CH,Cl, (3 x 5 mL). The
combined organic extracts were washed with brine (10 mL), dried (MgS0a), and concentrated in
vacuo. The resulting residue was purified via flash chromatography (silica gel, gradient elution,
0-20% EtOAc in hexanes) to yield 101 mg (25%) of 4.33c as a yellow oi: Rf0.3 (8:2 hexanes/EtOAc);
1H NMR (400 MHz, CDCl3) 8 7.62- 7.20 (m, 30H), 5.75 (m, 1H), 5.24-5.12 (m, 5H), 4.58 (d, J = 50.0
Hz, 1H), 3.50-3.32 (m, 2H), 3.19 (m, 1H), 3.03 (m, 1H), 2.87-2.64 (m, 2H), 2.56 (dd, J = 8.5, 2.5 Hz,
1H), 2.35 (m, 1H), 1.89 (m, 2H), 1.65-1.39 (m, 2H), 1.05 (s, 9H); 3C NMR (400 MHz, CDCls) § 177.5,
177.3,176.3, 176.1, 155.4, 154.9, 146.7, 146.1, 142.0, 141.9, 136.6, 136.2, 135.9, 135.7, 134.0,
133.9, 131.9, 131.7, 129.7, 128.6, 128.5, 128.3, 128.2, 128.0, 127.9, 127.8, 127.7, 127.5, 126.7,
124.0,123.7,120.6,74.3,67.5,67.2,62.6,62.4,54.5, 53.9, 53.4,53.3,46.7,46.5, 46.3,39.7, 34.2,

33.9, 30.5, 30.3, 29.6, 29.4, 27.0, 19.4.

J 4.33d: To a cooled solution of 4.32 (988 mg, 1.52 mmol), PPh3 (438 mg, 1.67

\140 mmol), and 4-methoxybenzyl alcohol (0.2 mL, 1.67 mmol) in THF (5 mL) at
N
O ‘pme 0°Cwasadded DIAD (0.33 mL, 1.67 mmol) dropwise. Reaction mixture was
OTBDPS
allowed to warm to room temperature and stir overnight, then quenched
with water (5 mL) and extracted with EtOAc (3 x 5 mL). The combined organic extracts were
washed with brine (10 mL), dried (MgS0a4), and concentrated in vacuo. The resulting residue was

purified via flash chromatography (silica gel, gradient elution, 0-15% EtOAc in hexanes) to yield

864 mg (73%) of 4.33d as a yellow oi: R 0.3 (8:2 hexanes/EtOAc); *H NMR (400 MHz, CDCl3)
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7.62-7.26 (m, 15H), 7.19 (dd, J = 8.3, 5.6 Hz, 2H), 6.74 (dd, J = 8.3, 5.6 Hz, 2H), 5.50 (m, 2H), 5.10-
4.97 (m, 4H), 4.66 (d, J = 58.2 Hz, 1H), 4.42 (m, 2H), 3.67 (d, J = 5.7 Hz, 2H), 3.50-3.36 (m, 2H),
3.23 (d, J = 10.6 Hz, 1H), 3.14 (m, 1H), 2.94 (ddd, J = 34.6, 10.5, 2.5 Hz, 1H), 2.66 (ddd, J = 39.3,
13.7, 6.5 Hz, 1H), 2.50 (dd, J = 5.7, 2.9 Hz, 1H), 2.20 (m, 1H), 1.97 (m, 2H), 1.43 (m, 2H), 1.03 (s,
9H); 13C NMR (400 MHz, CDCls) & 178.2, 178.1, 177.1, 176.9, 159.4, 155.6, 155.1, 146.4, 145.8,
136.6, 136.3, 135.7, 133.9, 131.4, 131.3, 130.3, 129.7, 128.7, 128.6, 128.4, 128.2, 128.0, 127.8,
123.2, 123.0, 120.4, 120.3, 113.8, 67.6, 67.3, 62.7, 62.6, 55.3, 54.9, 54.4, 53.6, 53.5, 46.7, 46.4,

46.1, 41.9, 38.8, 34.2, 33.9, 30.0, 29.1, 27.0, 19.3.

