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ABSTRACT OF THE DISSERTATION

An Interrupted Fischer

Indolization Approach Toward the Akuammiline Alkaloids

by

Ben Weston Boal
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2012

Professor Neil K. Garg, Chair

Chapter one provides an overview of the history of the akuammiline alkaloids, including
their isolation, structural features, biological activity, and biosynthesis. This chapter provides a
discussion of synthetic efforts toward these intriguing alkaloids, in addition to detailed
descriptions of several recently completed total syntheses. Chapter two discusses an efficient
method to access the fused indoline ring system present in a multitude of bioactive molecules.
The strategy involves the condensation of hydrazines with latent aldehydes to ultimately deliver
indoline-containing products by way of an interrupted Fischer indolization sequence. The
method is convergent, mild, operationally simple, broad in scope, and can be used to access
enantioenriched products. In addition, the synthesis of furoindoline and pyrrolidinoindoline

natural products is demonstrated by the concise formal total syntheses of physovenine and



debromoflustramine B. Chapter three explores the mechanisms of the Fischer indole synthesis
and competing cleavage pathways with SCS-MP2/6-31G(d) and aqueous solvation calculations.
Electron-donating substituents divert the reaction pathway to heterolytic N-N bond cleavage and
preclude the acid-promoted [3,3]-sigmatropic rearrangement. Chapters four reports the total
synthesis of (+)-aspidophylline A, one of many complex furoindoline-containing alkaloids that
has not been synthesized previously. Our route features a number of key transformations,
including a Heck cyclization to assemble the [3.3.1]-bicyclic scaffold, as well as a late-stage
interrupted Fischer indolization to install the furoindoline and construct the natural product’s

pentacyclic framework.
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CHAPTER ONE

Synthetic Studies of the Akuammiline Alkaloids

1.1 Abstract

The akuammiline alkaloids are a family of intricate natural products that have received
considerable attention from chemists worldwide. This chapter provides an overview of the
history of the akuammiline alkaloids, including their isolation, structural features, biological
activity, and biosynthesis. In addition, this chapter provides a discussion of synthetic efforts
toward these intriguing alkaloids, in addition to detailed descriptions of several recently

completed total syntheses.

1.2 Introduction
1.2.1 Indoline Natural Products

The search for novel natural products has led to the isolation of a large number of
structurally related indoline containing natural products. Such compounds are known for their
intricate structures and interesting range of biological activity; as such, these natural products
have captured the attention of synthetic chemists worldwide. A small sample of indoline-
containing natural products is shown in Figure 1.1. Perophoramidine (1.1) was isolated in 2002,'
and has been synthesized by Funk and Qin.>? Psychotrimine (1.2) has been another popular
target for synthesis since it’s isolation in 2004." It has succumbed to two total syntheses through
elegant routes put forth by the Takayama and Baran laboratories, respectively.”® Communesin B
(1.3) is a member of the communesin family of natural products, which were isolated in 1993.

Since their isolation, the communesins have been intensely studied by synthetic chemists,®” with



efforts culminating in several recent total synthesis.'”'"'* Diazonamide A (1.4) is a secondary
metabolite, which was isolated in 1991 from colonial marine ascidian Diazona angulata."
Diazonamide A shows promising bioactivity as a potent antimitotic agent in several human
cancer cell lines.'* Harran and coworkers have reported diazonamide A interacts with a form of
ornithine 8-amino transferase (OAT) involved in controlling mitosis in cancer cells."” Further
this inhibition of mitosis in cells using OAT does not induce the progressive retinal degeneration
associated with loss of OAT enzymatic activity in rodents and humans.'® Highlights in the
synthetic literature'® for this compound includes work by the Harran,"”” Macmillan,” and
Nicolaou®' laboratories. Lastly, bipleiophylline (1.5) is a recently isolated indoline-containing
natural product that has yet to be synthesized.”> Whereas these examples showcase the variety
and complexity that is common amongst indoline natural products, this chapter focuses on a

subset of natural products called the akuammiline alkaloids.
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Figure 1.1. Representative structures of indoline alkaloids

1.2.2 Akuammiline Family of Natural Products

The akuammaline alkaloids are a particularly interesting family of natural products that
have been isolated from plants predominantly found in Southeast Asia and Africa. In Figure 1.2,
several akuammiline alkaloids are shown. Akuammiline® (1.6) and echitamine chloride®**>*°
(1.12) were some of the earliest members isolated from this family. Later in the 1960’s, the
structures of strictamine®’ (1.7), picrinine®® (1.9), and vincorine® (1.11) were elucidated. Very
recently, new family members such as aspidophylline A*° (1.8) and scholarisine A*' (1.13) have
been discovered. The akuammiline alkaloids are generally characterized by rigid polycyclic ring

systems that contain: caged structures, a quaternary center, the indol(en)ine motif, and numerous

3



stereocenters. Seven-membered rings, which are typically difficult to synthesize, are seen in both
vincorine (1.11) and echitamine chloride (1.12). Whereas structural complexity renders these
molecules intriguing synthetic targets, the use of these molecules’ parent plant species in

traditional medicine also demonstrates their medical relevance.

Akuammiline (1.6); R = CH,0Ac Aspidophylline A (1.8) Picrinine (1.9); R=H
Strictamine (1.7); R=H Picriline (1.10); R = CH,0Ac

MeO
Vincorine (1.11) Echitamine chloride (1.12) Scholarisine A (1.13)

Figure 1.2. Representative akuammiline alkaloids

1.2.3 Biological Activity

The use of the akuammiline alkaloids in traditional medicine has prompted investigations
of their bioactivities.”* Aspidophylline A (1.8) was found to reverse drug resistance in resistant
KB cells.30 Another akuammiline natural product with interesting biological activity is picriline
(1.10). Picriline has been shown to selectively inhibit SGLT2,” a renal cortex membrane protein
that regulates glucose reabsorption. SGLT2 was recently validated as a target for type-1I diabetes
intervention.’® Perhaps the most biologically fascinating akuammiline alkaloid is echitamine
chloride (1.12), as it has shown to be cytotoxic toward cancer cells with an unusually low overall

toxicity.”



1.2.4 Biosynthesis

Although the biosynthesis of the akuammiline alkaloids has not been studied in detail, a
plausible hypothesis has been proposed that relies upon a unique oxidative cyclization of
geissoschizine, a common intermediate in the biosynthesis of several other alkaloid families
(Figure 1.3). Beginning with the biosynthesis of picrinine (1.9) and aspidophylline A (1.8), it is
thought that the initial steps of this biosynthetic pathway closely follow that of the strychnos and
iboga alkaloids.®® The biosynthesis starts with the coupling of tryptamine (1.14) and
secologanine (1.15) to form 3a (S)-strictosidine (1.16). 3a (S)-strictosidine (1.16) then undergoes
an intramolecular cyclization followed by an alkene isomerization to arrive at geissoschizine
(1.17). Geissoschizine is a biogenetic precursor for a number of alkaloid families.”’ In the case of
the akuammiline alkaloids, geissoschizine (1.17) undergoes an oxidative cyclization forming a
bond between C7 and C16;® this is then followed by a deformylation arriving at strictamine
(1.7).36 Further oxidation of strictamine at C5 (1.7) followed by a cyclization onto the
indolenine moiety affords picrinine (1.9). Picrinine (1.9), in turn, undergoes a reduction at C5
followed by N-formylation to arrive at aspidophylline A (1.8). This reduction of C5 in picrinine
(1.9) is interesting as it breaks the C—N bond that was present in the original tryptamine building

block 1.14.
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Figure 1.3. Proposed biosynthesis of picrinine (1.9) and aspidophylline A (1.8)

Picrinine and strictamine play key roles in the biosyntheses of scholarisine A and vincorine,
respectively. The biosynthesis of scholarisine A (1.13) was hypothesized at the time of its
isolation and begins with picrinine (1.9, Figure 1.4).°' Picrinine (1.9) is expected to be in
equilibrium with aldehyde 1.18. This intermediate is thought to undergo an alkene isomerization
to afford enamine 1.19. This enamine would then attack the free aldehyde to form secondary
alcohol 1.20. Subsequent cyclization of the alcohol onto the proximal methyl ester with loss of
methanol would afford scholarisine A (1.13). Similarly, vincorine (1.11) is closely related to
strictamine (1.7), as shown in Figure 1.5. Rearrangement of strictamine (1.7), with reduction,
could furnish 1.21, which possesses a 7-membered ring. Subsequent oxidation and methylation

of 1.21 would then provide vincorine (1.11).
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Figure 1.4. Proposed biosynthesis of scholarisine A (1.13)
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Figure 1.5. Proposed biosynthesis of vincorine (1.11)

1.3 Progress Toward the Total Synthesis of Strictamine
1.3.1 Dolby’s Efforts Toward the Strictamine Polycyclic Framework

In the early 1970’s, the Dolby laboratory reported the first synthetic studies of the
akuammiline natural products with their attempted synthesis of a strictamine model system
(Scheme 1.1).* Their approach toward strictamine hinged on forming a bond between C6 and
C7 at a late stage. To arrive at a substrate for this bond construction Dolby and coworkers
synthesized amine 1.24 starting from known alcohol 1.22. Alcohol 1.22 was activated using p-

toluenesulfonyl chloride, and the resulting alkyl tosylate was then displaced with sodium cyanide



to afford nitrile 1.23. Using chemistry developed in the Dolby laboratory,” nitrile 1.23 was
selectively oxidized at C3. This step was followed by a double reduction using lithium aluminum
hydride to deliver the desired amine 1.24 in 28% yield over the two steps. Amine 1.24 was then
further elaborated to two potential cyclization substrates: tosylate 1.25 and chloroacetamide 1.26.
Tosylate 1.25 was submitted to several sets of cyclization conditions, but the desired product
1.27 was not observed. Hypothesizing that substrate 1.25 could react unproductively to form an
aziridinium ion if the electron rich nitrogen displaced the tosylate, the authors prepared the less
electron-rich chloroacetamide substrate 1.26. Unfortunately, efforts to employ acetamide 1.26 in
the key C6—C7 bond forming event were also unsuccessful. After these admirable attempts by
the Dolby laboratory, synthetic studies on the akuammaline alkaloids remained dormant for

roughly 20 years.

Scheme 1.1
s HN
3.
OH CN 1. Hsl0g, MeOH HN
NS 1. TsCl, pyridine NS 10°C \ .
EEEE— . ‘H
2. Ne;ICN, EtOH 2. LiAlH,, THF
reflux reflux
1.22 (79% yield, 2 steps) 1.23 (28% yield, 2 steps) 1.24
1 or 2 steps ; é
—_—

(1.25, 74% vyield, 2 steps)
(1.26, 97% vyield, 1 steps)

1.25, R=CH,CH,0Ts 1.27 Strictamine (1.7)
1.26, R=COCH,CI




1.3.2 Bosch and Bennasar’s Progress Toward Strictamine

Likely influenced by the work of the Dolby group, the laboratories of Bosch and
Bennasar took a similar approach in their synthetic efforts toward strictamine (1.7) where the
C6-C7 bond would be fashioned at a late-stage (Scheme 1.2).*' The authors targeted compound
1.31 for their desired cyclization and developed a rapid route to this key substrate. Using LDA to
form the enolate of indole 1.28, the addition of pyridinium salt 1.29 triggered a tandem
nucleophilic addition/cyclization to form the [3.3.1] bicycle 1.30.** Next, over a 3 step / one pot
sequence, bicycle 1.30 was transformed to alkene 1.31. Of note, 1.31 contains almost all of the

strictamine functionality, except for the key C6—-C7 bond.

Scheme 1.2

RN
\ Br- NI LDA, THF
* = —_— >
CO,Me —70 to —-40 °C

X
(15-45% yield)
1.28 CO,Me
1.29
R=H, CO,Me, Me

R'=H, Ac
one-pot
3 steps

(30-40% yield)

After initial attempts to forge the desired C6—C7 linkage by activating the alcohol of

derivative 1.32 as the tosylate or mesylate were deemed unsuccessful, the authors attempted to



activate C6 through a Pummerer cyclization (Scheme 1.3).*® To effect this transformation, they
first converted alcohol 1.32 into sulfoxide 1.33. Pummerer cyclization of sulfoxide 1.33 was
conducted by treatment with trifluoroacetic anhydride (TFAA), followed by reaction with BF;
*Et,O. Unfortunately, the only product observed was pentacycle 1.34, which likely arises from
the indole nitrogen attacking the presumed thiocarbenium intermediate. Further cyclization

efforts using protected indole derivatives of 1.33 gave only decomposition products.41

Scheme 1.3

1. MsCl, Et;N, NaSPh

-
CH,Cl,, — 30 to 23 °C Me 1. TFAA, CH.Cl,

—_—_—
2. m-CPBA, TFA 2. BF;°Et,0
CH,Cl,, — 60 °C CICH,CH,CI
i reflux
(43% yield, 2 steps) i
(24% yield, 2 steps) 1.34

Bosch and Bennasar also attempted photocyclizations of chloroacetamides, such as 1.35
(Scheme 1.4).** Again, rather than desired cyclization occurring, reaction at the indole nitrogen
appeared favorable as 1.36 formed as the only significant product. They attempted to circumvent
this problem by protecting the indole nitrogen of 1.35, but their efforts were met with similar
decomposition pathways as seen in their earlier work."' Attempts to rearrange side products

. . . 45
similar to 1.36 using a photo-Fries rearrangement were also unsuccessful.
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Scheme 1.4

Me  hy, NaHCO,

MeOH, H,0

CO,Me
1.36 1.37
(10% yield) (trace)

The seminal studies of Dolby and Bosch and Bennasar provide useful insights into the
reactivity of these types of caged ring systems. When the indole nitrogen is unprotected, it is the
preferred site of cyclization. However, even when the indole nitrogen is protected, cyclization to
furnish the critical C6—C7 linkage is challenging. As suggested by Bosch and Bennasar,41° this
difficulty is likely due to geometric factors, such as the distance between C6 and C7, the
challenge in forming a congested quaternary center, and disfavorable transannular interactions
encumbered in the desired cyclization transition states. Nonetheless, these results have laid the
foundation for many of the contemporary studies in akuammiline alkaloid synthesis and have

resulted in several completed total syntheses.

