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Abstract

Progress Toward the Total Synthesis of Securamine A:

Construction of the Securamine Macrocyclic Core

Peter Korakas

Yale University
2003

Securamine A (1) is an unprecedented halogenated indole-imidazole alkaloid
isolated from Securiflustra securifrons, a marine bryozoan native to the North Sea. It is
one of seven natural product congeners, each composed of a pyrolloindole core along
with a substituted imidazole connected by a modified isoprene unit on one end and a rare
enamide moiety on the other. Herein are described efforts toward the total synthesis of
this structurally unique alkaloid natural product.

Applying knowledge gained from previous synthetic efforts has led to two
corresponding synthetic approaches to the securamine A macrocyclic core. The first
approach attempts to employ a copper mediated cross coupling between a primary amide
and (7)-vinyl iodide. The second strategy relies upon a well precedented lactone-to-
lactam ring expansion (217-218).

In the latter sequence, an iodine monochloride reaction is employed to
successfully functionalize the C2-C3 imidazole side chain. With the completed
securamine macrocycle in hand, work stands only a few steps away from a completed

natural product.
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Chapter One

Securamine A: A Structurally @ﬁﬁ@m@ Indole-Imidazole

Containing Natural Product

1.1 Background and Introduction to the Securamines.

1.1.1 Isolation and Structural Elucidation.

In 1996, researchers at the University of Denmark isolated four halogenated
indole-imidazole alkaloid natural products, securamines A-D (1-4), from the marine
bryozoan Securiflustra securifrons.!  After extensive NMR and mass spectrometry
analysis the structures of these alkaloids were determined to be as shown in Figure 1.1.1.
A subsequent reinvestigation of the producing organism afforded securamines E-G
(8-7).2 The securamines are structurally very similar, containing a pyrollo-indole core
and an imidazole, linked on one end by a modified isoprene unit and on the other by a

potentially labile enamide functionality.



Figure 1.1.1
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1.1.2 Related Natural Products: The Chartelline and Chartellamide Alkaloids

The chartellines (8-10) and chartellamides (11-12) shown in Figure 1.1.2, are
structurally similar to the securamines in that they both contain a halogenated imidazole
ring along with an enamide containing macrocycle and geminal dimethyl quaternary
center.34 However, there remain some subtle differences.
contain a y-lactam pyrolioindole core, the chartellines and chartellamides contain a
spirocyclic B-lactam core along with a olefin in conjugation with the indole aromatic ring
in place of the neopentyl chlorine of the securamines.

chartellamides are structurally unique and represent challenging synthetic targets.

2

While the securamines

Both the chartellines and



Figure 1.1.2

8 R, R = Br (chartelline A) 11 R = H (chartellamide A)
9 R = Br, R = H (chartelline B) 12 R = Br (charteliamide B)
10 R, R’ = H (chartelline C)

1.1.3 An Interesting Tautomeric Equilibrium
A unprecedented equilibrium was reported in the isolation paper with respect to
the pyrolloindole core of securamine A. Upon solvation in DMSO, 1 ring opens to the

corresponding indole macrolactam securine A (13) (Scheme 1.1.2).

Scheme 1.1.2

O
DMSO-dg
CDCly
o
Me' jpeliN Br
1 Securamine A 13 Securine A

With this equilibrium in mind it seems likely that 13 serves as the biogenetic
precursor for this natural product class.’ In targeting securine A synthetically, a possible

plan to exploit this equilibrium presented itself. Securine A may also serve as the



precursor for chartelline A (8), formally derived via reaction of the amide nitrogen with

the indole 3-position, the chartelline skeleton is formed (Scheme 1.1.3).

Scheme 1.1.3

1.2 Biological Activity

Although the biological activity of the Securamine alkaloids has yet to be
determined, insight into their possible significance can be arrived at by observance of
other natural products isolated from the Flustridae family of bryozoans (which
Securiflustra Securifrons is a member of). Flustramine A (14) and B (15) (Figure 1.2.1),
isolated almost twenty years prior to the securamines, are two brominated indole

alkaloids known to exhibit antibiotic and muscle relaxant activity.’



Figure 1.2.1

14 Flustramine A 15 Flustramine B

1.3 Weinreb’s Approach Toward the Chartellines and Chartellamides

1.3.1 Model Studies Directed Toward the Chartelline Skeleton

The chartellines are a structurally similar class of molecules with respect to the
securamines. The major difference once again being the spirocyclic B-lactam ring rather

than the y—lactam ring seen in the Securamine skeleton.

Figure 1.3.1

8 R, R’ = Br (charteliine A)
9 R = Br, R’ = H (chartelliine B)
10 R, R’ = H (charteliine C)

Weinreb’s synthetic approach toward the chartelline skeleton focuses mainly on

preparing this spirocyclic lactam core.® To construct this unique functionality a



Staudinger ketene-imine cycloaddition of 14 was employed (Scheme

1.3.1).

Dehalogenation proceeded smoothly to provide 17 in excellent yield. Treatment of 17

with Boc,O protected the lactam N-H as it's Boc derivative. At this point addition of

vinyl magnesium bromide to the lactam carbonyl installed the chartelline C-10,11 olefin.

Simply heating 19 at 170°C in DMSO removed the Boc protecting group to furnish the

desired chartelline model system which contained both the spirocyclic B-lactam and the

o, B-unsaturated imine functionality.

Scheme 1.3.1
o) o)
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o} O 0
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18 19 20

1.3.2 Feasibility Studies on the Total Synthesis of the Chartellamides

In a more recent account, Weinreb describes efforts toward the Chartellamides

using his previously developed Staudinger type cycloaddition strategy.”



Figure 1.3.2
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This Staudinger cycloaddition is hoped to provide the unique ring system of the
chartellamides in a stereoselective fashion. Thus a retrosynthetic analysis was developed
wherein the appropriate bonds were disconnected to provide intermediate 21 (Scheme
1.3.2). Adduct 21 contains an o,B-unsaturated ester side chain at the C-9 quarternary
center. This ester side chain could be arrived at via olefin metathesis of the
corresponding allylic side chain with methacrylate. Staudinger cycloaddition of bis-
imine 23 followed by alkylation at the C-9 center should allow access to the spirocyclic

B-lactam and quaternary center respectively.



Scheme 1.3.2

For simplicity in this model study the imidazole aromatic ring has been replaced
by a benzene ring. In a forward sense, known isatin methyl ketal 24 was exposed to
Boc,0 in the presence of triethylamine and DMAP to provide the corresponding Boc
derivative (Scheme 1.3.3). An alkylation was then effected by addition of the lithium
derivative of 29 into the amide carbonyl. Conversion of the resulting alcohol (25) to its
methyl derivative was accomplished via alkylation of the corresponding alkoxide with
methyl iodide. This phenyl side chain was elaborated via hydroboration to provide the
primary alcohol, which could cleanly be converted to azide 27 under Mitsonobu
conditions. Deprotection of the methyl ketal immediately followed by reduction of the

primary azide furnished imine 28.



Scheme 1.3.3
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Construction of the P-lactam ring system of chartellamide A was next

accomplished by exposure to Staudinger conditions to generate a 2:1 mixture of 31 and

32 (Scheme 1.3.4). There were no optimization attempts at these reaction conditions

made, however, it was postulated that both chloro B-lactam 31 and oxazine 32 are arrived

at through a zwitterion intermediate (30).