J 4.34d: To a cooled solution of 4.33d (1.53 g, 1.99 mmol) in THF (8 mL) at 0

\Iy °C, was added MeMgBr (3 M in Et;0, 3.3 mL, 9.93 mmol) dropwise. Reaction

‘PMB  Mmixture was maintained at 0 °C for 1 h then warmed to room temperature

OTBDPS

and stirred for 2 h. Reaction mixture was quenched with saturated agq.
NH4Cl and extracted with EtOAc (3 x 5 mL). The combined organic extracts were washed with
brine (10 mL), dried (MgS0a), and concentrated in vacuo. The resulting oil was dissolved in CH,Cl,
(8 mL) and cooled to 0 °C to which TFA (0.15 mL, 1.99 mmol) was added and allowed to stir for 1
h. Reaction mixture was neutralized to pH = 8 with saturated ag. NaHCO3 and extracted with
CHyCl> (3 x5 mL). The combined organic extracts were dried (MgSQa4), concentrated in vacuo. The
resulting residue was purified via flash chromatography (silica gel, gradient elution, 0-20% EtOAc
in hexanes) to yield 1.25 g (72% Over 2 Steps) of 4.34d as a yellow oil: Rf 0.3 (8:2 hexanes/EtOAc);
14 NMR (400 MHz, CDCl3) d 7.64- 7.26 (m, 15H), 7.06 (m, 2H), 6.79 (dd, J = 8.3, 4.2 Hz, 2H), 5.65
(m, 2H), 5.12-4.99 (m, 4H), 4.72-4.55 (m, 2H), 4.30 (m, 1H), 4.13 (m, 2H), 3.73 (m, 3H), 3.58-3.40

(m, 2H), 3.24 (d, J = 10.5 Hz, 1H), 2.98-2.62 (m, 4H), 2.22 (m, 3H), 1.62 (m, 2H), 1.04 (s, 9H); 13C
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NMR (400 MHz, CDCl3) 6 175.8, 159.0, 155.6, 155.3, 148.5, 148.3, 145.8, 145.2, 136.9, 136.5,
135.7, 134.0, 132.8, 132.7, 129.7,128.8, 128.6, 128.4, 128.3, 128.1, 128.0, 127.9, 127.8, 127.7,
127.1, 124.2, 123.9, 119.2, 119.1, 113.8, 85.6, 85.3, 67.4, 67.0, 62.9, 62.8, 55.3, 54.7, 54.2, 54.0,

46.5,46.3,43.5,43.2,39.9, 37.9, 37.6, 30.2, 29.5, 29.4, 27.0, 19.3.

0 4.38: To a solution of 4.7 (1.30 g, 5.31 mmol), 5-(tert-

| N~ -OTBDPS butyldimethylsilyloxy)-1-pentanol (2.0 g, 5.84 mmol), and PPh3
O

Br
(1.53 g, 5.84 mmol) in THF (21 mL) at 0 °C was added DIAD (1.1

mL, 5.84 mmol) dropwise. The reaction mixture was maintained at 0 °C for 30 min, and then
allowed to warm to room temperature for 2 h. The reaction mixture was quenched with
saturated ag. NH4Cl (10 mL), poured into brine (20 mL), and extracted with CHCl; (3 x 10 mL).
The combined organic extracts were dried (MgSOa4) and concentrated in vacuo. The resulting
residue was purified by flash chromatography (silica gel, gradient elution 0-10% EtOAc in
hexanes) to afford a mixture of diastereomers as a yellow oil. The resulting mixture was dissolved
in toluene (30 mL) and heated in an open flask at 110 °C for 48 h. The reaction mixture was
allowed to cool to room temperature and concentrated in vacuo to yield 2.98 g (79% over 2 steps)
as a red oil that was used without further purification. *H NMR (400 MHz, CDCl3) d 6.79 (s, 1H),
4.73 (ddt, J=17.0, 10.2, 6.8 Hz 1H), 4.91 (m, 2H), 3.49 (t, /= 7.2 Hz, 2H), 2.01 (q, J = 7.1 Hz, 2H),
1.54 (p, J = 7.6 Hz, 2H), 1.31 (m, 2H); 3C NMR (400 MHz, CDCl3) d 168.5, 165.3, 138.0, 131.7,