1.4 Total Synthesis of (+)-Aspidophylline A

In 2011, the Garg laboratory completed the first total synthesis of (+)-aspidophylline A
(1.8).*° The route to the pentacyclic alkaloid 1.8 is summarized in Scheme 1.5 and features a
number of key transformations, including: (a) a copper-mediated oxidative
bis(decarboxylation)*” to furnish a [2.2.2]-bicyclic lactam, (b) a Heck cyclization® to assemble
the natural product’s [3.3.1]-bicyclic scaffold, and (c) a late-stage interrupted Fischer

indolization reaction® to install the fused furoindoline and construct the natural product’s full

11



pentacyclic framework (1.39—1.43). Full details of this total synthesis are discussed in Chapter

4 of this dissertation.

Scheme 1.5

Me
1. Mg, NH,CI, MeOH

2. formic acid, DIC

CO,Me DMAP, CH,Cl,

0% ‘:,‘;-’e,d (66% yleld, 2 steps) ()-Aspidophylline A (1.8)
(one-pot, from 1.39)

1.5 Total Synthesis of (+)-Scholarisine A
1.5.1 Retrosynthetic Analysis

In 2012, the Smith laboratory reported the first total synthesis of (+)-scholarisine A
(1.13).50 The retrosynthesis of (+)-scholarisine A (1.13) devised by Smith and coworkers is
shown in Scheme 1.6. It was envisioned that (+)-scholarisine A (1.13) would be accessible from

lactone 1.44, which in turn would come from an oxidative cyclization of diol 1.45. Diol 1.45

12



was envisioned to arise from indole 1.46. Further disconnection revealed alcohol 1.47 as an

appropriate synthetic precursor, which would be prepared from known lactone 1.48.”"

Scheme 1.6

OBn

1.5.2 Forward Synthesis of (+)-Scholarisine A

The Smith laboratory’s synthesis of intermediate 1.53 is shown in Scheme 1.7. The
synthesis began with lactone 1.48, which was synthesized in enantioenriched form from
commercially available cis-4-cyclohexene-1,2-dicarboxylic anhydride in five steps, using a
modification®” of the known procedure.”’ Cyanation of lactone 1.48 with cyanobenzotriazole
(BtCN) and lithium diisopropylamide (LDA), followed by a second alkylation using potassium
carbonate and ethyl iodide, afforded alkene 1.49. Epoxidation of alkene 1.49 led to a mixture of
diastereomers, which upon recrystallization yielded nitrile 1.50 in a 58% yield. Nitrile 1.50 then

5354 with H, and rhodium on alumina to afford amine 1.47,

underwent a reductive cyclization
which possesses the desired [3.3.1]-bicycle of the natural product. Amine 1.47 was protected as

the corresponding benzamide, and subsequent alcohol oxidation with Dess—Martin periodinane

delivered ketone 1.51. Treatment of ketone 1.51 with benzyl protected phenylhydrazine and HCI
13



in pyridine facilitated the Fischer indolization to provide indole 1.46.39-46 Of note, intermediate
1.46 possesses most of the scholarisine framework. Reduction of 1.46 with lithium aluminum
hydride (LiAlH,) simultaneously reduced the lactone and converted the benzamide into a benzyl
protecting group, thus furnishing diol 1.52. The more sterically accessible primary alcohol of

diol 1.52 was then selectively protected to give 1.53 in 70% yield over the three steps.

Scheme 1.7
9.,
\ 7 \ Rh/ Al,O4
1. BtCN, LDA, THF »\H& m-CPBA ‘»H& H, (120 psi)
> ~cN > ¢ ~CN
2. Etl, K,CO;, MeCN H CHCl, H THF, 50 °C
o~ Yo o (64% yield)
(43% yield) (58% vyield)
1.48 1.49 1.50
H
1. BzCl, DIEA O ")B2 ©\ ~NH,
| CH,Cl, gn BnN
2 —_— B ..-\\\ —_—
H 2. DMP, CH,Cl, H pyridine, HCI
110°C
° 0 (71% yield, 2 steps) o o
1.47 1.51
LiAlH, TBDPSCI
THF, 60 °C NEt;, CH,Cl,

(70% yield, 3 steps)

1.53

The remaining steps of Smiths’ synthesis of (+)-scholarisine A are shown in Scheme 1.8.
The remaining goals included installing the lactone ring and introducing the C6 carbon. To this
end, alcohol 1.53 was oxidized using tetrapropylammonium perruthenate (TPAP) and N-methyl-
morpholine N-oxide (NMO) as a co-oxidant.”> Subsequent addition of in situ-generated

benzyloxymethyllithium,”® followed by base-mediated desilylation afforded diol 1.54. Next, diol

14



1.54 was exposed to 2-iodoxybenzoic acid (IBX) to provide an aldehyde intermediate.’’ The
crude mixture of this reaction was then treated with TPAP and NMO to deliver 1.55, which
possesses the required lactone moiety. Of note, this stepwise oxidation avoided side products that
were observed in attempts to affect direct oxidation of 1.54 to 1.55. By forming the lactone, it
was hypothesized that C7 and C6 would be in close enough proximity to eventually perform a
crucial cyclization between these two sites. Following deprotection of the primary alcohol and
indole nitrogen with aluminum trichloride, the key cyclization was attempted using intermediate
1.44. However, activation of alcohol 1.44 was unsuccessful due to competitive cyclization of the
benzyl amine onto C6. To mitigate this competitive cyclization, the nitrogen protecting group of
1.44 was exchanged to deliver trifluoroacetamide 1.56. In the key bond forming sequence, the
alcohol of 1.56 was activated with methanesulfonyl chloride (MsCl). Subsequent treatment of the
resulting mesylate with rerr-butyliminotri(pyrrolidino)-phosphorane  (BTPP)*®  furnished
indolenine 1.57 in a 40% yield (four steps from alcohol 1.44). Removal of the trifluoroacetamide
protecting group with potassium carbonate, followed by oxidation of the secondary amine using
iodosobenzene (PhlIO) provided (+)-scholarisine A (1.13).59 Smith’s synthetic sample was in
complete accord with the natural material, and therefore confirmed the absolute stereochemical

configuration of the natural product.
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Scheme 1.8

1. TPAP, NMO, CH;CN 1. IBX, THF, DMSO

' o
2. Bu3SnCH,0Bn, THF
n-BulLi, -78 °C

3. KOH, MeOH, THF, 60 °C

2. TPAP, NMO, CH,Cl,

(71% yield, 2 steps)

1.53 (49% yield, 3 steps)

1. Pd(OH),/C
AIC, NH,HCO,, MeOH
—>
Phife 2 Q9 THF
(83% yield) ) )J\ ’
CF” N /\§
1.55 1.44 L\N 1.56

1. MsCI, NEt;, CH,Cl, 1. KoCO3 (), MeOH

2. BTPP, CH;CN 2. PhIO, CH,CI,

(40% yield, 4 steps) (77% yield, 2 steps)

(+)-Scholarisine A (1.13)

Smith’s elegant synthesis of (+)-scholarisine A marks the first asymmetric synthesis of an
akuammiline alkaloid. The longest linear reaction sequence to arrive at the intricate natural
product structure is 20 steps from known lactone 1.48. Highlights of the synthesis include a
reductive cyclization of nitrile 1.50, a Fischer indolization of ketone 1.51, an oxidative
lactonization of diol 1.54, and an impressive late-stage intramolecular cyclization of alcohol 1.56

to forge the key C6—C7 bond.
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1.6 Qin’s Total Synthesis of (+)-Vincorine
1.6.1 Key Retrosynthetic Disconnections

Qin and coworkers reported the first total synthesis of (+)-vincorine (1.11) in 2009.° In
Qin’s initial retrosynthesis of (%)-vincorine, shown in Scheme 1.10, the seven membered ring
observed in the natural product would be assembled by an intramolecular reductive Heck
cyclization® of vinyl iodide 1.58. Similar cyclizations were reported to close six membered rings
in the total syntheses of minfiensine, a natural product structurally related to vincorine (1.11).°'
Vinyl iodide 1.58 was envisioned to arise from sulfonamide 1.59, with sulfonamide 1.59
stemming from o-diazoketone 1.60. In turn, a-diazoketone 1.60 would be obtained from known

indole 1.61, which can be readily prepared from commercially available material in one step.®”

Scheme 1.9

Me_ N | Me_ N
N N
Z — )
CO,Me CO,Me
MeO MeO MeO
(+)-Vincorine (1.11) 1.58 1.59
(0] N,
CO,Et
Me, CO,Me Me
N \
\ NHTs N | NTs
MeO 160 MeO 461
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1.6.2 Qin’s Initial Route Toward (x)-Vincorine

Qin’s initial efforts toward vincorine using the intramolecular Heck cyclization strategy
are shown in Scheme 1.10. The synthesis began with the conversion of readily available
intermediate 1.61°% into ester 1.62 over two steps. Ester 1.62 was then converted to p-keto ester
1.63, which, in turn, underwent diazo transfer with p-acetamidobenzenesulfonyl azide (p-ABSA)
to give o-diazoester 1.60. Next, Qin installed the quaternary center at C7 via a
cyclopropanation/fragmentation cascade sequence that they had successfully used in the
synthesis of minfiensine.” In this cascade sequence 5 mol% of copper(I) triflate was added to o-
diazoester 1.60, which furnished tetracyclic indoline 1.59 in 82% yield. The Qin laboratory
forged ahead with tetracycle 1.59, reduction of the ketone with sodium borohydride, followed by
removal of the sulfonamide protecting group, delivered secondary amine 1.64. Over three steps,
amine 1.64 was transformed into reductive Heck cyclization precursor 1.58. In attempts to access
vincorine via the intramolecular reductive Heck cyclization, tetracyclic vinyl iodide 1.58 was
subjected to a number of conditions that had been used previously in related Pd-catalyzed
cyclizations. Despite extensive screening of palladium precatalysts, ligands, and bases, the
desired pentacyclic ester 1.11 was not observed. Michael addition-type cyclizations and radical-
based cyclizations of 1.58 were also tested.” Unfortunately, these attempts were also

unsuccessful.
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Scheme 1.10

CO,Et CO.Et
Me\ Me\
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(85% vyield, 2 steps)
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1.61 1.62
Q  co,me
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T \ NHTs
MeCN CH,Cl,
(82% vyield) (82% yield)
MeO 1.60
MsO —>_\
— Me
N 1. I Me /‘[
me N K»CO3, KI me, N I
*N CH,;CN, reflux °N
4
OH 2. MsCl, DMAP, NEt;
CO,Me CH,Cl,, 0°C CO,Me
3. DBU, PhH, reflux
MeO (32% vyield, 5 steps) MeO
1.64 1.58

1.6.3 Alternate Synthetic Route to (+)-Vincorine

O  co,me
Me\
1. LiOH, MeOH, THF N
' \ NHTs

2. CDI, MgCl,,

methyl potassium

malonate
(88% yield, 2 steps) MeO

1.63

Heck cyclization
or

r
Michael Addition / \

1. NaBH,;, MeOH
THF,-5°C

'

2. Na/Naphthalenide
THF,-78°C

MeO

(z)-Vincorine (1.11)

The challenges encountered in the attempted late-stage introduction of the seven-

membered ring using reductive Heck cyclization conditions prompted Qin’s second generation

approach to vincorine (Scheme 1.11). Retrosynthetically, the natural product would arise from

amide 1.65, which, in turn, would be derived from ester 1.66. Thus,

amide bond formation

would be used to generate the challenging seven membered ring. Ester 1.66 was expected to

come from a Claisen rearrangement of methyl ether 1.67. Finally, methyl ether 1.67 would be

obtained from 1.59, which Qin’s laboratory had accessed in their first generation approach (see

Scheme 1.10).
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Scheme 1.11
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Me Me\ N Me N
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(+)-Vincorine (1.11) 1.65 1.66
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\ \
Me N Me N
\ \
N N
¥z )\\ o
— o ~OMe — &o,Me
MeO MeO
1.67 1.59

Qin’s approach to install the seven-membered ring proved viable, as shown in Scheme
1.12. Ester 1.59 was readily manipulated over four steps into allylic alcohol 1.68. Upon
treatment with pivalic acid and trimethyl orthoacetate, alcohol 1.68 was converted into ester
1.70, presumably via intermediate methyl ether 1.69 undergoing Johnson—Claisen
rearrangement.®* Fortunately, the diastereomeric ratio of this process was 4.6:1 in favor of the
desired diastereomer. The mixture of diastereomers was then separated via column
chromatography, and the desired isomer 1.70 was taken forward. The synthesis continued with
reduction of ester 1.70, followed by protection of the resulting alcohol as the triethylsilyl ether.
Alkene 1.71 was then hydroborated in a two-step process to give alcohol 1.72. After protection
of the primary alcohol as the TBS ether, the TES-protected alcohol was converted to the
corresponding aldehyde by the action of IBX to afford aldehyde 1.73. In the key three step
sequence involving oxidation of the aldehyde, sulfonamide removal, and amide bond formation,

1.74 was obtained in 65% yield. With the critical seven membered ring in place, the exocyclic
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olefin was installed to arrive at alkene 1.75. The undesired isomeric alkene 1.76 was also

observed; however, this byproduct could fortunately be removed by column chromatography.