Scheme 1.3.4

,CI o _
N+
excess /N
g __ CICHCOC!
e, | Y| T
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B Boc B o° Boc
2:1
30 31 32



At this point attention was refocused on introduction of the allyl moiety at the C-9
position. It was found that cyclic imine 33 could be formed by treatment of 31 with
boron trifluoride diethyletherate (Scheme 1.3.5). Addition of allyl magnesium bromide
to imine 33 in situ lead to a single stereoisomeric alkylation product 34. Unfortunately,
upon obtaining x-ray crystallographic data for allylic adduct 34 it was confirmed that 34
contained the incorrect C-9,20 relative stereochemistry for chartellamide A. In hopes that
removal of the chlorine would provide the inverse selectivity, 31 was subjected to Raney
nickel in ethanol which effectively removed the halogen and gave 35 upon isolation.
However, once again, addition of allyl magnesium bromide provided alkylation product
36 which still contained the incorrect stereochemistry.  This is confirmed by

dechlorination of 34 using Sml..

Scheme 1.3.5
O H
BF3-Et,0 o Mgar Gl ¢
31 3 2 / gy
CH.Cly Et,O
(80% vyield,
33 2 steps)
Raney Ni
E1OH 34
(84% vyield)
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1.4 First Generation Synthetic Studies From the W

1.4.1 Introduction and Retrosynthetic Analysis

Prior synthetic work in the Wood Labs generated a versatile approach toward the
securine carbon skeleton.!® The enamide portion of securine A was believed to be the
most unstable portion of the natural product. It was therefore proposed that this enamide
should be installed at a late stage synthetically (Scheme 1.4.1). Along those same lines
the possibly reactive aromatic bromine would be introduced late as well via a
electrophilic halogen source. It was initially envisoned that the enamide be introduced by
an acid-catalyzed condensation reaction between a primary amide at the indole 3-position
and a homo benzylic aldehyde. Additionally, a secondary alcohol could serve as a

precursor for the neopentyl chlorine.

Scheme 1.4.1

The amide side chain could be installed by alkylation at the nucleophilic indole 3-

position (Scheme 1.4.2). The homobenzylic aldehyde could be generated via

11



hydroboration of the vinyl imidazole followed by oxidation of the resulting primary
alcohol. Construction of the indole core of securine A could take place by palladium
cyclization of aniline 39. This internal alkyne could be produced by a coupling reaction
of an aryl halide with terminal acetylene 40. Addition of propargyl magnesium bromide
into aldehyde 41 would provide 40. A cross coupling reaction with bromo imidazole 42
will functionalize the imidazole scaffold with the desired vinyl side chain. It was
expected that imidazole 42 will arise from a commercially available ethyl-2-methyl

acetoacetate (43).

Scheme 1.4.2
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1.4.2 Imidazole Construction and Elaboration

Construction of the imidazole subunit began by treatment of B-keto ester 43 with
sodium hydride followed by alkylation with Mel to incorporate the geminal dimethyl
quarternary center (Scheme 1.4.3). Slow addition of bromine to the corresponding ester
provided monohalogenated -bromo ketone 44. Dissolution of 44 neat in formamide and
prolonged heating (180°C, 4h) afforded imidazole 47 in good yield following
recrystallization.!! This reaction likely proceeds through a mechanism as shown in
Scheme 1.4.3, wherein one equivalent of formamide displaces the bromine while another
condenses onto the ketone carbonyl to provide intermediate 45. Condensation of one
equivalent of formamide onto the other cyclizes to intermediate 46. This is followed by

deformylation and aromatization to provide the observed imidazole heterocycle.

Scheme 1.4.3
0o 0 1. NaH, 0°C, THF j)\
. NaH, 0°C, o) o)
then Me! Br H™ "NH,
EtO Me 2. Bry, CCl, EtO” 180°C, 4h
Me (76% yield, Me Me (60% yield)
43 2 steps) 44
EtO
Me O EtO\—
A Me O
Me* o . Me
y —s  Me — e
N y/*NH{ _
)FH H Ny NH
HQD
~ - 47
45 48
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Before focusing on construction of the indole portion of the natural product some
work elaborating the imidazole heterocycle remained. The first situation that demanded
attention was protection of the potentially problematic imidazole NH. It was decided that
this proton would be protected as a benzyl derivative. Therefore treatment of 47 with
potassium carbonate and benzyl chloride effected a regioselective protection of imidazole
47 in an excellent yield (Scheme 1.4.4). Treatment of this suitably protected substrate
with an electrophilic bromine source generated a mixture of three compounds.
Fortunately the desired 5-brominated imidazole (48) was present as the major product.

This important intermediate was easily separated from the various byproducts by silica

gel chromatography.
Scheme 1.4.4
£i0 o Eo EtO EtO
o 1. K,COs, BnCl o
Mea 25°C, 24h Mex B >
Me™ \ 2.NBS, th,0°C  Me" + e s
- NBn N n
N. NH  (85% yield, M. NBn N N
A 2 steps) X E E
47 48 200:1] 4 50

The regioselective nature of the bromination was confirmed in Figure 1.4.1 upon

obtaining an x-ray crystal structure of the major isomer.

14



Figure 1.4.1

This 5-bromoimidazole (48) provided a nice handle to install the desired vinyl

side chain. To accomplish this end, a Stille coupling protocol was employed yielding

vinyl imidazole 51 (Scheme 1.4.5).1213 Upon removal of the benzyl protecting group

this coupling product was also confirmed by x-ray crystallography.

Scheme 1.4.5
EtO E1O EtO
Mea /O A gnBu), Moo/ | Na/NHz Mo/ @ |
o e NN —
Me" N\ Pd(PPhy), Me® \__ THF, -78°C  Me" N~ T
N. NBn DMF, 100°C N. _NBn N NH
he 98% yieid e
48 51 52

1.4.2 Chiorine Introduction

With a suitable imidazole scaffold elaborated,

attention was shifted to

construction of the indole portion of securamine A. The ethyl ester portion of imidazole
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51 furnished a nice handle to build upon (Scheme 1.4.6). Adjustment of the oxidation

state of ester 51 by first reducing with LiAIH, yielded alcohol 3. Subsequent oxidation

of this alcohol under either Swern or Dess-Martin conditions provided aldehyde 54 in a

72% yield over two steps.

Scheme 1.4.6
EtO

V=0

Mey | LiAlH,

Me™ N __ E1,0, 0°C
N _NBn
e 76% yield
51

HO H
O
Me\r l Swern Me\“ |
Me" N or e
NVNBn Dess Martin NVNBn
95% vyield
53 54

A one carbon homologation was then achieved via a Corey-Chaykovsky reaction

to provide terminal epoxide 55 (Scheme 1.4.7).14-18 Addition of a TMS-acetylene anion

to the less sterically hindered position of this epoxide followed by immediate

deprotection provided neopentyl alcohol 56. This alcohol could also be arrived at in a

one step fashion by treatment of aldehyde 58 with the Grignard reagent derived from

propargyl bromide.
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Scheme 1.4.7

H O
O 1. H———TMS
Mes/ 7 || (Me)sSI, NaH Mej ] n-BuLi, THF
Me" \__ THF, DMSO Me™ N\ __ 2. K;COs, MeOH
N, NBn o i N NBn 79% yield
A 92% yield X7 2 steps
54 55
1 \\\/Br
Mg, Etgo
89% yield

At this point installation of the neopentyl chlorine was explored (Scheme 1.4.8).

Upon treatment of alcohol 56 with PPh; in a mixture of refluxing CCly and CH;CN the

desired neopentyl chlorine (57) was provided. Along with chloride 57 was isolated 58

which arose via rearrangement of the alcohol substrate’s carbon framework.