131.2, 114.9, 38.6, 33.0, 27.8, 25.8
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4.39: To a sealed vessel was charged 3.82 (4.04 g, 5.99 mmol) in benzene

CbZ\N
B
/ %O (30 mL) and DABCO (1.35 g, 12.0 mmol). The vessel was evacuated and
N
0 heated at 120 °C under static vacuum (ca. 0.01 torr) for 3 h. The reaction
OTBDPS
mixture was cooled to room temperature, filtered, and the filtrate diluted
TBDPSO

with water (100 mL), and extracted with EtOAc (3 x 50 mL). The combined organic extracts were
washed with brine (25 mL), dried (Na2S0a4), and concentrated in vacuo. The crude residual oil was
dissolved in benzene (2 mL) to which BHT (44 mg, 0.20 mmol) and 4.38 (1.00 g, 2.00 mmol) were
added. The reaction mixture was placed under static vacuum (ca. 0.01 torr) and maintained at 65
°C for 18 h. Reaction mixture was then cooled to room temperature and concentrated in vacuo.
The resulting residue was purified via flash chromatography (silica gel, gradient elution, 0-20%
EtOAc in hexanes) to yield 1.21 g (60%) of 4.39 as a red oil: Rf 0.3 (8:2 hexanes/EtOAc); *H NMR
(400 MHz, CDCl3) 3 7.63-7.27 (m, 15H), 5.71 (m, 1H), 5.15-4.95 (m, 3H), 3.57-3.33 (m, 7H), 3.20
(m, 1H), 3.07-2.93 (m, 2H), 2.27-1.99 (m, 2H), 1.75-1.35 (m, 6H), 1.24 (m, 2H), 1.00 (s, 9H); 13C
NMR (400 MHz, CDClz) 0 174.5, 174.4, 172.7, 172.6, 155.2, 154.7, 145.6, 145.0, 136.4, 136.2,
135.5, 133.9, 133.7, 133.6, 129.6, 129.5, 128.5, 128.3, 128.2, 128.1, 127.8, 127.7, 127.6, 126.9,
123.9,123.7, 67.5, 67.3, 63.5, 62.3, 62.2, 57.1, 56.9, 56.3, 55.8, 53.1, 53.0, 45.8, 45.5, 39.3, 34.1,
33.9,31.9,29.7,29.2,29.1, 27.1, 26.9, 23.1, 19.2; LRMS [M+H]* calc. for Cs7Hs7BrN»0¢Si> 1010.4

(m/z): found 1090.4
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4.40: To a solution of 4.39 (2.61 g, 2.64 mmol) and AIBN (43 mg, 0.26

mmol) in toluene (8.8 mL) was added tributylallyl stannane (1.6 mL, 5.29

mmol). Reaction mixture was heated at 90 °C for 2 h, cooled to room

OTBDPS

TBDPSG temperature and concentrated in vacuo. The resulting residue was purified
via flash chromatography (silica gel:K,CO3 (10:1), gradient elution, 0-20% EtOAc in hexanes) to
yield 2.29 g (89%) of 4.40 as a red oil: Rf 0.3 (8:2 hexanes/EtOAc); *H NMR (400 MHz, CDCls) d
7.69-7.27 (m, 25H), 5.66 (t, J = 6.8 Hz, 1H), 5.53 (m, 1H), 5.15-5.02 (m, 4H), 4.77-4.62 (dd, J =
58.1, 1.1 Hz, 1H), 3.64-3.42 (m, 4H), 3.36-3.13 (m, 4H), 3.07-2.91 (ddd, J = 29.6, 10.7, 2.6 Hz, 1H),
2.76-2.58 (m, 1H), 2.49 (t, J = 3.2 Hz, 1H), 2.25-2.01 (m, 3H), 1.75-1.24 (m, 8H), 1.02 (m, 18H); 13C
NMR (400 MHz, CDCl3) 0 178.2, 178.1, 177.1, 177.0, 155.4, 154.9, 146.3, 145.7, 136.4, 136.1,
135.5, 133.9, 133.7, 131.3, 131.2, 129.5, 129.4, 128.5, 128.4, 128.2, 128.0, 127.8, 127.6, 127.5,

123.2, 122.9, 120.2, 120.1, 67.3, 67.1, 63.6, 62.5, 62.4, 54.7, 54.2, 53.4, 53.3, 46.3, 46.2, 45.9,

38.5, 33.9, 33.7, 31.9, 29.9, 29.3, 29.2, 27 .4, 26.8, 23.1, 19.1.