Scheme 1.12
Ts B Ts ]
\ \
Boc N Boc N
4 steps ‘N PivOH \N
— > —
CH;C(OMe), )\\
PhMe, reflux
CO,Me OH o OMe
MeO (90% vyield, 4.6:1 dr) MeO
1.68 - 1.69 -
Ts
\
Boc_ N 1. (i-Bu),AlH Boc,_ N i. 9-BBN, PhMe
N CH,CI,, =78 °C N microwave
—_— —_— —_—
2. TESCI, DMAP ii. Hy0,, NaOH
CO.Me Et3N, CH,CI, OTES
o
(90% yield, 2 steps) (90% yield)
MeO 1.70
1. TBSOTf
2,6-lutidine 1. NaClO,, NaH,PO,
CHZCIZ, -78°C +BuOH, CH;CN
2, IBX H,0 2. Na/Naphthalenide
OTES DMSO, CH,Cl, <0 THF, - 78 °C
HO o TBSO 3. Mukaiyama's
(74% yield, 2 steps) reagent, NEt,
1.73 CH,Cl,
(65% yield, 3 steps)
(o]
1. LDA, TiCI(OFi-Pr),
Boc N CH5CHO
N THF, -78 °C
“,
H 2. DCC, CuCl
PhH, reflux
OoTBS (65% yield, 2 steps)
MeO (4:1,E2) MeO MeO
1.74 1.75 1.76

The final steps of Qin’s total synthesis of (+)-vincorine (1.11) are summarized in Scheme

1.13. Initial attempts at selectively reducing the amide in 1.75 were met with undesired alkene
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reduction.”” Therefore, Qin and coworkers resorted to opening the key seven-membered ring by
methanolysis to furnish amino ester 1.77. Subsequent ester reduction provided allylic alcohol
1.78. To reconstruct the seven-membered ring, alcohol 1.78 was first transformed to the
corresponding allylic chloride. Treatment of this intermediate with potassium iodide and
potassium carbonate gave 1.79, thus restoring the vincorine ring system, albeit now with more
suitable oxidation states for further elaboration. A standard sequence was used to convert
silylether 1.79 to aldehyde 1.80, and the ensuing oxidation and methylation provided methyl
ester 1.81 without event. In the final steps, Boc cleavage followed by N-methylation generated

(+)-vincorine (1.11) in 82% yield.
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Scheme 1.13

Boc_ HN
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) 2
(83% yield) (95% yield)
MeO 477
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PPh;, CH,Cl, CH4CN, CH,Cl,
2. KI, K,CO5 2. DMP, CH,Cl,
CH,CN, 60 °C

HO .
TBSO (93% yield, 2 steps) (89% yield, 2 steps)

MeO

1.78

1. NaClO,, NaH,PO,

+BuOH, MeCN TMSOTf
»  SSE——
2. CH,N,, Et,0 CH,Cl,, 0°C

(82% yield, 2 steps)

N Z “Me
HN HCHO, NaBH;CN
“H MeCN, AcOH
COZMe
(82% yield, 2 steps)
MeO MeO
1.82 ()-Vincorine (1.11)

Qin’s approaches toward vincorine reveal the challenges associated with assembling the
natural product’s core, while establishing one of few routes to akuammiline alkaloids. Both
approaches relied on intermediate tetracycle 1.59, which was synthesized using complexity-
generating copper catalyzed cyclopropanation/fragmentation cascade.”’ Subsequent elaboration
of tetracycle 1.59 to vinyl iodide 1.58 set the stage for an intramolecular Heck or Michael
cyclizations that were deemed unsuccessful.®’ Greater success was seen in the second-generation

approach to vincorine, where Qin and coworkers found two useful methods to construct the
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challenging 7-membered ring of the natural product. One of these methods, involving amine
displacement of an alkyl iodide, ultimately enabled the total synthesis of (+)-vincorine (1.11).
This seminal synthesis of (+)-vincorine (1.11) proceeded in 31 steps from indole 1.61 and was

the first reported total synthesis of any akuammiline alkaloid.

1.7 Ma’s Total Synthesis of (-)-Vincorine
1.7.1 Key Retrosynthetic Disconnections

Most recently, Ma and coworkers reported a concise enantiospecific synthesis of (—)-
vincorine (1.11).°° As shown in the retrosynthesis (Scheme 1.14), Ma and coworkers envisioned
installing the seven membered ring of the natural product at a late stage, analogous to the
approach of the Qin laoratory.60 As such, the natural product was thought to be accessible from
pyrrolidinoindoline 1.83. The fused indoline motif of 1.83 would come from cyclization of
indolenine 1.84, which in turn would be formed from an oxidative intramolecular coupling of
diester 1.85. The Ma laboratory had previously utilized a similar oxidative coupling strategy in
their synthesis of communesin F.®” Finally, it was envisioned that diester 1.85 could be derived

from two simpler starting materials, malonate 1.86 and aldehyde 1.87.

24



Scheme 1.14

MeO
(-)-Vincorine (1.11)

CO,Me CO,Me
MeO,C oTBS MeO.C \
p =0
S\
— HN Nie —>  BocN +
\ \
SePh
NHBoc NHBoc
MeO MeO

1.85 1.86 1.87

1.7.2 Ma’s Total Synthesis of (-)-Vincorine

Ma’s synthesis of the oxidative cyclization precursor 1.85 is summarized in Scheme 1.15.
Boc-protection of 5-methoxytryptamine (1.88) followed by Pd-catalyzed coupling with acrylate
afforded o,-unsaturated ester 1.89.°® A two-step reduction sequence of ester 1.89 produced
alcohol 1.90 in an 81% yield. After oxidation of alcohol 1.90 to the corresponding aldehyde,
proline-mediated Knoevenagel condensation with dimethyl malonate gave malonate 1.86.”
Toward installing the ethylidine unit, the Ma laboratory elected to attempt an organocatalyzed
enantioselective Michael addition of 1.87 using a proline derived catalyst on the basis of
literature precedent.”” Although both aldehyde 1.87 and malonate 1.86 were both more complex
than substrates reported in the literature, the desired coupling proceeded smoothly to deliver
selenide 1.91 in 75% yield as a 5:1 diastereomeric mixture. Next, this mixture of diastereomers

was oxidized and eliminated with m-CPBA and triethylamine in a two step one pot procedure,’’

25



which provided an initial 1.7:1 mixture of £ and Z isomers. However, this ratio was improved to
30:1 by exposing the mixture to UV light (360 nm) for 16 hours. Unfortunately, Ma and
coworkers report that the ee of the resulting aldehyde 1.92 was only 64%. The resulting

aldehyde 1.92 was then converted to diester 1.85 using a straightforward three-step sequence.
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Scheme 1.15
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Ma’s completion of (-)-vincorine (1.11) is depicted in Scheme 1.16. Having established
an efficient synthesis of diester 1.85, the focus turned to forming the fused pyrrolidinoindoline of
vincorine. To that end, diester 1.85 was oxidatively cyclized in the presence of lithium

hexamethyldisilyazide (LiHMDS) and iodine.®’
27
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the desired indoline 1.94, but when the reaction was started at —40 °C and allowed to warm to
room temperature, the yield improved to 67%. Starting the reaction at a higher temperature did
not improve the yield. It should also be noted that the use of other oxidants such as Fe(III) salts,
Cu(II) salts, or N-iodosuccinimide in place of iodine,”” had detrimental effects on the reaction.
Nonetheless, Krapcho decarboxylation” of diester 1.94 gave a single diastereomer of
intermediate 1.83, which was directly transformed to alkyl chloride 1.95 using
triphenylphosphine dichloride.”* Removal of the Boc group followed by cyclization promoted by
potassium carbonate and potassium iodide afforded amine 1.82, a known intermediate from
Qin’s synthesis.®” Reductive amination of amine 1.82 with formaldehyde delivered (—)-vincorine

(1.11).
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Scheme 1.16
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(-)-Vincorine (1.11)

Ma’s total synthesis of (—)-vincorine (1.11) is the first asymmetric route to this complex
natural product. Key features of Ma’s synthesis include the palladium-catalyzed C-H
functionalization of indole 1.88, the organocatalytic enantioselective Michael addition en route
to intermediate 1.85, the oxidative cyclization to form a quaternary center and two of the rings
seen in the natural product (1.11), and the efficient late-stage assembly of the seven-membered
ring. The approach to (—)-vincorine (1.11) proceeds in 18 steps from commercially available

starting materials, and in an impressive overall yield of 5%.
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1.8 Conclusions

Considering the use of akuammiline-containing plants as traditional medicines, coupled
to the many modern achievements in total synthesis, the akuammiline alkaloids are perhaps best
described as compounds with tremendously rich histories. Initial synthetic studies by Dolby in
the 1970’s and Bosch and Bennasar twenty years later helped lay the foundation for
contemporary efforts. Several ambitious approaches toward akuammiline alkaloids have been
examined, leading to four impressive total syntheses and several new synthetic innovations. It is
certain that additional breakthroughs and total syntheses in the realm of akuammiline natural

products will be forthcoming.
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CHAPTER TWO

Exploration of the Interrupted Fischer Indolization Reaction

Alex W. Schammel, Ben W. Boal, Liansuo Zu,
Tehetena Mesganaw, and Neil K. Garg.

Tetrahedron 2010, 66, 4687-4695.

2.1 Abstract

A convergent method to access the fused indoline ring system present in a multitude of
bioactive molecules has been developed. The strategy involves the condensation of hydrazines
with latent aldehydes to ultimately deliver indoline-containing products by way of an interrupted
Fischer indolization sequence. The method is convergent, mild, operationally simple, broad in
scope, and can be used to access enantioenriched products. In addition, our approach is amenable
to the synthesis of furoindoline and pyrrolidinoindoline natural products as demonstrated by the
concise formal total syntheses of physovenine and debromoflustramine B. The strategy will

likely enable the synthesis of more complex targets such as the communesin alkaloids.

2.2 Introduction

The discovery of efficient methods to synthesize complex bioactive molecules continues to
be a vital area of research.! A subset of compounds that have received substantial interest due to
their medicinal properties and impressive structures are those that possess a fused indoline motif,
of the type 2.1 (Figure 2.1 and Scheme 2.1). The simplest of these compounds are the
acetylcholinesterase inhibitors physovenine (2.2) and physostigmine (2.3),> which are

composed of basic furo- and pyrrolidinoindoline motifs, respectively (Figure 2.1). Numerous
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relatives of pyrrolidinoindoline 2.1 have been isolated, including bis(prenylated) derivatives,”*
dimeric structures,” and compounds possessing a heteroatom substituent at C3 (e.g., 2.4-2.7,
respectively).®” Beyond these compounds, a variety of more architecturally complex indoline
containing natural products are known, such as the akuammiline alkaloids (e.g., 2.8-2.11),*’
perophoramidine (2.12),'"° the communesins (e.g., 2.13),"" diazonamide A (2.14),"* and
bipleiophylline (2.15)."> Many of these molecules possess interesting biological properties,
which further enhance their appeal as targets for total synthesis.

The importance of indoline-containing compounds has prompted the development of a
number of methods to access such motifs, with numerous studies particularly in the area of
pyrrolidinoindoline synthesis. In most cases, the fused indoline ring systems 2.1 are constructed
by cyclization of precursors of the type 2.16, which in turn are derived from substituted indole'*
or oxindole" intermediates (Scheme 2.1). Herein, we report the development of a powerful
cascade reaction that allows direct access to 2.1 (via 2.16) from the coupling of two simple
fragments.'® The transformation is convergent, broad in scope, proceeds under mild reaction
conditions, and can be used to synthesize a variety of natural product scaffolds.

Our approach to the indoline scaffold 2.1 of compounds 2.2-2.15 is inspired by the

classic Fischer indole synthesis,'”"®

and is presented in Scheme 2.2. We envisioned that an
arylhydrazine 2.17 and an a-disubstituted aldehyde 2.18 would react in the presence of acid to
afford enamine intermediate 2.19. Subsequent [3,3]-sigmatropic rearrangement and re-
aromatization would provide aniline 2.20, which in turn would cyclize with loss of NH; to

furnish transient indolenine 2.16. Intramolecular attack by a proximal heteroatom substituent

(X=NR or O) would deliver the desired product 2.1. This interrupted Fischer indolization process
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would allow for the formation of three new bonds, two heterocyclic rings and two stereogenic

centers, one of which is quaternary (C3).

. Y NHMe
N
n -
| e ot
.......
Vo ~N H

R H "
2.1 X = O, physovenine (2.2) ©\_ J NMe
X= NMe, physostigmine (2.3) NN "

n=
X=NR, 0 N

X = Br, flustramine B (2.4) meso-
X = H, debromoflustramine B (2.5)  chimonanthine (2.6) MeHN\\S_D

-4

==

psychotrimine (2.7)

HN

aspidophylline A (2.8) minfiensine (2.9)

MeO,C

H
perophoramidine (2.12) communesin B (2.13) diazonamide A (2.14) bipleiophylline (2.15)

Figure 2.1. Parent indoline 2.1 and representative natural products 2.2-2.185.