Scheme 1.4.8

PPhs, CCly
CHRCN
(70% vield, 1:1)
or

MsCl, py Me

A
NVNBH CHQCIZ
(65% vyield, 1:1)
56 57

Scheme 1.4.9 outlines a possible mechanistic explanation

for this rearrangement.

It is postulated that electrons from the imidazole ring displace the chlorine generating a

spirocyclopropane intermediate (60). Intermediate 60 then fragments producing a tertiary
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carbocation which upon elimination of a proton provides the observed rearrangement

framework (58).
Scheme 1.4.9
" _
cf
c R R R
Me
Me" g Me = Mé -
Né Bn Ny -NBn Ny NBn
59 60 61 58

Good precedent for such a mechanism was reported by Cram et. al. (Scheme
1.4.10).19-21 Cram found that activated homo benzylic alcohols (62) can proceed through
reactions wherein electrons from the aromatic ring assist in displacement generating

spirocyclopropane intermediates (64) much like the one proposed above.

Scheme 1.4.10
OTs CAc
., AcOH .,
Me /Me i Me /Me
Ph Ph
62 65

1.4.2 Indole Construction
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With the neopentyl chlorine promptly installed attention could be turned to
construction of the indole portion of the natural product. Unfortunately all attempts at
effecting a Sonogashira coupling to produce a possible indole cyclization precursor failed
(Scheme 1.4.11).22.23 When coupled with a moderately yielding chlorination step, these

problems called for a reordering of the reaction sequence.

Scheme 1.4.11

: \/E
NH 67

|
P(Bu), COCF; NHR \\
CCl,, CHaCN Pd(PPhy),Cly A
(4:1) Cul, DMF
Cl 2
N NBn 549, yield Ny NBn 0% yield Me® = N:/NBn
Me
56 57 €6

Sonogashira coupling of terminal acetylene 56 with a triflurcacetate protected o-
iodo aniline (66) provided 67 in good yield (Scheme 1.4.12).24 The stage was now set for
an attempt at a cyclization reaction to generate the desired indole portion of securamine

A.

Scheme 1.4.12
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95% yleld Me S\/Te N:/
56 68

To accomplish this tandem indole cyclization-alkylation, a protocol developed by
Cacchi and coworkers was employed.?> They have shown that treatment of alkynyl
anilines (69) with the appropriate palladium catalysts and electrophiles (70) effects a

tandem cyclization-alkylation to generate 2,3-disubstituted indoles (71) (Scheme 1.4.13).

Scheme 1.4.13

Ph /

= PA(PPhs)s
+ Ao _.iZE.QS_O__% A
NH CH3CN, 60°C N Ph
COCF, 74% yield H
69 70 71

Indeed exposure of aniline 68 to Pd(PPhs)s in the presence of allylic carbonate 72
effected a cyclization-alkylation to provide 73 containing the desired 2,3-disubstituted

indole core along with a minor amount of unalkylated byproduct (74) (Scheme 1.4.14).26

Scheme 1.4.14
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Unfortunately, all attempts at oxidizing either olefin led to only extensive
decomposition (Scheme 1.4.15). In light of this unexpected set back it was thought that

more appropriate side chains could be installed with respect to the needed oxidation

states at these positions.

Scheme 1.4.15

=
1. 04 1. HBR,
Z NBn 0% yield N ASNR 0% yield
75 Na/NH, [~ 73 R=Bn
THF, -78°C > 77 R=H
95% yield

1.5 Second Generation Synthetic Studies From the Wood Labs
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1.51 An Aldehyde Equivalent

The first problem addressed in this more advanced approach was that of the
desired aldehyde side chain at the imidazole 5-position. In the previous approach the
vinyl olefin was resistant to ozonolysis oxidation conditions. Unfortunately ozonolysis
would only have led to an aldehyde that was one carbon short of that needed to effect a
ring closure via condensation. What was decided therefore was to install an enol ether
type side chain which upon cleavage of the ether protecting group would unmask the

desired aldehyde containing the correct orientation of the aldehyde as well (Scheme

1.5.1).
Scheme 1.5.1
E
EtO ° 10O o OR EiO ° /O
Me RO\/\R Me l H* Me
Me” \__ Br Me" N\ __ Me® N\ __
NVNBn NVNBn N\\/NBn
48 78 79

However, installation of this enol ether side chain was not as trivial as originally
hoped. Heck coupling of commercially available ethyl vinyl ether with 5-bromo

imidazole 48 provided exclusively the anticipated undesired coupling product (80).27-2

Scheme 1.5.2
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PA(OAC),,
EtO P(o-tolyl)s, EtN E10 EtO ot

Mea /O 2 0ORt Meo /O Meo /O |
Me Br DMF, 130°C Me™ ot | Me¥
= 62% yield =

Ny NBR (94% BORSM)

48 80 81

At this point attention was turned back to the previously successful Stille coupling
conditions. Rather then effect a coupling with the commercially available vinyl
tributyltin, it was found that generation of a mixture of o and P-tin enol ethers (82&83)
followed by coupling with 48 provided the desired imidazole scaffold (81) (Scheme
1.5.3).30 This fully elaborated imidazole now contained the desired aldehyde oxidation
state at the S-position side chain. Moreover, it was also found that due to conjugation of
the enol ether side chain with the imidazole, 81 was surprisingly stable, and could be

handled without concern for hydrolysis.

Scheme 1.5.3
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1.5.2 Toward a Second Generation Indole Synthesis

Efforts were now shifted once again toward construction of the indole portion of
the natural product. Employing the earlier successful results to elaborate the ethyl ester
proved fruitful in that reduction of 81 provided the corresponding alcohol (Scheme
1.54). Subsequent oxidation using Swern conditions generated the aldehyde (84).
Addition of propargyl magnesium bromide proceeded smoothly to afford the terminal
acetylene (85). Sonogashira coupling of this acetylene with iodoaniline derivative 67 sets

the stage once again for an attempt at indole cyclization.

Scheme 1.5.4
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1.5.3 Addressing the Indole 3-Position

The success of the previous Cacchi indole protocol called for a return to this
methodology. However, the issue of the oxidation state of the indole side chain still
needed to be addressed. Interestingly, it was found that incorporation of the cacchi indole
synthesis with an ethyl iodoacetate electrophile in place of the carbonate electrophile
provided a mixture of zﬂkyléted and unalkylated indole products (87&88)
(Scheme 1.5.5).3! Unfortunately, unalkylated indole 88 was present as the major product.
However, it was found that the unalkylated system could be salvaged by treatment with
ethyl magnesium bromide followed by an iodoacetonitrile electrophile to afford alkylated

indole 89.32

Scheme 1.5.5
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Conversion of either indole side chain to the desired primary amide was fairly
straightforward (Scheme 1.5.6). First exposure of ester 87 to refluxing ammonium
hydroxide provided the primary amide (90) in excellent yield. Along those same lines,
treatment of nitrile 89 with basic peroxide under phase transfer conditions provided

amide 90 in a comparable yield.

Scheme 1.5.6
OFEt O =N
NH,OH H,O, NaOH |
MeOH, reflux {(Bu),NHSO4
24 h CH,Clp, H,0
(91% yield) (85% yield)
87 80 89



With the correct indole side chain now in place, hydrolysis of the enol ether and
dehydrative macrolactamization is all that remained. Unfortunately upon exposure of 90
to acidic conditions, reaction with the secondary alcohol is observed rather than with the
primary amide to generate a mixture of macrocyclic hemiaminals 93 and 94 (Scheme

L.5.7).