4.41: To a solution of 4.40 (200 mg, 0.205 mmol) in CH,Cl, (0.82 mL) was
added BCl3 (1 M in toluene, 0.41 mL, 0.410 mmol) dropwise. The reaction

mixture was maintained at room temperature and stirred overnight.

OTBDPS

Reaction mixture was quenched by dropwise addition of saturated ag.
TBDPSO
NaHCOs to pH = 8 and extracted with CH2Cl; (3 x 5 mL). The combined organic extracts were
washed with brine (10 mL), dried (Na2S0a), and concentrated in vacuo. The resulting residue was
purified via flash chromatography (silica gel, gradient elution, 0-5% methanol in CHCl;) to yield

140 mg (81%) of 4.41 as a red oil: R 0.3 (95:5 CH,Cl,/MeOH); *H NMR (400 MHz, CDCls) d 7.69-

7.34 (m, 20H), 5.63 (m, 2H), 5.08 (m, 2H), 3.59 (m, 4H), 3.44 (m, 1H), 3.28 (m, 1H), 3.06 (br s, 1H),
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2.85 (d, J = 9.6 Hz, 1H), 2.64 (d, J = 7.3 Hz, 2H), 2.42 (m, 2 H), 2.18-2.04 (m, 2H), 1.75-1.24 (m,
10H), 1.02 (s, 18H); 13C NMR (400 MHz, CDCl3) 8 179.5, 178.0, 147.3, 135.5, 133.9, 133.8, 132.4,
129.5, 129.4, 128.5, 128.4, 127.6, 127.5, 121.3, 119.6, 63.6, 63.1, 55.8, 52.3, 47.0, 44.4, 38.4,

38.3,33.7,32.0, 29.9, 29.6, 27.4, 26.8, 23.1, 19.1.

2| 4.42:To a solution of DMSO (0.23 mL, 3.17 mmol) in CH,Cl> (4.3 mL) at -78 °C was

P added oxalyl chloride (0.12 mL, 1.45 mmol) dropwise. Reaction mixture was

O
maintained at -78 °C for 15 min, then (Z)-5-iodopent-4-en-1-ol (280 mg, 1.32 mmol) was added

dropwise and maintained at-78 °C for 20 min. NEt3 (0.92 mL, 6.6 mmol) was added and continued
to stir at-78 °C for 20 min. Reaction mixture was removed from ice bath and continued to stir at
room temperature for 15 min. Mixture was quenched with brine (15 mL) and extracted with
CH2Cl; (3 x 5 mL). The combined organic extracts were dried (Na;S04) and concentrated in vacuo.
The resulting residue was purified via flash chromatography (silica gel, gradient elution, 0-20%
EtOAc in hexanes) to yield 147 mg (53%) of 4.42 as a red oil: Rt 0.3 (8:2 hexanes/EtOAc). Spectral

data matched reported literature values.*®

<_/=\I 4.43: To a solution of 4.41 (210 mg, 0.250 mmol) and 4.42 (53 mg, 0.250
Y mmol) in DCE (0.86 mL) was added NaBH(OAc)s3 (74 mg, 0.350 mmol) in

one portion. Reaction mixture was stirred at room temperature for 2 h,

guenched with saturated aq. NaHCOs to pH =9 and extracted with CH,Cl,
OTBDPS
TBDPSO (3 x 5 mL). The combined organic extracts were dried (Na.SO4) and

concentrated in vacuo. The resulting residue was purified via flash chromatography (silica gel,