Scheme 2.1
Common
Approach indoles or
oxindoles
% A+B
(fragment
Ap peg; ch  coupling)

A key feature of our approach to 2.1 is the ready availability of starting materials 2.17

and 2.18. The arylhydrazine coupling partners 2.17 could be easily prepared or accessed from
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commercial sources."” Although the required o-branched aldehyde fragments 2.18 would not be
obtainable commercially, isomeric lactols and hemiaminals 2.21 could likely serve as suitable
aldehyde surrogates in the desired transformation (Scheme 2.3)°*' In turn, lactols and

hemiaminals 2.21 could be accessed by reduction of readily available lactones or lactams 2.22.%

Scheme 2.2

Scheme 2.3

R R" . R" .
n n=1,2
ﬁu == r} — It> X = NR, O
o H HO (o]
2.21 222

2.18

Only scattered examples of the interrupted Fischer indolization process have been
reported over the past fifty years.”’”**> Most notable are the seminal studies by Grandberg
summarized in Figure 2.2.> In 1967, C2 substituted pyrrolidinoindoline 2.25 was prepared by
reacting phenylhydrazine (2.23) and 5-chloro-3-methylpentan-2-one (2.24).”* However, this
method is not applicable to the synthesis of furoindolines, or to the more complex ring systems

42



encountered in numerous natural products. It was later demonstrated that furoindolines could be
accessed by the acid-promoted reaction of phenylhydrazines with o-disubstituted lactones.”® For
example, reaction of hydrazine 2.26 and lactone 2.27 in HCI/iPrOH afforded furoindoline 2.28 in
22% yield. This method bears limitations, such as the modest yields of products, the use of
strongly acidic conditions, and the constraint to furoindoline ring systems. Despite these laudable

efforts, and those of others,”*?

a general and mild method to access 2.1 using the interrupted
Fischer indolization strategy outlined in Scheme 2.2 has remained elusive. Moreover, with the
exception of our studies,'® the notion that such a method could be used to prepare the indoline

scaffold present in a multitude of complex biologically important compounds has not been

realized.

2 tBuOH e
No 2 Me MeOH, heat
N M

Me

I

(70% yield) H
2.23 2.24 2.25
OHC Me
Me HCI (conc.)
N2 ' iProH °
Me o ° N H
(22% yield) N
2.26 2.27 2.28

Figure 2.2. Grandberg’s syntheses of pyrrolidinoindole 2.25 and furoindoline 2.28.
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2.3 Synthesis of Furoindolines

The feasibility of the proposed cascade reaction sequence of Scheme 2.2 was established
in the context of furoindoline synthesis. Thus, the reaction between commercially available
phenylhydrazine (2.23) and latent aldehyde 2.29 (1 equiv) was carried out under a variety of
acidic conditions (Table 2.1). Lewis acids were examined and found to be ineffective (entries 1
and 2). However, use of p-toluenesulfonic acid, trifluoroacetic acid, or HCl each afforded the
desired product 2.30 in modest yield (entries 3-5). Sulfuric acid-mediated reaction conditions
were also explored, and ultimately provided the desired product in 87% yield (entry 6).
Recognizing that a milder acid source would be more generally useful, acetic acid was examined.
Although the use of glacial acetic acid afforded modest product yields (entry 7), employment of
a 1:1 mixture of acetic acid and water at 60 °C furnished indoline 2.30 in 89% isolated yield

(entry 8).%°

Table 2.1. Survey of acids to promote furoindoline formation.

Me Me
N NH, + p —_— o
H Ho” © N

223 229 2.30
entry acid source conditions yield?
1 PCl, benzene, 60 °C <5%
2 ZnCl, EtOH, 100 °C <5%
3 TsOH EtOH, H,0, 60 °C 51%
4 TFA CH4CN, 60 °C 64%
5 5% HCI CH4CN, 60 °C 70%
6 4% H,S0, CH4CN, 60 °C 87%
7 AcOH AcOH, 60 °C 52%
8 AcOH 1:1 AcOH/H,0, 60 °C 89%P

“Unless otherwise noted, yields determined by 'H NMR analysis.
® Isolated yield.
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As shown in Table 2.2, a number of arylhydrazines bearing N-substitution were examined
in the interrupted Fischer indolization reaction. In addition to parent arylhydrazine 2.23 (entry 1),
N-methyl,”” N-benzyl, and N-allyl substituted hydrazines were deemed competent coupling
partners (entries 2—4). Interestingly, the use of N-acetyl and N-Boc phenylhydrazines (entries 5

and 6) led predominantly to the recovery of unreacted starting materials.

Table 2.2. Variation of the hydrazine N-substituent.

entry? hydrazine product yield® entry? hydrazine product yield®

Me Me
1 @\ NH, ° 89% 4 @\ -NH, @f@ 60%
H N H N N H
7/
Me
Me
2> O\ NH o 70%
No e 5 NH ) <5%
Me N H n-NH2
Me Me
1O,
8 ©\N,NH2 @fg 59% 6 @\ NH, ) <5%
Bn N

Bn Boc N H

* Conditions unless otherwise noted: lactol 2.29 (1 equiv), 1:1 AcOH/H,0, 60 °C ®* AcOH as solvent. ©
Isolated yield.

Substitution on the aryl ring of the hydrazine component was also investigated (Table
2.3). It was found that para, meta, and ortho substituents were tolerated under the reaction
conditions (entries 1-6). Importantly, use of chlorohydrazines furnished haloindolines (entries 4
and 5), which could be further functionalized by transition metal-catalyzed cross-coupling
chemistry. Finally, the transformation proceeded smoothly with p-methoxyphenylhydrazine as a

substrate, thus affording C5-oxygenated products in good yields (entry 6).%®
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Table 2.3. Variation of the hydrazine aryl substituent.

entry? hydrazine product yield® entry? hydrazine product yield®

Me Me
Me a al Me,
1 _NH, o _NH, o
N H N
H H N H
Me,
Me N H 5 _NH, o 60%
H N
2 NH + 75% H H H
_NH, Me e 4:3) cl L
o}
N H MeO
i @R
Me. N2
o
N H
H
Me

60% 4 67%

Iz

Me
MeO _5
N H
H

62%

“ Conditions unless otherwise noted: lactol 2.29 (1 equiv), 1:1 AcOH/H,0, 60 °C. " Isolated yield.

The scope of the lactol component for furoindoline synthesis was examined in the
interrupted Fischer indolization process (Table 2.4). Gratifyingly, allyl and phenyl substituents
were tolerated, thus providing fused indolines with alternate C3 substitution (entries 1 and 2).
Furthermore, the 6-membered homologue of the furoindoline framework was accessible using

this methodology under our standard reaction conditions (entry 3).
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Table 2.4. Variation of the lactol component.
entry? lactol product yield®

S \
1 A 89%
o
Ho” © N H
H
2 i 75%
3
: S5
0 N H
HO N
M Me
o
N H
Ho” O N

* Conditions: hydrazine 2.23 (1 equiv), 1:1 AcOH/H,0, 60
°C. " Isolated yield.

2.4 Synthesis of Pyrrolidinoindolines

Having established the viability of the interrupted Fischer indolization approach for the
synthesis of furoindolines, we sought to develop the corresponding transformation that would
enable the synthesis of pyrrolidinoindolines and related derivatives. Thus, hemiaminal 2.31 was
prepared from the corresponding lactam following a known procedure, and then subjected to
phenylhydrazine (2.23) in the presence of 1:1 H,O/AcOH (Scheme 2.4). To our delight, the
interrupted Fischer indolization reaction proceeded smoothly at 100 °C and delivered the desired

indoline 2.32 in 88% yield.

Scheme 2.4

Me
Me H,0, AcOH
+ —_— NTs
N2 100 °C
H Ho” R N 'H

(88% yield) H

2.23 2.31 2.32
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Analogous to our studies in the area of furoindoline synthesis, the interrupted Fischer
indolization reaction was found to be an effective means to access a range of
pyrrolidinoindolines. As shown in Table 2.5, a variety of arylhydrazines were tolerated in the
transformation. Reactions of N-substituted arylhydrazines furnished the desired indoline products
in good yield (entries 1-3), whereas a range of arylhydrazines bearing benzenoid substitution

were deemed competent coupling partners (entries 4-9).

Table 2.5. Variation of the hydrazine component.
entry? hydrazine product yieldd  entry? hydrazine product yield

Me
D O
Ve N H 73%
Me 6
2 @\ NH, @Q‘Ts 83%
gn N H

Q\ _NH
N
H
Me
Cl
Me, 7 \©\ N
NT: 709 N
_NH, s 0% H
N N H
Q\ ~NH
N
H
Cl
MeO
« L
N
H

1b

H,

Me o,
_NH, NTs  71% 8 8%

Me
NTs
N H
H
Me
Me
\QfQ\ITS 77%
N H
H
Me
\©\ NTs
N H
H
Cl
Me
/@fgﬂs Me,
eO
N H 70%
Me H NH, \QfQ‘lTs o
+
NH, Meyye n
N H
H

* Conditions unless otherwise noted: hemiaminal 2.31 (1 equiv), 1:1 AcOH/H,0, 100 °C. 23 °C, AcOH as
solvent. ¢ 75 °C. ¢ Isolated yield.

2
Cl
2
M
55% g

Me (4:3)

Iz

The scope of the hemiaminal component was also investigated (Table 2.6). C3-allylated
and -phenylated pyrrolidinoindolines could be accessed without difficulty (entries 1 and 2). Of
note, these pyrrolidinoindoline motifs are present in an array of medicinally important

compounds, such as debromoflustramine B (2.5, Figure 2.1)* and the hodgkinsine alkaloids.”
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Furthermore, a 6-membered homologue was prepared in 81% yield (entry 3) reminiscent of the
communesin and perophoramidine core structures. Finally, it was determined that a

carbamylated hemiaminal could be employed in place of a sulfonamide (entry 4).

Table 2.6. Variation of the hemiaminal component.

entry? hemiaminal product yield®
S \
1 4 68%
NTs
N
HO N H
Ts H
2 % i 70%
3
O NTs
N
HO™ T N H
" Me
e
3 j\/j 81%
NTs
N N H
HO Ts H
Me
4 Me 88%
NCO,Me
N
HO"  co,me N H

* Conditions: hydrazine 2.23 (1 equiv), 1:1 AcOH/H,0,
100 °C. ° Isolated yield.

As shown in Figure 2.3, the N-substituents of our pyrrolidinoindoline products can easily
be manipulated. The sulfonamide group of 2.33 was removed upon treatment with Mg and
NH,4Cl in MeOH™ to provide pyrrolidinoindoline 2.34 in 77% yield.’! Additionally, carbamate
2.35 was converted to the corresponding N-methylated product 2.36 when reacted with Red-Al.
The latter of these results is particularly notable given that many pyrrolidinoindoline natural

products possess this N-methylated substitution pattern (e.g., Figure 2.1, 2.3-2.7).
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Me Me
Mg, NH,CI
N H MeOH, 23 °C N H
Me

Me (79% yield)
3.33 3.34
Me Me
@f@«‘ _ Rea @fgm
N CO;Me toluene, 110 °C N
H H
(92% yield)
3.35 3.36

Figure 2.3. Manipulation of the N-substituent.

2.5. Formal Total Syntheses of Physovenine and Debromoflustramine B, and Assembly of
the Communesin Indoline Scaffold

Having developed a powerful means to synthesize fused indoline ring systems, we
examined the scope and limitations of our methodology in more complex settings. As shown in
Scheme 2.5, the newly discovered transformation has been utilized to achieve a concise formal
total synthesis of the furoindoline natural product physovenine (2.2).** Reaction of hydrazine
2.37%* with lactol 2.29 in AcOH furnished furoindoline 2.38 in 77% yield, which has previously
been converted to physovenine (2.2) in two additional steps.'”® Although asymmetric routes to
intermediate 2.38 have previously been reported, our single step route to (+)-2.38 is substantially
shorter (one step compared to 7,'”* or 18°* steps). Furthermore physovenine (2.2) can be
optically resolved, on preparative scale, using column chromatography with cellulose

triacetate.>2°
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Scheme 2.5

Me
MeO
\@\ D AcOH 5
100 °C R‘n H
e
77% vyield
(77% yleld) 2.38
2 steps
e wr
ref 15a

physovenine (2.2)

The interrupted Fischer indolization reaction could also be used to complete a formal
total synthesis of the pyrrolidinoindoline natural product debromoflustramine B (2.5) (Scheme
2.6).>* Pyrrolidinone 2.39% was elaborated to hemiaminal 2.40 using a standard two-step
sequence. Treatment of 2.40 with 1-allyl-1-phenylhydrazine in H,O/AcOH at 100 °C facilitated
the key condensation/sigmatropic rearrangement to deliver bis(allylated)pyrrolidinoindoline
2.41. In turn, 2.41 was reacted with 2-methyl-2-butene in the presence of Grubbs’ second
generation catalyst to afford bis(prenylated) derivative 2.42,°® which was converted to 2.5 by

reduction with Red-Al.