Scheme 1.5.7

It was obvious from this disappointing result that installation of the neopentyl

chlorine could no longer be delayed.
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1.5.4 Chiorination

The free amide with two potentially problematic acidic protons would most likely
have presented problems with respect to chlorination of the neopentyl alcohol, therefore
focus was turned back to it’s nitrile precursor (89). When the aforementioned
chlorination conditions are employed halogenation does indeed take place to provide a
mixture of neopentyl chlorine 95 along with a minor portion of the expected
rearrangement byproduct (96) (Scheme 1.5.8). Exposure of 95 to the basic peroxide
protocol once again furnished primary amide 97 which is now only a condensation step

away from the Securamine A macrocycle.

Scheme 1.5.8

CN
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1.5.5 Condensation Attempts

Unfortunately all attempts to date at condensing the primary amide onto the
aldehyde have failed. While there is some precedent for forming enamides in this
manner, the conditions used are generally acid catalyzed. Upon exposure of 97 to acidic
conditions the compound simply precipitates out of solution likely due to protonation of
the nitrogen heterocycles. Therefore, although this synthetic approach has certainly
proved fruitful in providing access to the full carbon skeleton of securamine A, it has

been unfortunately deemed a dead end.

Scheme 1.5.9

1.6 Conclusions

With a potentially versatile approach to the carbon skeleton of securamine A in
hand, this lab immediately set out to salvage the previously discussed synthesis.
Incorporation of a new macrocyclization protocol seemed necessary and will be

discussed in the following chapters.
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Chapter Two

A Modified Approach Toward Securamine A:

Incorporation of a Copper Mediated Cross-Coupling Protocol

2.1 Initial Considerations

It was clear from prior experimentation that advanced intermediates in the
progress toward the total synthesis of securamine A could be isolated in an efficient
manner. Unfortunately, completion of the natural product failed due to an inability to
complete the carbocyclic framework by installing the elusive enamide macrocycle. All
attempts made to install the enamide were by simple condensation of an aldehyde side
chain on the imidazole ring with a primary amide located at the 3-position of the indole.
Despite its intuitive nature, to date only 6-membered ring enamides have been prepared
using this strategy. However, by simply varying the C4 and C20 side chains a variety of

ways to access the desired macrocycle could be envisioned (Figure 2.1.1).
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Figure 2.1.1

2.1.1 Porco Enamide Coupling

A thorough reinvestigation of suitable methods for the installation of the
macrocyclic enamide revealed a novel protocol recently developed by Porco and
coworkers (Scheme 2.1.2).! Porco demonstrated that simple treatment of vinyl iodide
110 with primary amides 109 in the presence of the appropriate copper(I) catalysts (112)
and cesium carbonate generated the desired enamide (111) in moderate to good yields.

This newly developed methodology provides a mild, efficient manner for producing

enamides.
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Scheme 2.1.1
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In the absence of a detailed mechanistic investigation of the copper carboxylate-
mediated vinylic substitution there are two tentative proposals outlined by Porco. In the
first scenario, a cesium carboxamide (113) can react with the CuTC to afford a cuprate-
like intermediate (114) which subsequently forms the enamide (115) via a four-centered
ipso substitution of the vinyl iodide moiety (Scheme 2.1.3). A related mechanism was
recently proposed by Buchwald and coworkers to explain the role of cesium in copper

catalyzed substitution reactions of aryl halides with phenols.?

Scheme 2.1.2
O
CS\N/U\R . ®
o H o ¥ o
S 113 3 &) /U\
e ~Cu _Cli—
C o Mo PR
=
{CuTC) (112} Ry
114
N &_L__J
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R N._=
il R, Substitution
O
115
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In the second proposal, oxidation of the vinyl iodide by CuTC occurs as proposed
by Liebeskind and coworkers (Scheme 2.1.4).34 Displacement of the copper iodide
intermediate (117) by the cesium carboxamide (113) is followed by reductive elimination

to afford the observed enamide product (115).

Scheme 2.1.3

s NP Ox. Addition s i
o-Cu + N R, —————= @ o-Cu~p

H . Y
R\H/N\/\ _ Red. Elimination O uN" R
S !
~Cu. 7
0 . \ O \/\R1

118
2.1.2 Total Syntheses Using the Porco Enamide Coupling

While there are no examples of utilizing the Porco cross-coupling protocol for an
intramolecular ring closure, there is precedent for using the methodology to prepare both

7 and E enamides in natural product total synthesis as Porco has demonstrated in his total

syntheses of Lobatamide C and Oximidine II (Figure 2.1 2).5:6
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Figure 2.1.2

119: Lobatamide C 120: Oximidine Il

In the lobatamide synthesis the enamide is installed early in the synthetic
approach using the copper coupling chemistry. Commercially available 121 is advanced
in four steps to (Z)-vinyl iodide 122 (Scheme 2.1.5). This intermediate is exposed to E-
O-methyloxime amide 123 in the presence of the copper coupling conditions to provide
the (Z)-enamide (124) in a moderate 45% yield. Enamide 124 was then used to advance

to the desired natural product (119).

Scheme 2.1.4

MeO._ o~ _NH H
N/\/\n/ 2 MeO__~ -~ _N

o st x OEt 123 O i ¢ |
OEt OR O CuTC (0.5 q.), CsCOs o

(45% yield) RO OFEt
124

121 122

In the oximidine synthesis, the copper catalyzed cross coupling is utilized at a
later stage in the synthetic route owing to the usefulness of this methodology. Moreover,

the side chain produced in this successful synthetic route is an (E)-enamide.

40



The oximidine core (125) is produced in a maximum ten step convergent
synthetic sequence (Scheme 2.1.6). Vinyl iodide 125 is subsequently treated with amide
126 and the copper(I) carboxylate catalyst (112) in the presence of potassium carbonate
to effect the cross coupling which is immediately subjected to deprotection conditions to

provide Oximidine II (120) in 44% yield over two steps.

Scheme 2.1.5

1. HQNm
0 N,

126 ﬂ
TBSO O OMe

CUTC, KZCO3

2. HF-pyridine/pyridine,
THF, RT

425 (44% yield,
2 2 steps) 120

Porco and coworkers have clearly demonstrated the flexibility of this
methodology with respect to natural product total synthesis. The cross-coupling protocol
has not only been used early on in éynthetic routes, but also as a late-stage key step. With
this in mind, Porco’s enamide coupling seemed perfectly suited for the previously
developed securamine synthetic route. Moreover, it was hoped that the scope of this
methodology could be further explored by using it as an intramolecular coupling to form

the complete macrocyclic core of securamine A.
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2.2 g@ﬁ"ﬁy

2.2.1 Early Attempts at Vinyl Jodide Installation

Before setting out to synthesize the fully elaborated cross coupling substrate,
developing a model system to test this chemistry with the elaborate imidazole
functionality seemed prudent. Therefore construction of the vinyl iodide side chain onto
the imidazole 5-position was the first task at hand. The first attempt at installation of this
vinyl iodide was via an alkynyl iodide intermediate.” As outlined in Scheme 2.2.1
treatment of imidazole 126 with n-iodosuccinimide (NIS) in refluxing acetonitrile
provided the 5-iodoimidazole (127) along with the expected 2-iodoimidazole by-product

(128) in moderate yield.83° These two compounds were readily separable by silica gel

chromatography.
Scheme 2.2.1
EtO EtO EtO
Meo /) © NIS (1.0 eq) Meo /O | Mea /O
Ol e » o
Me™ N\ CHL N, reflux  Me N\ oM N
NVNBn NVNBn NYNBn
(44% vield) 31 |
126 127 128

Sonogashira coupling of 5-iodoimidazole 127 with TMS-acetylene is then
followed by deprotection with TBAF to provide terminal alkyne 130 (Scheme 2.2.2).
Todination is then accomplished by exposure of 130 to morpholine in the presence of

iodine to generate iodoalkyne 131.10 Unfortunately, all attempts at reduction of the
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alkyne triple bond simultaneously reduced the C2 iodide and provided none of the

desired iodo olefin (132).