gradient elution, 0-10% EtOAc in hexanes) to yield 195 mg, (75%) of 4.43 as a red oil: Rf 0.3 (9:1
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hexanes/EtOAc); *H NMR (400 MHz, CDCl3) d 7.69-7.34 (m, 10H), 6.18 (m, 1H), 5.66 (m, 1H), 5.08
(dd, J = 34.2, 17.1 Hz, 2H), 3.59 (m, 4H), 3.26 (m, 2H), 3.06-2.95 (m, 1H), 2.80-2.63 (m, 1H), 2.40
(m, 1H), 2.28-2.03 (m, 3H), 1.8 (m, 1H), 1.69-1.24 (m, 7H), 1.03 (s, 9H); 3C NMR (400 MHz, CDCls)
0179.8,178.3,144.3,140.8, 135.5, 133.9, 133.8, 132.8, 129.5, 129.4, 127.6, 127.5, 121.3, 119.3,
82.7, 63.6, 63.1, 62.2, 56.7, 53.9, 53.2, 46.3, 38.5, 38.3, 34.4, 32.3, 32.0, 31.2, 29.4, 27.4, 26.8,

26.7,23.2,19.1.

4.43: To a solution of 4.41 (67 mg, 0.080 mmol) and K,COs3 (55 mg, 0.40 mmol) in 1:1 MeCN/DCM
(0.8 mL) was added (Z)-5-iodopent-4-en-1-yl 4-methylbenzenesulfonate (32 mg, 0.090 mmol).
Reaction mixture was heated at reflux overnight, allowed to cool to room temperature, diluted
with water (5 mL) and extracted with EtOAc (3 x 5 mL). The combined organic extracts were
washed with brine (5 mL), dried (Na2SOa4), and concentrated in vacuo. The resulting residue was
purified via flash chromatography (silica gel, gradient elution, 0-10% EtOAc in hexanes) to yield
48 mg (58%) of 4.43 as a red oil: Rf 0.3 (9:1 hexanes/EtOAc); *H NMR (400 MHz, CDCl3) 0 7.69-
7.34 (m, 10H), 6.18 (m, 1H), 5.66 (m, 1H), 5.08 (m, 2H), 3.59 (m, 4H), 3.26 (m, 2H), 3.06-2.95 (m,
1H), 2.80-2.63 (m, 1H), 2.40 (m, 1H), 2.28-2.03 (m, 3H), 1.8 (m, 1H), 1.69-1.24 (m, 7H), 1.03 (s,
9H); 13C NMR (400 MHz, CDCl3) 9 179.8, 178.3, 144.3, 140.8, 135.5, 133.9, 133.8, 132.8, 129.5,
129.4,127.6, 127.5, 121.3, 119.3, 82.7, 63.6, 63.1, 62.2, 56.7, 53.9, 53.2, 46.3, 38.5, 38.3, 34.4,

32.3,32.0,31.2,29.4, 27.4, 26.8, 26.7, 23.2, 19.1.
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4.44: A solution of 4.43 (24 mg, 0.023 mmol) in THF (0.3 mL) was charged

to a vessel containing 9-BBN (11 mg, 0.046 mmol) and stirred at room

temperature for 2 h. To the reaction mixture was added THF (0.75 mL)

O
OTBDP/s\/\> and water (0.25 mL), sequentially. The resulting mixture was added via

TBDPSO
syringe pump over 3 h to a solution of PdCl,dppf (2 mg, 0.002 mmol), and

K3POs (10 mg, 0.046 mmol) in THF (4 mL). The reaction mixture was allowed to stir at room
temperature for 18 h, and then concentrated in vacuo. The resulting residue was purified via flash
chromatography (silica gel, gradient elution, 0-20% EtOAc in hexanes) to yield (4 mg, 17%) as a
yellow oil: Rf 0.3 (8:2 hexanes/EtOAc); 7.63-7.35 (m, 25H), 5.69 (dd, J = 6.4, 1.2 Hz, 1H), 5.56 (m,
1H), 5.46 (m, 1H), 4.81 (s, 1H), 4.57 (td, J = 10.9, 1.9 Hz, 1H), 3.80 (m, 1H), 3.69 (t, /= 6.0 Hz, 1H),
3.60 (t, J = 6.4 Hz, 2H), 3.55 (m, 2H), 3.31 (m, 3H), 3.18 (m, 1H), 2.98 (dd, J = 10.6, 2.6 Hz, 1H),
2.74 (t, J = 15.5 Hz, 1H), 2.31 (d, J = 2.9 Hz, 1H), 2.13 (m, 4H), 1.92 (m, 6H), 1.65 (m, 22H), 1.29

(m, 4H), 1.03 (s, 18H).