51



Scheme 2.6

1.NaH, THF, 0°C  Q ©\ ~NH,
then CICO,Me \/b NK/
T4

2. i-BuAlH N —_—

CH,Cl,, —78 °C HO'  Cco,Me AcOH, H,0
2.39 2.40 100°C
(54% vyield, 2 steps) (86% vyield)
\ > \
NCO,Me — = 5 NCO,Me
Grubbs I
N H CH,Cl,, 23 °C N H
\\\\ (83% yield) \
2.41 242
\
Red-Al debromo-
- NMe  fiystramine B
toluene, 80 °C N H (2.5)

(70% yield)
\

Finally, we explored the scope and limitations of our methodology in the context of the

communesin natural products (Scheme 2.7).”” Known sulfonamide 2.43°® was reacted with 1-

ethoxypropene in the presence of Cs,COs to afford hetero-Diels—Alder product 2.44, following

the general procedure described by Corey.”® Exposure of 2.44 to N-methyl phenylhydrazine

(2.26) in 1:1 AcOH/H;O delivered indoline 2.45, which possesses the tetracyclic 6,5,6,6-ring

system of the communesin alkaloids.” As noted earlier, the previously described [3,3]-

sigmatropic rearrangement strategies for the synthesis of fused indoline ring systems are not

amenable to this complex scaffold.
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Scheme 2.7

=\ Me
Cl /D Et0  Me
.
TsHN Cs,CO; Et0” N
CH,Cl,, 78 °C Ts

243 2.44

(70% yield)

2.26
N’Nﬂ2 Me
Me
—_— NTs
AcOH, H,0 O N H
Me

80 °C
(70% yield) 245

2.6. Access to Enantioenriched Indoline Products

Having demonstrated that the interrupted Fischer indolization reaction provides an
effective means to access indoline scaffolds, we hoped to uncover a variant that would give
access to enantioenriched indoline products. The most appealing scenario to achieve this goal
would involve asymmetric catalysis. Thus, efforts were put forth to carry out the interrupted
Fischer indolization reaction in the presence of chiral non-racemic phosphoric acids.*

As shown in Scheme 2.8, this asymmetric transformation proved challenging. Despite an
extensive survey of reaction conditions (e.g., variations in substrates, phosphoric acid promoter,
stoichiometry, solvent, and temperature), only modest levels of enantioselectivity could be
obtained. For example, reaction of hydrazine 2.23 and lactol 2.29 in the presence of 1.2
equivalents of phosphoric acid 2.46 (prepared from (R)-BINOL)*' in benzene at 40 °C provided
furoindoline 2.30 in 62% yield and 28% ee.** Similar results were obtained when hemiaminal

substrates were employed in place of lactols.
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Scheme 2.8

N 2

H Ho” ©
2.23 2.29

benzene, 40 °C

246(12 equiv)l

Me,
o)
N ‘H
H
2.30

(62% vyield, 28% ee)

Given the difficulty in achieving a reagent or catalyst-controlled asymmetric interrupted
Fischer indolization, we turned to the development of an auxiliary-based approach.* Following
precedent from Nishida and co-workers in the synthesis of a pyrrolidinoindoline derivative,

¢ Bromobenzene (2.47) was

enantioenriched arylhydrazine 2.50 was prepared (Scheme 2.9).
coupled with commercially available enantioenriched amine (—)-2.48 under Pd catalysis to

provide aniline 2.49. Using a standard protocol, aniline 2.49 was converted to the targeted

hydrazine 2.50 in 81% yield over two steps.
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Scheme 2.9

Pd(OAc),, BINAP NH

Me™” O NaO#-Bu
+ —_— w
Br toluene, 80 °C Me O
O (97% yield) O
2.49

247 (-)-2.48

1. NaNO,, HCl(zg), 0 — 23 °C

' w
2. LiAlH,, Et,0, 40 °C Me O
(81% yield, 2 steps) O
2.50

The utility of arylhydrazine 2.50 in our interrupted Fischer indolization process was
evaluated in the context of furoindoline synthesis (Figure 2.4).** Gratifyingly, the reaction of
2.50 and lactol 2.29 proceeded smoothly under a variety of acidic conditions. When the reaction
was carried out in the presence of 3 equivalents of chloroacetic acid in benzene at 40 °C, an 80%
yield of diastereomeric indoline products 2.51 and 2.52 was obtained (d.r.=2.4:1).* The isomers
were easily separable using conventional flash column chromatography on silica gel. The major
isomer 2.51 was treated with Pd(OH), and 1,4-cyclohexadiene in EtOH to remove the auxiliary
and deliver optically enriched indoline 2.30.*° The ee of 2.30 was found to be 97%,** thus
demonstrating that our methodology can be utilized to access enantioenriched products. The

32¢

absolute configuration of 2.30 was determined based on correlation to known data,” and was

found to be as depicted in Figure 2.4.
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2.29 Me, Me,
_NH, CIACOH o o
N (3 equiv) . +
' R N H N H
Me™ b:r?zecne
Me' Me'
O (80% yield ' '
dr.=2.4:1)
2.50 2.51 2.52

Me
Pd(OH), Me,
o o 1,4-cyclohexadiene ~
N H EEEEEEE— - 0 97%ee

\ O EtOH, 80 °C N '»H
Me' (80% yield)
(+)-2.30
2.51

Figure 2.4. Synthesis of enantioenriched 2.30.

2.7. Conclusions

In summary, we have developed an efficient method to access the fused indoline ring
systems present in a variety of natural products. Our interrupted Fischer indolization strategy
involves the condensation of readily available hydrazines with latent aldehydes to deliver
indoline-containing products by way of a tandem [3,3]-sigmatropic rearrangement / cyclization
cascade sequence. The method is convergent, mild, operationally simple, broad in scope, and can
be used to access enantioenriched products. In addition, our approach is amenable to the
synthesis of furoindoline and pyrrolidinoindoline natural products as demonstrated by the
concise formal total syntheses of physovenine and debromoflustramine B. We expect that the
interrupted Fischer indolization strategy will enable the synthesis of more complex targets such
as the communesins and akuammiline alkaloids. Such studies in the realm of natural product

synthesis are currently underway in our laboratory.
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2.8 Experimental Section
2.8.1 Materials and Methods

Unless stated otherwise, reactions were conducted in flame-dried glassware under an
atmosphere of nitrogen using anhydrous solvents (either freshly distilled or passed through
activated alumina columns). All commercially available reagents were used as received unless
otherwise specified. a-Methyl-y-butyrolactone, y-butyrolactone, and a-methyl-y-valerolactone
were obtained from VWR (manufactured by TCI). 2-Piperidinone, 2-pyrrolidinone, o-
tolylhydrazine hydrochloride, p-tolylhydrazine hydrochloride, and 4-chlorophenylhydrazine
hydrochloride were obtained from VWR (manufactured by Alfa-Aesar). Sodium #-butoxide and
m-tolylhydrazine hydrochloride were obtained from VWR (manufactured by Acros Organics).
37% concentrated hydrochloric acid was obtained from VWR (manufactured by EMD). Acetic
acid was also obtained from VWR. 2-Chlorophenylhydrazine was obtained from Oakwood. p-
Methoxyphenylhydrazine  hydrochloride,  ethyl  2-phenylacetate,  2-methyl-2-butene,
diisobutylaluminium hydride, lithium aluminum hydride, Red-Al, sodium hydride, methyl iodide
(Mel), n-butyllithium, LHMDS, NaHMDS, chloroacetic acid, 1,4-cyclohexadiene, palladium
hydroxide (20% wt on carbon), and methyl chloroformate were obtained from Sigma-Aldrich.
Palladium acetate and racemic BINAP were obtained from Strem Chemicals. Bromobenzene and
sodium nitrite were obtained from Fisher. (S)-1-(Naphthyl)ethylamine and (R)-bi-2-naphthol
were obtained from TCI America. Grubbs’ second generation catalyst was obtained from
Materia. Methyl iodide and allyl bromide were passed over basic Brockman Grade I 58 A
activated alumina prior to use. Diisopropylamine was distilled over CaH, prior to use. Chiral
phosphoric acid 2.46 was prepared according to a known method."” Reaction temperatures were

controlled using an IKAmag temperature modulator, and unless stated otherwise, reactions were
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performed at room temperature (rt, approximately 23 °C). Thin-layer chromatography (TLC)
was conducted with EMD gel 60 F254 pre-coated plates (0.25 mm) and visualized using a
combination of UV, anisaldehyde, iodine, and potassium permanganate staining. EMD silica gel
60 (particle size 0.040-0.063 mm) was used for flash column chromatography. 'H NMR spectra
were recorded on Bruker spectrometers (at 300 MHz, 400 MHz, or 500 MHz) and are reported
relative to deuterated solvent signals. Data for "H NMR spectra are reported as follows: chemical
shift (& ppm), multiplicity, coupling constant (Hz) and integration. C NMR spectra are reported
in terms of chemical shift. For mixtures of diastereomers, the major diastereomer is reported with
the minor diastereomer in parentheses for both 'H NMR and "C NMR spectra. IR spectra were
recorded on a Perkin-Elmer 100 spectrometer and are reported in terms of frequency absorption
(cm™). High resolution mass spectra were obtained from the UC Irvine Mass Spectrometry
Facility. Determination of enantiopurity was carried out on a Mettler Toledo SFC (supercritical

fluid chromatography) using a Chiral AS-H column.
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2.8.2 Experimental Procedures

A. Synthesis of Lactols

Me Me
LD Treoma w0l
—>
0 o —-78 °C, CH,Cl, HO o
2.52 (80% yield) 2.29

Lactol 2.29. Lactol 2.29 was prepared following a known procedure, with minor modifications.*
Diisobutylaluminum hydride (1.0 M solution in hexanes, 33 mL, 33 mmol) was added dropwise
over 30 min via syringe pump to a solution of a-methyl-y-butyrolactone 2.52 (2.83 mL, 29.97
mmol, 1 equiv) in CH,Cl, (36 mL) at —78 °C. The resulting solution was stirred at —78 °C for 0.5
h, and then quenched at —78 °C with EtOAc. The reaction was warmed to 23 °C, and then poured
into a solution of sat. aq. Na—K tartrate (150 mL). The resulting mixture was vigorously stirred
until both the aqueous and organic layers were clear (2 h). The layers were separated, and the
aqueous layer was extracted with CH,Cl, (4 x 100 mL). The combined organic layers were dried
over MgSO, and concentrated under reduced pressure to afford the crude product. Purification
by flash chromatography (2:1 Et,O:hexanes) produced lactol 2.29 (2.45 g, 80% yield, 67:33
mixture of diastereomers) as a yellow oil. R,0.5 (2:1 Et,O:hexanes); '"H NMR (500 MHz, CDCl,.
): 8 5.11 (5.27) (dd, J =20, 1.0, 1H), 4.05 (4.10) (ddd, J = 8.5, 8.5, 2.5, 1H), 3.97 (3.82) (ddd, J
= 8.0, 8.0, 2.5, 1H), 2.55 (2.37) (d, J = 3.5, 1H), 2.18-2.27 (1.98-2.03) (m, 2H), 1.51-1.56
(1.72-1.77) (m, 1H), 1.04 (1.10) (d, J = 7.0, 3H). Spectral data match those previously

reported.*”
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AN
L) oA >
0, LDA, THF o,
(88% yield)
2.53 2.54

Lactone 2.54. Lactone 2.54 was prepared following a known procedure, with minor
modifications.* To a stirred solution of diisopropylamine (1.65 mL, 11.6 mmol) in THF (23 mL)
at 0 °C, n-BuLi was added dropwise over 5 min (2.43 M in hexanes, 4.80 mL, 11.6 mmol). The
resulting solution was cooled to =78 °C for 0.5 h. y-butyrolactone 2.53 (0.893 mL, 1 g, 11.6
mmol) was added dropwise over 2 min at —78 °C, and the resulting solution was stirred for 1 h.
Allyl bromide (1.01 mL, 11.6 mmol) was added dropwise over 2 min, and the resulting mixture
was stirred for 1 h at —78 °C. The reaction was warmed to —15 °C and quenched with a solution
of sat. ag. NaHCO, (10 mL). The reaction was then warmed to 23 °C and diluted with Et,O (50
mL). The layers were separated and the aqueous layer was extracted with Et,O (3 x 50 mL). The
combined organic layers were dried over Na,SO,. Evaporation of the solvent under reduced
pressure afforded the crude lactone 2.54 (1.29 g, 88% yield), which was used in the subsequent
step without further purification. R, 0.3 (1:1 EtOAc:hexanes); '"H NMR (400 MHz, CDCl,); 5.77
(ddt,J=16.8,10.0, 6.8, 1H), 5.09-5.21 (m, 2H), 4.40 (ddd, J = 8.8, 8.8,3.2, 1H), 4.20 (ddd, J =
9.2,9.2,6.8, 1H), 2.58-2.69 (m, 2H), 2.30-2.40 (m, 1H), 2.26-2.31 (m, 1H), 1.97-2.03 (m, 1H).

Spectral data match those previously reported.*
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OEt

o
@ & <0Et OEt  CF,CO,H, CHCI, OEt
OEt OBt — 3

2.56 H,0 |

KHMDS, DMF OEt
rt to 45 °C (70% yield, 2 steps)

2.55 2.57 2.58

Aldehyde 2.58. Aldehyde 2.58 was prepared following a known procedure, with minor
modifications.” To a solution of KHMDS (0.5 M in toluene, 33.0 mL, 16.5 mmol) in DMF (40
mL) was added a solution of ethyl 2-phenylacetate 2.55 (2.4 mL, 15 mmol) in DMF (10 mL) at
23 °C. The resulting solution was stirred for 10 min, and then bromoacetaldehyde diethylacetal
2.56 (2.53 mL, 16.5 mmol) was added dropwise over 3 min. After 10 min, the reaction was
heated to 45 °C for 3 h. The reaction was then cooled to 0 °C and quenched with a solution of sat.
aq. NH,CI (5 mL). The reaction was diluted with water (45 mL), and extracted with hexanes (3 x
50 mL). The combined organic layers were washed with water (3 x 25 mL) and dried over Na-
,SO,. Evaporation of the solvent under reduced pressure afforded crude ester 2.57, which was

used in the subsequent step without further purification.