Scheme 2.2.2
Et0 EtO TMS EtO 9
N\
Mea/ © TMS—=—H _ Mey/ C 7 TBAF (10M)  Mey /™ 7
Me" N\ PA(PPhg),Clo, Cul,  Me™ \__ THE, 76°C Me® N\
N NBn Et,NH, PhH, 95°C N NBn N NBn
127 (71% yield) 129 (55% yield) 130
EtO | EtO
Morpholine, I Mey /~© Y Meo /0
S iy H----- o ) s
PhH, 45°C  ME g | Me™ N !
N NBn N NBn
(65% yield)
131 132

2.2.2 A Working Model System

Construction of the working model system commenced by first subjecting vinyl
imidazole 51 to ozonolysis conditions in methanol at -78°C to provide the expected
aldehyde (133) (Scheme 2.2.3). Treatment of 133 with the corresponding ylide and a
NaHMDS base provided exclusively the (Z)-vinyl iodide 134.11:12 While the selectivity
of this olefination chemistry was certainly unfortunate, the feasibility of the cross

coupling chemistry could still be tested with the (Z)-isomer.
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Scheme 2.2.3
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Treatment of 134 with acetamide in DMSO using the aforementioned Porco

cross-coupling conditions provided the expected enamide (135) in 55% yield (Scheme

2.2.4).
Scheme 2.2.4
EiO i ) O
EtO
Mo/ © | HZNJ\Me . HN—4
W =" Me [ Me
Me™ \_ CuTC, CsCO;
N. NBn DMSO,e0°c  Me" N
v o
{55% yield) NVNBn
134 135

With this encouraging result in hand, focus immediately shifted to generation of

the fully elaborated cross-coupling substrate.

2.3 Retrosynthetic Analysis

Porco’s copper chemistry can be smoothly incorporated into the previously
developed approach toward securamine A (Scheme 2.3.1). Disconnection of the enamide
bond provides a primary amide at the indole 3-position along with a (E)-vinyl iodide

attached to the imidazole 5-position. The desired primary amide should be accessible



once again from the corresponding nitrile. It is at this point that our retrosynthesis may
have to be reworked in order to aliow for installation of the (E)-vinyl iodide side chain.

This side chain can be arrived at via olefination of the corresponding aldehyde.

Scheme 2.3.1

O
Cu(I)
/ NBn
Me ﬁ/le N
1 136 137

At this point much of the same chemistry should hold true with a protected form
of this aldehyde side chain on our imidazole ring, ultimately leading back to 51 (Scheme
2.3.2). Ozonolytic cleavage of vinyl imidazole 51 should result in the desired aldehyde.

Fortunately 51 had already been used in a previous synthetic route toward Securamine A.

Scheme 2.3.2
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2.4 Construction of the Fully Elaborated System

2.4.1 Protection of the Aldehyde and Turning to The Previously Developed System

Before attempting to construct the indole portion of Securamine A some attention
would have to be focused on protecting the aldehyde side chain. Two methods of
masking this important functionality were considered. The first strategy considered was
to reduce the aldehyde selectively using NaBH, and protect the resulting primary alcohol.
However, due to problems experienced in the past with oxidation chemistry in the
presence of the free indole N-H, this was decided against. Instead, the aldehyde side
chain would be left in the correct oxidation state and masked as an acetal. This

transformation was accomplished smoothly using standard conditions to generate 139.13

Scheme 2.4.1

EtO EtO
O HO  OH O
Me\\\_ O ) Me\\v 0/5
€ N H PTSA PhH, reflux | Me \_ 0O
N NBr (93% yieid) Ny NBn
133 139

This suitably protected substrate (139) could now be subjected to the previously
developed synthetic route. First adjustment of the ester oxidation state by treatment with
with LiAlH, followed by Swern oxidation provides aldehyde 141 in very good yield.
Addition of propargyl magnesium bromide into this aldehyde proceeded smoothly in

78% yield to provide alcohol 142. Chlorination was not attempted at this point due to
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failure of the subsequent Sonogashira coupling in the presence of the neopentyl chlorine
in previous synthetic efforts. Therefore, advancement of alcohol 142 toward indole

construction was explored.

Scheme 2.4.2
Ei0 H
Me. /~C O 1LLAH, THE  Mey /O 0’§ ///\ MgBr
M \__-~g 2Swem[O]  Me"\__~~0O  ThF,.78°C
68% yield, } o, vi
Ny NBn { : steyps) N NBn (78% yield)
138 141

2.4.2 Elaboration of the Indole Ring

First, Sonogashira coupling with iodoaniline 67 was effected to provide aniline
143. At this point, construction of the 2,3-disubstituted indole core using the Cacchi
protocol was avoided due to the formation of inseparable mixtures of alkylated and
unalkylated products. (Scheme 2.4.3). This now sets the stage once again for indole
cyclization. Therefore aniline derivative 143 is exposed to Pd(0) catalyst in the presence
of an ethylene glycol proton source to furnish exclusively the unalkylated indole ring
(144) in a very good 80% yield. Alkylation with iodoacetonitrile provided the 2,3-

disubstituted indole core (145) once again in good yield. 1
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Scheme 2.4.3
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At this point, installation of the neopentyl chlorine can no longer be delayed in

fear that the resulting aldehyde upon acetal deprotection would simply provide the

corresponding six-membered hemi-acetal (Scheme 1.5.7). Therefore treatment of

secondary alcohol 145 with triphenylphosphine in refluxing carbon tetrachloride

furnished exclusively chloride 146 in 65% yield (Scheme 2.4.4).

Scheme 2.4.4

PPhg
CCly, reflux
(65% yield)
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2.4.3 Problems Installing the Vinyl Iodide

With the neopentyl chlorine installed attention was focused on elaboration of the
imidazole side chain. Unfortunately all attempts at deprotecting the benzylic acetal led to
only decomposition presumably due to protonation of the free indole ring (Scheme 2.4.5).
Moreover, orthogonal protection of the free indole proton with respect to the acetal side
chain also failed. Therefore it seemed prudent to install the neopentyl chlorine after

introduction of the appropriate imidazole side chain.

Scheme 2.4.5

Treatment of chloride precursor 145 with phosgene in the presence of
triethylamine protected the indole and free alcohol as the acid stable carbamate (149)
(Scheme 2.4.6).15 Unmasking the aldehyde side chain proceeded smoothly at this point
by simple exposure to 3M HCl in acetone at room temperature to provide aldehyde 150.16
Unfortunately, treatment of the aldehyde with our aforementioned olefination conditions
led to only extensive decomposition perhaps due to the acidic protons ¢ to the indole 3-
position and the labile nature of the carbamate protecting group with respect to basic

conditions. It therefore seemed that installation of the vinyl iodide side chain would not
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only have to take place before installation of the neopentyl chlorine but would also have

to precede alkylation of the indole core.