4.45: To a solution of 9-BBN Dimer (249 mg, 1.02 mmol) in THF (2.9 mL)
was added a solution of 4.40 (1.42 g, 1.46 mmol) in THF (2.9 mL). Reaction

mixture was stirred at room temperature for 1.5 h and then cooled to 0 °C.

OTBDPS NaOH (10% wt/vol, 1.8 mL, 4.38 mmol) and H;0 (50% wt/vol, 0.55 mL,
TBDPSO 9.64 mmol) were added sequentially. Reaction mixture was maintained at
0 °C for 1 h, quenched with water (20 mL) and extracted with EtOAc (3 x 15 mL). The combined
organic extracts were washed with brine (10 mL), dried (Na;SOs4), and concentrated in vacuo. The
resulting residue was purified via flash chromatography (silica gel, gradient elution, 0-20% EtOAc

in hexanes) to yield 893 mg (62%) of 4.45 as a yellow oil: R 0.3 (8:2 hexanes/EtOAc); *H NMR
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(400 MHz, CDCls) 8 7.63-7.26 (m, 25H), 5.67 (m, 1H), 5.20-5.03 (m, 2H), 4.71 (d, J = 33.9 Hz, 1H),
3.61-3.43 (m, 6H), 3.32 (m, 3H), 3.19 (m, 1H), 2.97 (ddd, J = 31.4, 10.5, 2.5 Hz, 1H), 2.44 (dd, J =
6.9, 2.8 Hz, 1H), 2.12 (m, 2H), 1.84 (m, 2H), 1.52 (m, 16H), 1.03 (s, 18H); 13C NMR (400 MHz, CDCls)
0178.8,178.6,177.3,177.2, 155.8, 155.1, 146.4, 145.9, 136.6, 136.5, 135.7, 134.1, 133.9, 129.7,
128.7, 128.6, 128.5, 128.2, 128.0, 127.8, 127.7, 123.2, 123.0, 67.4, 63.8, 62.7, 62.6, 62.4, 54.8,
54.0, 53.1, 48.1, 47.6, 46.3, 46.1, 38.8, 34.2, 34.0, 32.1, 31.0, 30.1, 29.5, 29.4, 27.8, 27.6, 27.0,

23.4,19.3.

4.46: To a solution of 4.45 (200 mg, 0.202 mmol) in CHxCl, (0.8 mL) was
added DMP (129 mg, 0.303 mmol) in one portion. Reaction mixture was

maintained at room temperature for 3 h, then quenched with a 1:1

OTBDPS solution of NaHCO3:Na»S,03 (10 mL) and extracted with CH,Cl2 (3 x 5 mL).
TBDPSO The combined organic extracts were dried (Na;SO4) and concentrated in
vacuo. The resulting residue was purified via flash chromatography (silica gel, gradient elution,
0-20% EtOAc in hexanes) to yield 174 mg (87%) of 4.46 as a light-yellow oil: Rf 0.3 (8:2
hexanes/EtOAc); *H NMR (400 MHz, CDCl3) 8 9.61 (d, J = 81.4 Hz, 1H), 7.63-7.27 (m, 25H), 5.68
(m, 1H), 5.21-5.02 (m, 2H), 4.73 (d, J = 75.2 Hz, 1H), 3.61-3.45 (m, 4H), 3.31-3.14 (m, 4H), 2.97
(ddd, J = 39.6, 10.5, 2.4 Hz, 1H), 2.80 (m, 1H), 2.57 (m, 1H), 2.38 (m, 2H), 2.07 (m, 4H), 1.69-1.40
(m, 8H), 1.03 (s, 18H); 13C NMR (400 MHz, CDCl3) 6 200.7, 199.9, 178.3, 176.9, 176.8, 155.6, 154.9,
146.2, 145.6, 136.5, 136.3, 135.7, 134.1, 133.9, 129.8, 129.7, 128.8, 128.6, 128.3, 128.0, 127.8,
123.5,123.3,67.7,67.4,63.8,62.7,62.6, 53.6, 52.7, 52.0, 51.8, 49.1, 48.6, 46.3,45.9, 42.4, 39.1,