Ester 2.57 was suspended in water (7.5 mL) and cooled to 0 °C. A 1:1 mixture of
trifluoroacetic acid and chloroform (90 mL) was added and the resulting solution was stirred for
2 h. The reaction was then quenched with a solution of 1 M aqueous potassium carbonate (110
mL). Solid potassium carbonate was added until the pH of the solution was 10. The solution was
diluted with CH,Cl, (200 mL) and the layers were separated. The aqueous layer was extracted
with CH,Cl, (3 x 50 mL) and dried over Na,SO,. Purification by flash chromatography (4:1
Petroleum Ether:EtOAc) provided aldehyde 2.58 (2.16 g, 70% yield) as a yellow oil. R,0.05 (1:3

EtOAc:hexanes); '"H NMR (400 MHz, CDCl,): & 9.78 (s, 1H), 7.25-7.35 (m, 5H), 4.07-4.20 (m,
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3H),3.39 (dd, /=184, 10.8, 1H), 2.80 (dd, J = 18.4,4.7, 1H), 1.20 (t, J = 7.2, 3H). Spectral data

match those previously reported.”

(o}
OEt i-BusAlH
—_—
| CH,Cl,, =78 °C HO o
o (73% yield)
2.58 2.59

Lactol 2.59. Lactol 2.59 was prepared using the general procedure described by Schmitt et al.**

Diisobutylaluminum hydride (1.0 M in hexanes, 3.64 mL, 3.64 mmol) was added dropwise over
10 min to a solution of ester 2.58 (300 mg, 1.45 mmol) in CH,Cl, (30 mL) at —78 °C. The
resulting solution was stirred at —78 °C for 30 min, and then quenched at —78 °C with EtOAc (3
mL). The reaction was warmed to 23 °C, and then poured into a solution of sat. aq. Na—K tartrate
salt (50 mL). The resulting mixture was vigorously stirred until both the aqueous and organic
layers were clear (2 h). The layers were separated, and the aqueous layer was extracted with CH-
,Cl, (3 x 100 mL). The combined organic layers were dried over Na,SO,. Evaporation of the
solvent under reduced pressure afforded the crude product. Purification by flash chromatography
(1:1 hexanes:EtOAc) provided lactol 2.59 (174 mg, 73% yield, 80:20 mixture of diastereomers)
as a faint yellow oil. R, 0.5 (1:1 EtOAc:hexanes); '"H NMR (400 MHz, CDCl,): § 7.22-7.36
(7.22-7.36) (m, 5H), 5.45 (5.51) (t,J = 2.8, 1H), 4.19 (4.01) (ddd, J =84, 7.2,1.2, 1H), 4.13
(4.29) (ddd, J = 12.8, 8.4, 4.8, 1H), 3.34 (3.34) (ddd, J = 8.0, 6 4, 2.0, 1H), 2.97 (297) (d, J =
3.2, 1H), 2.45-2.59 (2.45-2.59) (m, 1H), 1.99-2.01 (2.02-2.04) (m, 1H). Spectral data match

those previously reported.”’
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Mel, HMPA Me
(46% yield)
2.60 2.61

Lactone 2.61. Lactone 2.61 was prepared following a known procedure, with minor
modifications.” To a stirred solution of diisopropylamine (1.72 mL, 12.2 mmol) in THF (23 mL)
at 0 °C, a solution of n-BuLi in hexanes (2.74 M, 7 mL, 12.2 mmol) was added dropwise over 5
min. The resulting solution was cooled to —78 °C for 1.5 h. A solution of d-valerolactone 2.60
(1.0 g, 10 mmol), HMPA (2.18 g, 12.2 mmol), and THF (11 mL) was added dropwise over 3 min
at —78 °C, and the resulting solution was stirred for 1 h. Methyl iodide (1.48 g, 10.5 mmol) was
added dropwise over 2 min, and the resulting mixture was stirred for 2 h at —78 °C. The reaction
was quenched with solution of sat. aq. NH,CI solution (5 mL). The reaction was diluted with
Et,O (50 mL), and the layers were separated. The aqueous layer was extracted with Et,O (4 x 50
mL). The combined organic layers were dried over Na,SO,. Evaporation of the solvent under
reduced pressure afforded the crude product. Purification by flash chromatography (1:1 Et-
OAc:hexanes) produced lactone 2.61 (528 mg, 46% yield).R;0.5 (1:1 EtOAc:hexanes); '"H NMR
(400 MHz, CDCl,): 8§ 4.32 (m, 2H), 2.53-2.62 (m, 1H), 2.11 (ddd,J=11.2,6.8, 4.4, 1H), 1.83—
1.96 (m, 2H), 1.41-1.57 (m, 1H), 1.26 (d, J = 7.2, 3H). Spectral data match those previously

reported.”
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Mej:j i-BuAlH Merj
0% o 78 °C, CH,Cl, HO” Yo
2.61 (95% yield) 2.62
Lactol 2.62. Lactol 2.62 was prepared following the general procedure described by Schmitt et
al.*®® A solution of diisobutylaluminum hydride (1.0 M in hexanes, 5.1 mL, 5.1 mmol) was added
dropwise over 7 min to a solution of a-methyl-d-valerolactone 2.61 (528 mg, 4.59 mmol) in
CH,CI, (15 mL) at —78 °C. The resulting solution was stirred at =78 °C for 30 min, and then
quenched with EtOAc (2 mL). The reaction was warmed to 23 °C, and then poured into a
solution of sat. aq. Na—K tartrate (125 mL). The resulting mixture was vigorously stirred until
both the aqueous and organic layers were clear (2 h). The layers were separated, and the aqueous
layer was extracted with CH,Cl, (4 x 100 mL). The combined organic layers were dried over
Na,SO,. Evaporation of the solvent under reduced pressure afforded the crude product.
Purification by flash chromatography (2:1 Et,O:hexanes) afforded lactol 2.62 (510 mg, 95%
yield, 67:33 mixture of diasteromers).R;0.3 (2:1 Et,O:hexanes); '"H NMR (300 MHz, CDCl,): §
4.33(4.99) (d,J =175, 1H), 3.904.04 (3.89-3.95) (m, 1H), 3.51 (3.58) (ddd, J=12.0,10.2,3.1,
1H), 2.72 (2.37) (d,J = 3.3, 1H), 1.79-1.87 (1.79-1.87) (m, 1H) 1.42-1.63 (1.42-1.63) (m, 2H),

1.18-1.28 (1.18-1.28) (m, 2H), 0.98 (0.92) (d, J = 6.6, 3H). Spectral data match those previously

reported.”
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B. Synthesis of Hemiminals

n-BulLi
N TsCl, THF
o” j -78°C o7 N
2.63 (70% yield) 2.64

Ts-Lactam 2.64. Ts-lactam 2.64 was prepared following the general procedure described by
Dake et al.”* To a solution of 2-pyrrolidinone 2.63 (3.0 mL, 38.9 mmol) in THF (50 mL) at —78
°C, n-BuLi (2.55 M in hexanes, 16.0 mL, 41.0 mmol) was added dropwise over 6 min. The
reaction was stirred at —78 °C for 1.5 h, then a solution of TsClI (7.95 g, 40.88 mmol) in THF (25
mL), was added dropwise over 20 min. The bath was removed after 20 min, and warmed to 23
°C over 1 h, and then quenched with sat. aq. NH,Cl (30 mL). The layers were separated and the
aqueous portion was extracted with EtOAc (3 x 30 mL). The combined organic layers were
washed with brine (30 mL), dried over MgSO,, and evaporated under reduced pressure. The
resulting yellow solid was recrystallized from hexanes (50 mL) to afford Ts-Lactam 2.64 (6.55 g,
70% yield) as a white amorphous solid. R;0.2 (2:1 hexanes:EtOAc); '"H NMR (500 MHz, CDCl,.
):0792(d,J=85,2H),7.33(d,J=8.0,2H),3.89 (t,J=7.0,2H), 2.43 (s, 3H) 2.42 (t,J = 8.0,

2H), 2.07 (p, J = 7.0, 2H). Data match those previously reported.”

Me

NaHMDS
JOIE -
7N Mel, THF 7N
Ts -78 °C Ts
264 (64% yield) 2.65

Methylated Lactam 2.65. Methylated lactam 2.65 was prepared following a known procedure
with slight modifications.® To a solution of Ts-lactam 2.64 (6.57 g, 27.4 mmol) in THF (135
mL) at =78 °C, NaHMDS (1.0 M in hexanes, 29 mL, 29 mmol) was added dropwise over 10

min. Following addition, the reaction mixture was stirred for 1 h, then methyl iodide (2.56 mL,
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41.1 mmol) was added dropwise over 2 min. After 1.5 h, the reaction was quenched with a
solution of sat. aq. NH,CI (100 mL) at —78 °C, and warmed to 23 °C. The layers were separated
and the resulting aqueous layer was extracted with EtOAc (4 x 100 mL). The combined organic
layers were washed with brine (100 mL), dried over MgSO,, and evaporated under reduced
pressure. The resulting residue was purified by flash chromatography (4:1 — 2:1
hexanes:EtOAc) affording methylated lactam 2.65 as a white amorphous powder (4.44 g, 64%
yield). R;0.5 (2:1 hexanes:EtOAc); "H NMR (500 MHz, CDCl,): 6 7.92 (d, J = 8.0, 2H), 7.33 (d,
J=28.0,2H),3.95 (ddd, J =95, 85,25, 1H), 3.68 (ddd, J = 100, 9.5, 7.0, 1H), 2.26-2.50 (m,
1H), 2.43 (s, 3H), 2.22-2.28 (m, 1H), 1.66-1.74 (m, 1H), 1.14 (d, J = 7.0, 3H). Spectral data

match those previously reported.”

Me
Me p Bu,AlH D
— >
CH,Cl,, —78 °C N
N HO
o Ts Ts
(96% yield)
2.65 2.31

Hemiaminal 2.31. Hemiaminal 2.31 was prepared following the general procedure by Schmitt et
al.*® To a solution of methylated lactam 2.65 (1.28 g, 5.06 mmol) in CH,Cl, (17 mL) at —78 °C, i-
Bu,AIH (1.0 M in hexanes, 15.2 mL, 15.2 mmol) was added dropwise over 5 min. After stirring
for 1 h, the reaction mixture was quenched with a solution of sat. aq. NH,CI (50 mL) at —78 °C.
The mixture was warmed to 23 °C and transferred to a 500 mL Erlenmeyer flask, with sat. aq.
Na—K tartrate (100 mL) and EtOAc (50 mL). The reaction mixture was then stirred for 1 h at 23
°C. The layers were separated, and the aqueous layer was extracted with EtOAc (3 x 50 mL).
The combined organic layers were washed with brine (50 mL), dried over MgSO,, and
evaporated under reduced pressure. The resulting residue was purified by flash chromatography

(2:1:1 hexanes:CH,Cl,:Et,0) to provide hemiaminal 2.31 (1.23 g, 96% yield, 65:35 mixture of
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diastereomers) as a clear viscous oil. R, 0.2 (8:1:1 hexanes:Et,0:CH,Cl,); 'H NMR (500 MHz,
CDCLy): 0 7.74 (7.74) (d, J = 8.0, 2H), 7.32 (7.31) (d, J = 8.0, 2H), 4.97 (§.22) (t, J = 2.5, 1H),
3.49-3.56 (3.49-3.56) (m, 1H), 3.22 (3.03) (ddd, J =9.5,9.5,7.0, 1H), 3.11 (2.83) (d, J = 2.5,
1H), 2.43 (242) (s, 3H), 2.14-2.21 (2.14-2.21) (m, 1H), 1.80-1.87 (1.80-1.87) (m, 1H), 1.36—
1.42 (1.36-1.42) (m, 1H), 0.71 (1.04) (d, J = 7.0, 3H); "C NMR (125 MHz, CDCL,): § 143.7
(143.5), 135.5 (135.8), 129.7 (129.7), 127.2, (127.1), 84.8 (90.0), 46.7 (46.0), 40.6 (39.2), 30.3
(30.0), 21.5 (21.5), 15.8 (12.8); IR (film): 3491, 2970, 2879, 1598, 1335, 1161 cm™'; HRMS-ESI

(m/z) [M + Na]" caled for C,H,;NO,SNa, 278.0827; found, 278.0818.

LHMDS N
-_———
o .’I‘_'s A N

45% vyiel
2.64 (45% yleld) 2.66

Allylated pyrrolidinone 2.66. To a solution of hexamethyldisilazane (2.58 mL, 12.4 mmol) in
THF (12 mL) at O °C, n-BuLi (2.38 M in hexanes, 5.2 mL, 12.4 mmol) was added dropwise over
5 min and stirred for 40 min. The resulting mixture was then added dropwise over 10 min to a
solution of 2.64 (2.83 g, 11.8 mmol) in anhydrous THF (40 mL) at —78 °C. The reaction stirred
for 1 h 10 min, then allyl bromide (1.03 mL, 11.8 mmol) was added dropwise over 2 min. The
reaction was warmed to 23 °C over 1 h, and quenched with sat. aq. NH,Cl (50 mL). The layers
were separated, and the aqueous layer was extracted with EtOAc (3 x 50 mL). The combined
organic layers were washed with brine (50 mL), dried over MgSO,, and concentrated in vacuo.
The crude residue was purified by flash chromatography (5:1 — 2:1 hexanes:EtOAc) to afford
allylated pyrrolidinone 2.66 (1.49 g, 45% yield) as a white amorphous solid. R, 0.4 (3:1
hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): § 7.91 (d,J = 8.5, 2H), 7.32 (d, J = 8.5, 2H), 5.62

(ddt,J=16.0,10.0,7.0,1H),5.03 (dd, /=160, 1.0, 1H), 5.00 (dd,J=7.0,2.0, 1H), 3.92 (ddd, J
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=10.0, 9.0, 3.0 1H), 3.69 (ddd, J = 10.0,9.0, 7.5, 1H), 2.44-2.50 (m, 2H), 2.43 (s, 3H), 2.16—
2.22 (m, 1H), 2.09-2.14 (m, 1H), 1.77 (ddd, J = 13.0, 9.0, 9.0, 1H); "C NMR (125 MHz,
CDCl,): 6 174.8,145.4,135.3,134.3,129.8, 128.2, 117.9,45.6,42.9, 34.5,24.3,21.9; IR (neat):
3084, 2890, 1726, 1596, 1354, 1114 cm™; HRMS-ESI (m/z) [M + Na]* caled for C,,H,;,NO,SNa,

302.0827; found, 302.0832.