Scheme 2.4.6
CN ON
N 5
O
N o_ 0 TEA, COClp N 3M HC
H \B PhH, 0°C-rt /™~NBn Acetone, rt
HO" > 4 _ T 7% yield) - N;’ (95% vield)
Me' = N Me™ Me
Me
145 149

2.4.4 Installation of the Vinyl lodide

After encountering numerous problems with the installation of the vinyl iodide
side chain focus was turned back to the unalkylated system in hopes that olefination of
the aldehyde side chain could take place prior to installation of the primary amide portion
of the desired cross-coupling substrate. Alcohol 144 was then treated with the same
protection conditions as mentioned previously to provide the cyclic carbamate (153)
(Scheme 2.4.7). Unmasking of the benzylic aldehyde once again proceeded smoothly to
provide 153. Exposure of the aldehyde side chain to the same olefination conditions as in

the model system generated a 1:5 mixture of E:Z vinyl iodides 154 and 155.
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Scheme 2.4.7
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Unfortunately, the major product isolated was the (E)-vinyl iodide (155). These
two compounds turned out to be readily separable from each other but not from the
various by-products formed in the reaction. Therefore, it was decided that the carbamate
protecting group be removed on the crude compounds. Subjection of crude 155 to
cesium carbonate in methanol at room temperature removed the cyclic carbamate
protecting group unmasking the neopentyl alcohol and the indole N-H to provide 156

(Scheme 2.4.8).17

Scheme 2.4.8

CsoC03, MeOH
i, th

NBn
/’ {80% vield)
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2.5 Attempts at Developing a Fully Elaborated Coupling Substrate

It now appeared as though all that remained for generation of a fully elaborated
cross-coupling substrate was alkylation of the indole ring followed by hydration of the
nitrile. However, isolation and advancement of the correct (Z)-isomer (154) still
remained. Unfortunately exposure of (Z)-vinyl iodide 154 to cesium carbonate failed to

provide the desired indole (157) (Scheme 2.5.1).

Scheme 2.5.1

Moreover, all attempts at alkylation of the (E)-vinyl iodide (156) have failed to
date, generating mainly decomposition products (Scheme 2.5.2). It is speculated that the
failure of this alkylation may be due to incompatibility of the metal bases with the vinyl

iodide side chains.
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Scheme 2.5.2

2.6 Conclusions

In an efficient 17-step sequence, this lab has been able to advance the
commercially available B-keto ester 43 to vinyl iodide 156. This advanced intermediate
in the progress toward the total synthesis of securamine A is only two steps away from a

fully elaborated cross-coupling substrate.

Scheme 2.6.1
O O
17 Steps
Me OFEt
Me
43

However, due to the numerous roadblocks faced in this route and the inability to
maneuver around potential dead-ends, this synthetic route was ultimately abandoned. It
was believed that production of either vinyl iodide side chain would potentially have lead

to the (Z)-enamide macrocycle of securamine A due to the potential conversion of the
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(E)-enamide to the (Z) configuration.!®23 Unfortunately, production of the macrocycle

would have to come about using an alternative method.

54



2.7 Experimental Sectiomn.

2.7.F Materials and Methods.

Unless stated otherwise, reactions were performed in flame dried glassware under
a nitrogen atmosphere using freshly distilled solvents. Diethyl ether (Et0) and
tetrahydrofuran (THF) were distilled from sodium/benzophenone ketyl. Methylene
chloride (CH,Cl,), benzene (PhH), toluene (PhMe), triethylamine (EiN), pyridine, and
piperidine were distilled from calcium hydride. Methyl sulfoxide (DMSO) and N,N-
dimethylformamide (DMF) were either purchased from the Aldrich Chemical Company
in Sure/Seal™ containers and used as received or stored over molecular sieves. All other
commercially obtained reagents were used as received.

Unless stated otherwise, all reactions were magnetically stirred and monitored by
thin-layer chromatography (TLC) using E. Merck silica gel 60 Fasq precoated plates (0.25
mm). Column or flash chromatography was performed with the indicated solvents using
silica gel (230-400 mesh) purchased from Bodman. Concentration in vacuo refers to the
removal of solvent with a Buchi R-3000 rotary evaporator at normal aspirator pressure
followed by further evacuation with a two stage mechanical pump. When reactions were
adsorbed onto silica gel, the amount of silica gel used was equal to two times the weight
of the reagents.

All melting points were obtained on a Gallenkamp variable temperature capillary
melting point apparatus (model: MPD350.BM2.1) and are uncorrected. Infrared spectra

were recorded on a Midac M1200 FTIR. 'H and °C NMR spectra were recorded on a
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Bruker AM-500, Bruker Avance DPX-500, or Bruker Avance DPX-400 spectrometer.
Chemical shifts are reported relative to internal cﬁioroform ('H, § 7.27 ppm; BC,8§77.0
ppm), methanol ('H, § 3.31 ppm; B3¢, § 49.0 ppm), or DMSO (‘H, & 2.50 ppm; °C, §
39.50 ppm). High resolution mass spectra were performed at the University of Ilinois
Mass Spectrometry‘ Center. High performance liquid chromatography (HPLC) was
performed on a Waters 510 solvent delivery system using a Rainin Microsorb 80-199-C5
column, or a Rainin Dynamax SD-200 solvent delivery system using a Rainin Microsorb
80-120-C5 column. Single crystal X-ray analyses were performed by Christopher

Incarvito of Yale University.
2.7.2 Preparative Procedures.

Preparation of lodoimidazoles 127, 128:

EtO
EO EO 0
O O Me.
Me Me o
- NIS > | Me -
Me —  Me + N NB
- = n
Ny NBn Ny NBn Y
|
126 127 i28

Todoimidazoles 127, 128. To a stirred solution of 126 (500 mg, 1.84 mmol, 1.0
equiv.) in CH;CN (20 mL) at 0°C was added NIS (412 mg, 1.84 mmol, 1.0 equiv.) in 1
portion and stirred at reflux for 24 hours. After removal of the solvent in vacuo, the

mixture was dissolved in CHCl; (50 mL) and washed with water (3 x 20 mL). The
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organic layer was dried with MgSQ,, filtered and chromatographed on silica gel (30%
EtOAc/Hexanes) to afford 127 (233 mg, 32% yield), and 128 (77 mg, 11% yield) as
white solids.

Iodoimidazole 127. FTIR (thin film/NaCl) 3139 (w), 3094 (w), 2974 (m), 1724
(s), 1496 (m), 1457 (m), 1419 (m), 1370 (m), 1258 (s), 1219 (m), 1153 (s), 1027 (m), 979
(m), 801 (w), 735 (m), 715 (w) cm’'; "H NMR (500 MHz, CDCl) § 7.70 (s, 1H), 7.40-
7.29 (m, 3H), 7.10 (d, J=7.2 Hz, 2H), 5.14 (s, 2H), 4.19 (g, /=7.2 Hz, 2H), 1.67 (s, 6H),
1.24 (t, J=7.2 Hz, 3H); °C NMR (125 MHz, CDCl;) 8 176.3, 148.7, 138.5, 135.9, 129.3,
128.6, 127.5, 68.8, 61.4, 52.0, 44.2, 26.1, 14.6; HRMS (EI) m/z 399.0570 [calculated for
C16HIN2O, (M) 399.0570].