38.8,34.1,33.9, 32.1, 31.1, 30.1, 29.5, 29.4, 27.5, 27.0, 26.7, 26.5, 25.8, 23.4, 19.3.
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4.47: To a solution of 4.16 (25 mg, 0.111 mmol) in THF (0.25 mL) at -78 °C
was added LHMDS (1 M in THF, 0.11 mL, 0.11 mmol) dropwise and

maintained at -78 °C for 1 h. A solution of 4.46 (100 mg, 0.101 mmol) in

OTBDPS THF (0.25 mL) was added dropwise and the reaction mixture maintained
TBDPSO at — 78 °C for 45 min and then warmed to -50 °C for 2 h. Reaction mixture
was removed from ice bath and stirred at room temperature for 15 min, quenched with brine
(10 mL) and extracted with EtOAc (3 x 5 mL). The combined organic extracts were dried (Na;S0a4)
and concentrated in vacuo. The resulting residue was purified via flash chromatography (silica
gel, gradient elution, 0-15% EtOAc in hexanes) to yield 48 mg (48%) of 4.47 as a colorless oil: Rt
0.3 (8:2 hexanes/EtOAc); 'H NMR (400 MHz, CDCls) d 7.63-7.27 (m, 25H), 5.66 (m, 2H), 5.11 (m,
2H), 4.93 (m, 2H), 4.70 (d, J = 58.8 Hz, 1H), 3.64-3.47 (m, 4H), 3.32-3.15 (m, 4H), 2.97 (ddd. J =
31.6, 10.5, 2.3 Hz, 1H), 2.48 (dd, J = 5.2, 3.0 Hz, 1H), 2.03 (m, 5H), 1.59 (m, 8H), 1.03 (s, 18H) ppm.
13C NMR (400 MHz, CDCl3) 6 178.7, 178.6, 177.4,177.3, 155.6, 155.1, 146.5, 145.8, 137.2, 136.9,
136.7, 136.4, 135.7, 134.1, 133.9, 131.7, 130.0, 129.7, 128.7, 128.6, 128.4, 128.2, 128.0, 127.8,

127.7,125.1, 123.1, 122.8, 115.8, 115.7, 67.5, 67.3, 63.8, 62.7, 62.6, 55.1, 54.5, 53.3, 47.4, 47 .3,

46.4, 46.0, 38.8, 34.3, 34.0, 33.8, 32.1, 30.1, 29.8, 29.5, 29.4, 29.2, 29.1, 27.6
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Appendix A.4: Spectra Relevant to Chapter 4
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Figure A.4.1 'H NMR (400 MHz, CDCl3) and DEPT-135 NMR (400 MHz, CDCls) of 4.2
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Figure A.4.2 13C NMR (400 MHz, CDCl3) of 4.2
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Figure A.4.5 'H NMR (400 MHz, CDCls) and DEPT-135 NMR (400 MHz, CDCls) of 4.4
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Figure A.4.6 3C NMR (400 MHz, CDCls) and HSQC NMR (400 MHz, CDCls) of 4.4
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Figure A.4.11 'H NMR (400 MHz, CDCls) and DEPT-135 NMR (400 MHz, CDCls) of 4.15
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Figure A.4.12 13C NMR (400 MHz, CDCls) of 4.15
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Figure A.4.13 'H NMR (400 MHz, CDCl3) and DEPT-135 NMR (400 MHz, CDCls) of 4.20
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Figure A.4.14 13C NMR (400 MHz, CDCl3) and HSQC NMR (400 MHz, CDCls) of 4.20
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Figure A.4.16 HSQC NMR (400 MHz, CDCls) and 1D *H Homodecoupling NOE NMR at 2.22
ppm (400 MHz, CDCls) of 4.21
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Figure A.4.17 'H NMR (400 MHz, CDCls) and 3C NMR (400 MHz, CDCls) of 4.22
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Figure A.4.19 'H NMR (400 MHz, CDCls) and *3C NMR (400 MHz, CDCls) of 4.23
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Figure A.4.20 3C NMR (400 MHz, CDCls) of 4.23
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Figure A.4.21 'H NMR (400 MHz, CDCls) and 3C NMR (400 MHz, CDCls) of 4.24
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Figure A.4.25 HSQC NMR (400 MHz, CDCl3) and COSY NMR (400 MHz, CDCl3) of 4.25b
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Figure A.4.26 'H NMR (400 MHz, CDCl3) and *3C NMR (400 MHz, CDCls) of 4.26
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Figure A.4.27 HSQC NMR (400 MHz, CDCl3) of 4.26
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Figure A.4.28 H NMR (400 MHz, CDCl3) and *C NMR (400 MHz, CDCls) of 4.29
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Figure A.4.29 HSQC NMR (400 MHz, CDCls) and *H NMR (400 MHz, CDCls) of 4.29
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Figure A.4.30 H NMR (400 MHz, CDCls3) and *3C NMR (400 MHz, CDCls) of 4.31
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Figure A.4.31 HSQC NMR (400 MHz, CDCls3) of 4.31
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Figure A.4.32 'H NMR (400 MHz, CDCls) and *3C NMR (400 MHz, CDCls) of 4.32
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Figure A.4.33 'H NMR (400 MHz, CDCls) of 4.33b