AN X
—_—
CH,Cl,, -78 °C
N 2v12; N
0" Ts ) HO Ts
(92% yield)

Hemiaminal 2.67. To a solution of lactam 2.66 (1.38 g, 4.93 mmol) in CH,Cl, (16 mL) at —78
°C, i-Bu,AlH (1.0 M in hexanes, 14.8 mL, 14.8 mmol) was added dropwise over 8 min. After
stirring for 1 h, the reaction was quenched with a solution of sat. aq. NH,CI (50 mL) at —78 °C.
The mixture was warmed to 23 °C and transferred to a 500 mL Erlenmeyer flask with sat. aq.
Na—K tartrate (100 mL) and EtOAc (50 mL). The reaction mixture was then stirred for 1 h at 23
°C. The layers were separated, and the aqueous layer was extracted with EtOAc (3 x 50 mL).
The combined organic layers were washed with brine (50 mL), dried over MgSO,, and
evaporated under reduced pressure. The resulting residue was purified by flash chromatography
(2:1:1 hexanes:CH,Cl,:Et,0) to provide hemiaminal 2.67 (1.28 g, 92% yield, 65:35 mixture of
diastereomers) as a clear viscous oil. R;0.1 (4:1:1 hexanes:Et,0:CH,Cl,); 'H NMR (500 MHz,
CDCly); & 7.71-7.75 (7.71-7.75) (m, 2H), 7.28-7.33 (7.28-7.33) (m, 2H), 5.59 (5.74) (ddt, J =
17.0,10.0,7.0, 1H), 5.07 (5.30) (t,J =2.0, 1H), 4.96 (4.96) (t,J =9.5, 1H), 4.81 (5.02) (dd, J =
17.0, 1.5, 1H), 3.48-3.53 (3.48-3.53) (m, 1H), 3.41 (3.23) (s, 1H), 3.28 (3.07) (d, J = 2.5, 1H)
3.18 (3.02) (td, J =9.5,7.0, 1H), 2.42 (2.41) (s, 3H), 2.13-2.18 (2.13-2.18) (m, 1H) 2.08-2.30

(2.08-2.30) (m, 1H) 1.62-1.68 (1.73—-1.81) (m, 1H), 1.44-1.50 (1.44-1.50) (m, 1H); "C NMR
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(125 MHz, CDCl,): 6 143.9 (143.7), 136.5 (136.0), 135.9 (135.5), 130.0 (130.0), 127.3 (127.3),
117.1 (116.4), 88.2 (83.9), 46.7 (46.3), 45.8 (44.7), 34.9 (32.8), 28.6 (28.05), 21.7 (21.7); IR
(film): 3488, 2950, 1598, 1331, 1158 cm™'; HRMS-ESI (mm/z) [M + Na]* calcd for C,,H,,NO;SNa,

304.0983; found, 304.0984.

n-BuLi
TsCl, THF, -78 °C

(67% yield) N
0 H o Ts
2.68 2.69

Ts-Lactam 2.69. Ts-pyrrolidinone 2.69 was prepared using the general procedure described by
Dake et al.>* To a solution of pyrrolidinone 2.68 (385 mg, 2.39 mmol) in THF (12 mL) at 78 °C,
n-BuLi was added dropwise over 2 min. The reaction was stirred at —78 °C for 50 min, then a
solution of TsCl (478 mg, 2.507 mmol) in THF (2 mL) was added dropwise over 2 min. The
reaction mixture was stirred for 1 h 15 min, then quenched with sat. aq. NH,CI (20 mL) at —78
°C and warmed to 23 °C. The layers were separated and the resulting aqueous layer was
extracted with EtOAc (3 x 15 mL). The combined organic layers were washed with brine (20
mL), dried over MgSO,, and then concentrated in vacuo. The resulting crude product was
purified by flash chromatography (6:1 — 5:1 hexanes:EtOAc) affording Ts-lactam 2.69 (506 mg,
67% yield) as a white amorphous powder. R, 0.5 (3:1 hexanes:EtOAc); 'H NMR (500 MHz,
CDClLy): 60 795 (d, J =7.0,2H), 7.35 (d, J = 6.5, 2H), 7.23-7.30 (m, 3H), 7.09-7.11 (m, 2H),
4.07 (ddd, J =8.0,3.5,3.5, 1H), 3.84 (ddd, J =75,7.0, 1.5 1H), 3.67 (t,J = 9.5, 1H), 2.49-2.52
(m, 1H), 2.44 (s, 3H), 2.19-2.27 (m, 1H); "C NMR (125 MHz, CDCL,): § 173.5, 145.5, 137.0,

1352, 1299, 129.0, 128 4, 128.0, 127.8, 49.3, 45.5, 27.8, 21.9; IR (neat): 3707, 3681, 2973,
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2023, 2865, 2826, 1734, 1346, 1032 cm™; HRMS-ESI (m/z) [M + Na]* caled for C,;H,;NO,SNa,

338.0827; found, 338.0821.

i-BuyAlH
CH,Cl,, -78 °C
(89% yield) N
o "I\!s HO Ts
2.69 2.70

Hemiaminal 2.70. Hemiaminal 2.70 was prepared following the general procedure described by
Schmitt et al.** To a solution of Ts-lactam 2.69 (428 mg, 1.36 mmol) in anhydrous CH,CI, (12
mL) at —78 °C, i-Bu,AlH (1.0 M in hexanes, 4 mL, 4.07 mmol) was added dropwise over 2 min.
After stirring for 1 h 20 min, the reaction mixture was quenched with sat. aq. NH,Cl (25 mL) at —
78 °C. The mixture was warmed to 23 °C and transferred to a 250 mL Erlenmeyer flask, with
EtOAc (30 mL), and sat. aq. Na—K tartrate (50 mL). The resulting mixture was stirred vigorously
for 20 min. The layers were separated and the aqueous layer was extracted with EtOAc (2 x 20
mL). The combined organic layers were washed with water (20 mL), brine (20 mL), dried over
MgSO,, and concentrated in vacuo. The resulting crude product was purified by flash
chromatography (2:1:1 hexanes:Et,0:CH,Cl,) affording hemiaminal 2.70 (382 mg, 89% yield,
67:33 mixture of diastereomers) as a clear viscous oil. R; 0.2 (6:1:1 hexanes:Et,0:CH,Cl,); 'H
NMR (500 MHz, CDCl,): 8 7.73 (7.85) (d, J = 8.5, 2H), 7.30-7.45 (7.30-7.45) (m, 4H), 7.16—
7.25 (7.16-7.25) (m, 2H), 7.00-7.19 (m, 1H), 544 (5.58) (t, J = 2.5, 1H), 3.68 (3.68) (td, J =
10.0, 7.0, 1H), 3.47-3.55 (3.30-3.35) (m, 1H), 3.43 (2.71) (d,J = 2.0, 1H), 3.34 (3.11) (ddd, J =
7.0,7.0,4.0, 1H),2.45 (2.44) (s, 3H),2.37 (2.52) (ddd,J=7.0,6.5,5.0, 1H), 1.89 (2.21) (td, J =
7.5,7.5, 1H); "C NMR (125 MHz, CDCL,): & 144.0 (143.9), 139.9 (136.7), 136.2 (136.0), 130.0

(130.0), 128.9 (128.8), 128.6 (127.6), 127.5 (127.3), 127.3 (127.2), 90.0 (84 .4), 51.8 (50.2), 46.9
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(46.5),30.5 (27.6), 21.8 (21.8); IR (film): 3482, 2889, 2254, 1598, 1333, 1155 cm™'; HRMS-ESI

(m/z) [M + NaJ* caled for C,,H,,NO,SNa, 340.0983; found, 340.0984.

/‘:j n-BuLi Ij
—_—
o TsCl, THF, —78 °C

H o7y
(64% yield) s

271 272
Ts-lactam 2.72. Ts-lactam 2.72 was prepared using a known procedure with minor
modifications.” To a solution of piperidinone 2.71 (2.73 g, 27.5 mmol) in anhydrous THF (35
mL) at —78 °C, n-BuLi (2.59 M in hexanes, 11.2 mL, 28.9 mmol) was added dropwise over 4
min. The reaction was stirred at —78 °C for 1 h, then a solution of TsCI (5.51 g, 28.9 mmol) in
THF (30 mL) was added dropwise over 18 min. The bath was then removed and the reaction was
warmed to 23 °C. After 1 h 30 min, the reaction was quenched with sat. aq. NH,CI (50 mL). The
layers were separated and the aqueous layer was extracted with EtOAc (3 x 30 mL). The
combined organic layers were washed with brine (30 mL), dried over MgSO,, and concentrated
in vacuo. The resulting crude product was purified by recrystallization (75:10 hexanes:EtOAc) to
afford Ts-lactam 2.72 (4.46 g, 64% yield) as a white crystalline solid. R; 0.4 (2:1 hexanes:
EtOAc); 'H NMR (500 MHz, CDCl,): 6 7.91 (d, J = 8.5, 2H), 7.31 (d, J = 8.0, 2H), 3.91 (t, J =
6.0,2H), 242 (s, 3H), 2.41 (t, J =7.0,2H), 1.88-1.93 (m, 2H), 1.75-1.80 (m, 2H). Spectral data

match those previously reported.”’
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LA
o N Mel, THF, -78 °C

[0} N
Ts Ts
(60% yield)
272 2.73

Methylated Lactam 2.73. Methylated lactam 2.73 was prepared following the general procedure
described by Padwa et al.’® To a solution of lactam 2.72 (2.01 g, 7.93 mmol) in THF (40 mL) at —
78 °C, LHMDS (1.0 M in hexanes, 8.33 mL, 8.33 mmol) was added dropwise over 5 min and
was stirred for 55 min. Methyl iodide (0.47 mL, 7.53 mmol) was added dropwise over 1 min, and
the reaction was allowed to warm to 23 °C. After 1 h the reaction was quenched with sat. aq.
NH,Cl (30 mL). The layers were separated, and the resulting aqueous layer extracted with
EtOAc (3 x 30 mL). The combined organic layers were then washed with brine (20 mL), dried
over MgSQO,, and concentrated in vacuo. The resulting crude product was purified by flash
chromatography (6:1:1 — 3:1:1 hexanes:Et,0:CH,Cl,) to afford methylated lactam 2.73 (1.27 g,
60% yield) as a white amorphous solid. R;0.4 (3:1 hexanes:EtOAc); '"H NMR (300 MHz, CDCl,)
0790 (d,J=84,2H),7.30 (d,J =8.4,2H), 3.854.02 (m, 2H), 2.42 (s, 3H), 2.36-2.49 (m, 1H),
1.80-2.03 (m, 3H), 1.40-1.57 (m, 1H), 1.14 (d, J = 6.9, 3H); "C NMR (125 MHz, CDCL,): §
173.7,144.4,136.2,129.2, 128.4,46.7, 38.5,28.4,22.4,21.6, 16.3; IR (neat): 2873, 1688, 1597,
1349, 1164 cm'; HRMS-ESI (m/z) [M + Na]" caled for C,;H,NO,SNa, 290.0827; found,

290.0823.

M M
ej:j e e Ij
—_—
CH,Cl,, 78 °C

(o} N HO N
Ts Ts
(84% vyield)
2.73 2.74

Hemiaminal 2.74. To a solution of methylated lactam 2.73 (1.22 g, 4.56 mmol) in anhydrous

CH,CI, (15 mL) at -78 °C, i-Bu,AIH (1.0 M in hexanes, 13.7 mL, 13.7 mmol) was added
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dropwise over 5 min. After stirring for 40 min, the reaction mixture was quenched with sat. aq.
NH,CI (50 mL) at —78 °C. The mixture was warmed to 23 °C, and transferred to a 250 mL
Erlenmeyer flask with EtOAc (50 mL) and sat. aq. Na—K tartrate (50 mL). The reaction mixture
was stirred vigorously for 1 h. The layers were separated and the aqueous layer was extracted
with EtOAc (3 x 30 mL). The combined organic layers were washed with brine (30 mL), dried
over MgSQO,, and concentrated in vacuo. The resulting crude product was purified by flash
chromatography (2:1:1 hexanes:Et,0:CH,Cl,) affording hemiaminal 2.74 (1.03 g, 84% yield,
82:18 mixture of diastereomers). R; 0.1 (4:1:1 hexanes:Et,0:CH,Cl,); 'H NMR (500 MHz,
CDCly): 8 7.73 (7.73) (d, J = 8.0, 2H), 7.17 (7.17) (d, J = 8.0, 2H), 5.32 (5.15) (t, J = 3.0, 1H),
3.50-3.57 (3.50-3.57) (m, 1H), 2.99 (3.11) (ddd, J = 12.5, 12.5, 3.0, 1H), 2.42 (2.42) (s, 3H),
2.11 (2.16) (dd,J=4.0,1.0, 1H), 1.69-1.75 (1.69-1.75) (m, 2H), 1.55-1.63 (1.55-1.63) (m, 1H),
1.39-1.47 (1.39-1.47) (m, 2H), 0.94 (0.94) (d, J = 7.0, 3H); "C NMR (125 MHz, CDCL,): §
143.4 (143.2), 136.9 (135.1), 129.7 (129.7), 129.6 (129.5), 127.2 (127.1), 81.1 (79.8), 39.4
(43.2),26.3 (25.2),21.4 (23.2) 20.8 (20.8), 17.7 (17.7); IR (film): 3519, 3352, 1596, 1449, 1324,

1146 cm™; HRMS-ESI (m/z) [M + Na]* calcd for C;H,,NO,SNa, 292.0983; found, 292.0975.