Todoimidazole 128. FTIR (thin film/NaCl) 3142 (w), 2975 (w), 1724 (s), 1473
(w), 1438 (w), 1376 (w), 1259 (m), 1222 (w), 1153 (m), 1108 (w), 1027 (w), 980 (w),
938 (w), 799 (W), 715 (w) em™'; 'H NMR (400 MHz, CDCl3) 8 7.42-7.32 (m, 3H), 7.16
(d, J=6.8 Hz, 2H), 6.89 (s, 1H), 5.07 (s, 2H), 4.14 (q, /=7.1 Hz, 2H), 1.55 (s, 6H), 1.22 (t,
J=7.1 Hz, 3H); °C NMR (125 MHz, CDCls) § 176.3, 150.3, 136.0, 129.4, 128.6, 127.6,
119.7, 904, 61.2, 53.6, 43.7, 25.8, 14.5; HRMS (EI) m/z 399.0569 [calculated for

C16HxIN20, (M™) 399.0570].
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Preparation of TMS-Acetylene 129:

EtO\__ EiO ™S
O O
Me o Me Yy
M | TMS—=—=—H M _ 74
NVNBn Pd(PPhg)-Clo, Cul NVNBn
NH,
127 12%

TMS-Acetylene 129. To a solution of 127 (220 mg, 0.55 mmol, 1.0 equiv.) in
PhH (4.5 mL) and n-butylamine (1.5 mL) was added TMS-acetylene (160 ul, 1.11 mmol,
2.0 equiv.), trans-dichlorobis(triphenylphosphine)palladium(Il) (Pd(PPh3),ClL) (16 mg,
0.02 mmol, 0.04 equiv.), and Cul (8.4 mg, 0.04 mmol, 0.08 equiv.). The mixture was
Vheated to 95°C and stirred for 48 hours. The reaction mixture was then cooled and the
solvent removed in vacuo. The teaction was then chromatographed on silica gel (30%
Ethyl Acetate/Hexanes) to afford 129 (1.40 g, 71% yield) as ared oil.

TMS-Acetylene 129. FTIR (thin film/NaCl) 3032 (w), 2978 (m), 2961 (m), 2153
(m), 1732 (s), 1455 (m), 1382 (w), 1362 (w), 1250 (s), 1137 (s), 1029 (m), 861 (s), 845
(s), 760 (m), 730 (m), 701 (m), cm’’; 'H NMR (500 MHz, CDCl;) & 7.39 (s, 1H), 7.38-
7.30 (m, 3H), 7.22 (d, J=7.6 Hz, 2H), 5.12 (s, 2H), 4.16 {(q, J=7.0 Hz, 2H), 1.66 (s, 6H),
1.21 (¢, J=7.0 Hz, 3H), 0.21 (s, 9H); °C NMR (125 MHz, CDCl;) 8 176.1, 150.8, 136.3,
129.2, 128.5, 128.1, 112.3, 105.9, 93.5, 61.1, 49.8, 44.6, 25.8, 14.5, 00.1; HRMS (ED) /2

369.1996 [calculated for CpHyoN,0,Si (M) 369.1998].
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Preparation of Acetylene 130,

=0t =0,
Me // Me Yy
Mg TBAF (1.0M)  me" 7
N NBn N NBn
128 130

Acetylene 130. To a stirred solution of TBAF (1.0 M) (1.21 mL, 1.21 mmol, 3.0
equiv.) in THF (1 mL) at 0°C was added 129 (144 mg, 0.41 mmol, 1.0 equiv.) in THF (4
mL) dropwise. The mixture was stirred for 30 minutes at 0°C and then quenched by
addition of H,O (10 mL). The reaction was then extracted with Et;O (3 x 5 mL). The
organic layers were combined, washed with brine (10 mL) and dried with MgSO,. Silica
gel chromatography (30% EtOAc/Hexanes) afforded 130 (65 mg, 55% yield) as a dark
red oil.

Acetylene 130. FTIR (thin film/NaCl) 3279 (m), 3032 (w), 2980 (m), 2935 (m),
2872 (w), 2105 (w), 1728 (s), 1489 (m), 1456 (m), 1383 (m), 1362 (m), 1257 (m), 1243
(m), 1136 (s), 1028 (m), 859 (w), 730 (m), 697 (m), 655 (m), cm™; 'H NMR (500 MHz,
CDCls) § 7.40 (s, 1H), 7.39-7.31 (m, 3H), 7.20 (d, J=7.2 Hz, 2H), 5.16 (s, 2H), 4.18 (q,
J=7.1 Hz, 2H), 3.61 (s, 1H), 1.67 (s, 6H), 1.23 (t, J=7.1 Hz, 3H); BC NMR (125 MHz,
CDCls) & 176.2, 151.2, 136.3, 129.3, 128.6, 127.8, 111.2, 86.1, 72.9, 61.2, 49.6, 44.6,

25.8, 14.5; HRMS (EI) m/z 297.1602 [calculated for CysHaN,O, (M") 297.1603].
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Preparation of Iodoacetylene 131:

£t0 " Bt
o o l
Me // Me 7
Me™ Morphoiine, I Me" 4
Ny NBn Ny NBn
130 131

Todoacetylene 131. To a stirred solution of 130 (45 mg, 0.15 mmol, 1.0 equiv.)
in PhH (2 mL) at room temperature was added morpholine (133 pL, 1.52 mmol, 10.0
equiv.) and I, (193 mg, 0.76 mmol, 5.0 equiv.). The solution was heated to 45°C and
stirred for 1 hour. The reaction mixture was then cooled and the solvent removed in
vacuo. The reaction was then chromatographed on silica gel (40% Ethyl
Acetate/Hexanes) to afford 131 (1.40 g, 71% yield) as a red oil.

Iodoacetylene 131. FTIR (thin film/NaCl) 3420 (m), 3286 (m). 3112 (m), 2982
(s), 2934 (m), 2901 (m), 2869 (m), 2253 (w), 2159 (w), 2102 (w), 1723 (s), 1497 (s),
1472 (s), 1457 (s), 1440 (m), 1389 (m), 1362 (m), 1339 (m), 1241 (s), 1192 (m), 1170
(m), 1129 (s), 1009 (s), 909 (m), 847 (m), 821 (m), 725 (s), 701 (m), 667 (m), 648 (m)
cm’; '"H NMR (400 MHz, CDCl;) 8 7.38-7.27 (m, 4H), 7.18 (d, J=6.5 Hz, 2H), 5.08 (s,
2H), 4.15 (q, J=7.2 Hz, 2H), 1.62 (s, 6H), 1.21 (t, J=7.2 Hz, 3H); 3C NMR (100 MHz,
CDCIy) & 176.1, 151.5, 136.1, 136.0, 129.3, 128.6, 128.0, 112.7, 83.0, 61.3, 49.3, 44.6,

26.0, 18.1, 14.6; HRMS (ED) m/z 423.0569 [calculated for C;sHN>OoI (M™) 423.0570].
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Preparation of Aldehyde 133:

EtO E1O
MGQ 1. Oq Me@;
Me™ \_ 2.0Ms  Me" N_

Ny NBn Ny NBn
51 133

Aldehyde 133. A solution of vinyl imidazole 51 (11.4 g, 38.21 mmol) was stirred
at -78°C in MeOH (390 mL). Ozone was passed over the reaction until consumption of
the starting material as indicated by TLC, at which time dimethyl sulfide (14 mL) was
added. The reaction was allowed to warm to room temperature and stirred for 12 hours.
After removal of the solvent in vacuo, the mixture was chromatographed on silica gel
(30% EtOAc/Hexanes) to afford 133 (10.5 g, 91% yield) as a colorless oil.