225



OTBDPS
| |
| N |
] H\ H
OTBDPS
\
el L'}Mu[ m ‘ ‘ \ Hl ' )

Figure A.4.34 'H NMR (400 MHz, CDCls3) and *3C NMR (400 MHz, CDCls) of 4.33c
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Figure A.4.35 H NMR (400 MHz, CDCl3) and 3C NMR (400 MHz, CDCls) of 4.33d

227



---------

OTBDPS

M@L@

T T T T I T I I I I I T T
11 10 9 8 6 0 PEm
| 1 [ IIIIIII HE1 IIII I | | II

OTBDPS

il IIJIII N IIII II _

T T T T T T T T T T T T T T T T T T T T T T T T T
220 210 200 1% 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10 j==

Figure A.4.36 'H NMR (400 MHz, CDCl3) and *3C NMR (400 MHz, CDCls) of 4.34d
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Figure A.4.37 'H NMR (400 MHz, CDCls) and *3C NMR (400 MHz, CDCls) of 4.38
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Figure A.4.38 'H NMR (400 MHz, CDCls) and 13C NMR (400 MHz, CDCls) of 4.39
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Figure A.4.39 HSQC NMR (400 MHz, CDCls) and HMBC NMR (400 MHz, CDCls) of 4.39
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Figure A.4.40 H NMR (400 MHz, CDCl3) and 3C NMR (400 MHz, CDCls) of 4.40
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Figure A.4.41 HSQC NMR (400 MHz, CDCls) of 4.40
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Figure A.4.42 H NMR (400 MHz, CDCls3) and *3C NMR (400 MHz, CDCls) of 4.41
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Figure A.4.43 HSQC NMR (400 MHz, CDCls) of 4.41
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Figure A.4.44 'H NMR (400 MHz, CDCls) and 3C NMR (400 MHz, CDCls) of 4.43

236



3 o
3} oTBDPS .

~7 TBDPSO

oo

H
8
|
g
1)
&
9
3

oo

A
B
]
X
v b

LTy
A

\
@

w

|
W—JUMUU“

i

ey
Y

(]
o
(]

Figure A.4.45 HSQC NMR (400 MHz, CDCl3) and COSY NMR (400 MHz, CDCls) of 4.43
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Figure A.4.46 H NMR (400 MHz, CDCl3) of 4.44
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Figure A.4.47 'H NMR (400 MHz, CDCls) and 3C NMR (400 MHz, CDCls) of 4.45
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Figure A.4.48 HSQC NMR (400 MHz, CDCls) of 4.45
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Figure A.4.49 'H NMR (400 MHz, CDCls) and 3C NMR (400 MHz, CDCls) of 4.46
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Figure A.4.50 *H NMR (400 MHz, CDCls) and 3C NMR (400 MHz, CDCls) of 4.47
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Figure A.4.51 HSQCNMR (400 MHz, CDCl3) and COSY NMR (400 MHz, CDCls) of 4.47
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