Aldehyde 133. FTIR (thin film/NaCl) 3108 (w), 3065 (w), 3032 (w), 2982 (m),
2936 (m), 2871 (w), 2769 (w), 1729 (s), 1665 (s), 1517 (m), 1499 (m), 1455 (m), 1384
(w), 1353 (m), 1323 (m), 1256 (s), 1139 (s), 1027 (m), 769 (w), 724 (m), 701 (w) em’™;
'"H NMR (400 MHz, CDCl;) 8 9.87 (d, J=0.9 Hz, 1H), 7.56 (s, 1H), 7.39-7.29 (m, 3H),
7.18 (d, J=6.7 Hz, 2H), 5.51 (s, 2H), 4.17 (q, J=7.1 Hz, 2H), 1.70 (s, 6H), 1.20 (¢, J=7.1
Hz, 3H); °C NMR (100 MHz, CDCL) § 179.8, 176.4, 158.7, 141.2, 136.0, 129.3, 1287,
127.8, 126’.}, 61.7, 51.3, 45.0, 27.5, 14.4; HRMS (ED) m/z 301.1553 [calculated for

C7H, N,O3 (M) 301.1552].
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Preparation of Vinyliodide 134:

EiQ 2 EtO |
Meq, 09 §/\@Ph3 Meq, 0 ]
Me™ NaHMDS ~ Me"
Ny NBn N, NBn
133 134

Vinyl Todide 134. To a stirred solution of Iodomethyltriphenylphosphonium
iodide (683 mg, 1.77 mmol, 5.1 equiv.) in THF (4 mL) at room temperature was added
NaHMDS (2.0M) (870 uL, 1.75 mmol, 5.0 equiv.) dropwise. The solution was stirred for
15 minutes and then cooled to -78°C at which time was added aldehyde 133 (100 mg,
350 mmol, 1.0 equiv.) in THF (1 mL). The reaction was stirred for another 20 minutes
at -78°C and then quenched by addition of H,O (5 mL). The reaction was extracted with
Et;0 (3 x 25 mL). The organic layers were combined, washed with brine (25 mL) and
dried with MgSOs.  After removal of the solvent in vacuo, the mixture was
chromatographed on silica gel (40% EtOAc/Hexanes) to afford 134 (95 mg, 64% yield)
as a viscous, colorless oil.

Vinyl Iodide 134. FTIR (thin film/NaCl) 2979 (m), 2935 (my), 2870 (w), 1724
(s), 1506 (w), 1497 (m), 1455 (m), 1383 (w), 1362 (w), 1301 (w), 1256 (m), 1209 (w),
1174 (m), 1135 (m), 1078 (w), 1027 (m), 942 (w) cm™’; 'H NMR (500 MHz, CDCl3) 8
7.51 (s, 1H), 7.42-7.31 (m, 3H), 7.15 (d, J=15.3 Hz, 1H), 7.07 (4, J/=7.8 Hz, 1H), 6.33 (d,
J=15.3Hz, 1H), 5.11 (s, 2H), 4.16 (q, J=7.2 Hz, 2H), 1.62 (s, 6H), 1.23 (1, J=7.2 Hz, 1H);

BC NMR (100 MHz, CDCly) § 176.7, 136.9, 136.0, 132.4, 129.6, 128.7, 127.0, 125.9,
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81.6, 61.5, 49.8, 442, 26.8, 19.7, 14.6; HRMS (EI) m/z 425.0727 [calculated for

C1gH»N,0,1 (M) 425.0726].

Preparation of Enamide 135:

E1O | o o)
Me O | HzNjLMe E0 o HN%
M —————— Mo l Me

— CuTC,CsCO; o
e
Ny NBn =
N \\/NBn
134 135

Enamide 139. To a stirred solution of 134 (50 mg, 0.12 mmol, 1.0 equiv.) in
DMSO (2 mL) at room temperature was added acetamide (11 mg, 1.8 mmol, 1.5 equiv.),
cesium carbonate (58 mg, 1.8 mmol, 1.5 equiv.) and copper thiophene carboxylate (112)
(10 mg, 0.05 mmol, 0.30 equiv.). The reaction mixture was heated to 90°C and allowed
to stir for 4 hours. After dilution with Et,O the reaction was washed with H,O, brine and
dried with MgSO,. The solvent was then removed in vacuo and chromatographed on
silica gel (60% EtOAc/Hexanes) to afford 135 (23 mg, 55% yield) as a colorless oil.

Enamide 139. FTIR (thin film/NaCl) 3268 (m), 2979 (m), 2929 (m), 1725 (s),
1698 (m), 1684 (m), 1653 (s), 1559 (m), 1497 (m), 1455 (m), 1371 (m), 1281 (m), 1258
(m), 1174 (m), 1135 (m), 1028 (m), 965 (m), 859 (w), 809 (w), 772 (w), 729 (m), 697
(m) cm™; '"H NMR (500 MHz, CDCl3) § 7.44 (s, 1H), 7.38-7.29 (m, 3H), 7.04 (d, J=6.8
Hz, 2H), 6.90 (dd, J=10.7 Hz, 14.9 Hz, 1H), 5.72 (d, J=14.9 Hz, 1H), 5.11 (s, 2H), 4.11
(g, J=7.3 Hz, 2H), 2.04 (s, 3H), 1.60 (s, 3H), 1.19 (t, /=7.3 Hz, 3H); °C NMR (125 MHz,

CDCl;) 8 177.6, 167.6, 143.4, 136.6, 136.5, 129.3, 128.4, 127.2, 127.0, 123.2, 99.0, 61.3,
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49.5, 43.9, 26.5, 23.6, 14.5; HRMS (ED) m/z 356.1979 [calculated for CaoHasN30; (M)

356.1974].

Preparation of Acetal 139:

EtO EiQ
Meo/ 00 o M e /TOOTY
Me" = PTSA Me" O
NVNBn NVNBn

133 138

Acetal 139. To a stirred solution of 133 (10.5 g, 34.96 mmol, 1.0 equiv.) in PhH
(350 mL) at room temperature was added ethylene glycol (19.5 mL, 350 mmol, 10.0
equiv.) and p-toluenesulfonic acid (1.6 g, 8.6 mmol, 0.25 equiv.). The solution was
equipped with a Dean-Stark apparatus and stirred at reflux for 24 hours. After removal of
the solvent in vacuo, the mixture was dissolved in EO (200 mL) and washed with
NaHCO; (sat., aq.) (100 mL). The organic layer was dried with MgSO, and filtered.
Upon removal of the solvent in vacuo, the resulting oil was chromatographed on silica
gel (30% EtOAc/Hexanes) to afford 139 (11.2 g, 93% yield) as a white solid.

Acetal 139. FTIR (thin film/NaCl) 3130 (w), 2977 (s), 2932 (m), 2899 (m), 2870
(m), 1722 (s), 1572 (w), 1508 (w), 1468 (m), 1441 (m), 1391 (s), 1359 (w), 1257 (s),
1179 (m), 1139 (s), 1074 (s), 1017 (s), 950 (s), 844 (w), 820 (w), 797 (w), 770 (w) cm’;
'"H NMR (500 MHz, CDCl;) & 7.38-7.29 (m, 3H), 7.29 (s, 1H), 7.17 (d, /=6.8 Hz, 2H),

5.22 (s, 2H), 4.16 (q, J=7.1 Hz, 2H), 4.04-3.87 (m, 4H), 1.63 (s, 6H), 1.23 (t, J=7.1 Hz,
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