Me 1. NaH, CICO,Me Me
THF, 0 °C
N Bu,AlH > N
2. i-Bu,,
0" H CH,Cl,, -78 °C HO"  cCo,me
2.75 (40% vyield, 2 steps) 2.76

Hemiaminal 2.76. To a suspension of NaH (73 mg, 3.03 mmol) in THF (5 mL) at 0 °C was
added a solution of known pyrrolidinone 2.75% (100 mg, 1.01 mmol) in THF (5 mL). Following
the addition, the reaction mixture was stirred for 30 min, then methyl chloroformate (156 uL,
2.02 mmol) was added over 30 sec and the reaction was warmed to 23 °C. After 10 min, the

reaction mixture was quenched with a solution of sat. aq. NH,CI (5 mL) and the layers were
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separated. The aqueous layer was extracted with Et,O (3 x 25 mL). The combined organic layers
were washed with brine (25 mL) and dried over Na,SO,. The solvent was removed under
reduced pressure to afford the crude product, which was used in the subsequent step without
further purification.

To a solution of the crude product in CH,Cl, (5 mL) at —78 °C was added i-Bu,AIH (1.0
M in hexanes, 1.1 mL) and the resulting mixture was stirred for 0.5 h. The reaction mixture was
quenched with EtOAc (0.1 mL) at — 78 °C, warmed to 23 °C, then transferred to a mixture of
Na—K tartrate (50 mL) and Et,O (25 mL). After stirring vigorously for 2.5 h, the reaction mixture
was extracted with Et,O (3 x 30 mL). The combined organic layers were washed with brine (2 x
50 mL), dried over Na,SO,, and evaporated to dryness. Purification by flash chromatography
(1:1:1 = 0:1:1 hexanes:CH,Cl,:Et,0) furnished hemiaminal 2.76 as a yellow oil (64 mg, 40%
yield, 2 steps, 59:41 mixture of diastereomers). R;0.2 (1:1 hexanes: Et,0); '"H NMR (500 MHz,
CDCI; @ 345K) 0 5.25 (5.25) (m, 1H), 5.01 (5.01) (s, 1H), 3.70 (3.70) (s, 3H), 3.52 (3.23) (t,J =
9.5, 1H), 3.34-3.45 (3.34-3.35) (m, 1H), 2.04-2.15 (1.71-1.79) (m, 1H), 2.04-2.15 (2.04-2.15)
(m, 1H), 1.84-1.89 (1.43-1.48) (m, 1H), 1.07 (1.04) (d, J = 6.0, 3H); "C NMR (125 MHz,
CD,CN @ 345K) 9 129.6 (129.6), 117.5 (117.5), 83.8 (88.9), 52.8 (52.9), 45.6 (46.4), 39.8
(41.9), 13.6 (17.1); IR (film): 3421, 2961, 2885, 1683, 1450, 1379, 1121 cm'; HRMS-ESI (m/z)

[M+Na]" calcd for C,H,;;NO;Na, 182.0793; found, 182.0789.
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C. Synthesis of Furoindolines

Me
Me
AcOH o
N,NH2 + —_—
H (o] 60°C,4.5h H H

(89% yield)
2.23 2.29 2.30

Representative Procedure (Reacting phenylhydrazine (2.23) with lactol 2.29 is used as an
example, Table 2.2, entry 1). Lactol 2.29 (126 mg, 1.22 mmol) was dissolved in a 1:1 mixture
of acetic acid and water (6 mL). Phenylhydrazine (2.23) (0.121 mL, 1.23 mmol) was added to
the resulting mixture. The reaction was heated to 60 °C for 4.5 h, then cooled to 23 °C, and
quenched with a solution of sat. aq. NaHCO; (15 mL). The resulting mixture was extracted with
EtOAc (3 x 15 mL). The combined organic layers were dried over MgSO,. Evaporation of the
solvent under reduced pressure afforded the crude product. Purification by flash chromatography
(7:1 hexanes:EtOAc) afforded indoline 2.30 (196 mg, 89% yield). R, 0.7 (1:1 EtOAc:hexanes);
'H NMR (300 MHz, CDCl,): 8 7.08 (d, J = 7.2, 1H), 7.05 (t,J = 7.5, 1H), 6.76 (t, J = 7.5, 1H),
6.59 (d,J=7.8, 1H), 5.28 (s, 1H), 3.96 (ddd, J =8.4,7.2, 1.8, 1H), 3.56 (ddd, J = 10.8, 8.4, 5.1,
1H),2.13 (ddd, J = 11.7,5.4, 1.5, 1H), 2.07 (ddd, J = 11.7, 7.2, 4.2, 1H), 1.47 (s, 3H). "C NMR
(125 MHz, CDCl,): 8 148.8, 133.9, 127.9, 122.9, 118.8, 108.8, 99.5, 67.3, 53.8, 41.4, 24.7; IR
(film): 2967, 2845, 1611, 1486, 1265, 1055 c¢cm'; HRMS-ESI (m/z) [M + H]" calcd for
C,;H,NO, 176.1075; found 176.1078.
Any modifications of the conditions shown in this representative procedure are specified in the

following schemes, which depict all of the condensation reactions

in Tables 2.2-2 4.
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Me
Me
AcOH o
NH, *+ — >
N o 60°C, 2.5h N H

Me HO Me

(70% yield)
2.26 2.29 2.28

Indoline 2.28 (Table 2.2, entry 2). Purification by flash chromatography (4:1 hexanes:EtOAc)
afforded indoline 2.28 as a orange oil (70% yield). R, 0.5 (3:1 hexanes:EtOAc); "H NMR (500
MHz, CDCL,): 6 7.10 (t,J =8.0, 1H),7.06 (d,J=7.5, 1H),6.69 (t,J =7.5, 1H), 6.38 (d, J = 8.0,
1H),5.09 (s, 1H),3.95 (ddd,J=7.5,7.5,1.5,1H),3.45 (ddd, J =8.5,6.0,2.5, 1H), 2.94 (s, 3H),
2.13-2.16 (m, 1H), 2.06 (ddd, J = 11.8, 7.5, 2.5, 1H), 1.48 (s, 3H). Spectral data match those

previously reported.”

Me
©\ Me AcOH:H,0 (1:1) ©f§:(‘)
NH, * — . >
N2 Io> 60°C, 4.5 h N H

Bn HO Bn

277 2.29 (59% yield) 2.78
Indoline 2.78 (Table 2.2, entry 3). Purification by flash chromatography (6:1 — 4:1
hexanes:EtOAc) afforded indoline 2.78 as a yellow oil (59% yield). R, 0.6 (6:1 hexanes:EtOAc);
'H NMR (500 MHz, CDCL,): 8 7.45-7.52 (m, 4H), 7.39 (t,J = 7.0, 1H), 7.23 (d, J = 6.5, 1H),
719 (t,J=7.5,1H), 6.86 (t,J=7.5,1H),6.49 (d,J =80, 1H), 5.35 (s, 1H),4.71 (d,J =160,
1H),4.66 (d,J =160, 1H),4.13 (t,J=7.5,1H),3.72 (ddd, J = 11.5,8.5,5.0, 1H), 2.33 (dd, J =
50, 20, 1H), 2.22 (ddd, J = 11.5, 7.5, 7.0, 1H), 1.64 (s, 3H). Spectral data match those

previously reported.”
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Me e,
Clm Ty 2o o
2.79k/ " 2.29 (60% viele) 2.:30\/
Indoline 2.80 (Table 2.2, entry 4). Purification by flash chromatography (10:1 hexanes:EtOAc)
furnished indoline 2.80 as a yellow oil (60% yield). R, 0.4 (4:1 hexanes:EtOAc); "H NMR (500
MHz, CDCl,) 6 7.07 (t, J = 5.0, 2H), 6.70 (t, J = 7.0, 1H), 6.39 (d, J = 8.0, 1H), 5.86-5.90 (m,
1H),5.27 (dd,J=17.5,1.5, 1H), 5.17-5.18 (m, 2H), 3.94-3.98 (m, 3H), 3.51 (ddd, J = 14.0, 9.0,
5.5, 1H), 2.15-2.18 (m, 1H), 2.04-2.09 (m, 1H), 1.48 (s, 3H); "C NMR (125 MHz, CDCl;) §
1495, 1343, 134.1, 127.8, 1225, 117.3, 116.3, 105.2, 103.6, 67.0, 52.2, 47.2, 41.8, 25.0; IR

(film): 3054, 2960, 2866, 1606, 1490, 1030, 1007 cm™'; HRMS-ESI (m/z) [M+H]" calcd for

C,,H,,NO, 216.1388; found, 216.1391.

Me Me,
e AcOH:H,0 (1:1) Me ]
_NHyHCcl * _—
N o 60°C,2h N H
H

H HO

2.81 2.29 (60% yield) 2.82
Indoline 2.82 (Table 2.3, entry 1). Purification by flash chromatography (3:1 hexanes:EtOAc)
afforded indoline 2.82 as a brown oil (60% yield). R; 0.3 (3:1 hexanes:EtOAc); '"H NMR (400
MHz, CDCl,): 6 6.90 (s, 1H), 6.86 (d, J = 8.0, 1H), 6.50 (d, J = 8.0, 1H), 5.26 (s, 1H), 4.50 (bs,
1H),3.94 (ddd, J =8.5,8.4,1.2,1H),3.56 (ddd, J=5.6,5.2,1.2, 1H), 2.27 (s, 3H), 2.16 (dd, J =
7.0, 4.0, 1H), 2.07 (ddd, J = 11.6, 11.2, 7.2, 1H), 1.46 (s, 3H); "C NMR (125 MHz, CDCl,): §
146.7, 1343, 1284, 128.3, 123.7, 108.3, 100.0, 67.4, 53.9, 41.5, 24.8, 20.8; IR (film): 3357,
2961, 2868, 1617, 1494, 1265 cm™'; HRMS-ESI (m/z) [M + H]" caled for C,,H,(NO, 190.1232;

found, 190.1226.
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Me ACOH: H20 @)
M n- WHzHel i 60 c 3h
e H HO o

(75% yield, 4:3)
2.83 2.29

Indolines 2.84 and 2.85 (Table 2.3, entry 2). Purification by flash chromatography (10:1 — 5:1
hexanes:EtOAc) furnished indolines 2.84 and 2.85 as an orange oil (75% yield, 4:3). R, 0.3 (4:1
hexanes:EtOAc); 2.84 'H NMR (500 MHz, CDCI,) 8 6.98 (m, 1H), 6.60 (d, J = 7.5, 1H), 6.44 (s,
1H), 5.29 (s, 1H), 4.57 (s, 1H), 3.96 (m, 1H), 3.62 (m, 1H), 2.36 (s, 3H), 2.17 (dd, J = 12.0, 5.0,
1H), 2.07 (m, 1H), 1.55 (s, 3H); 2.85 'H NMR (500 MHz, CDCl,)  6.98 (m, 1H), 6.55 (d, J =
7.5, 1H), 6.45 (d, J = 8.0, 1H), 5.24 (s, 1H), 4.57 (s, 1H), 3.96 (m, 1H), 3.62 (m, 1H), 2.29 (s,
3H), 2.07 (m, 2H), 1.48 (s, 3H); "C NMR (125 MHz, CDCl;) & 148.5, 148.4, 143.5, 143 4,
138.3, 136.1, 135.4, 133.5, 130.1, 129.7, 129.5, 128 .3, 127.2, 127.0, 121.9, 121.6, 120.0, 110.3,
107.3,85.2,84.9,54.5,53.8,47.5,47.3,37.9,36.4,24.5,23.1,21.4, 18.0; IR (film): 3392, 2960,
2867, 1618, 1596, 1450, 1334, 1156 cm™; HRMS-ESI (m/z) [M+Na]* calcd for C,,H,sNONa,

212.1051; found, 212.1049.

Me

@\ _NH-HCI 4+ Mep AcOH:H,0 (1:1) 0
b N Ho” O 60°C,2h N H

(62% vyield) Me
2.86 229 2.87

Indoline 2.87 (Table 2.3, entry 3) Purification by flash chromatography (3:1 hexanes:EtOAc)
afforded indoline 2.87 as a brown oil (62% yield). R; 0.4 (3:1 hexanes:EtOAc); '"H NMR (500
MHz, CDCl,):  6.94 (d,J=7.6,1H),6.90 (d,J = 7.6, 1H), 6.72 (t,J = 7.6, 1H), 5.31 (s, 1H),

441 (bs, 1H), 395 (ddd, J =7.2,6.8,2.0, 1H), 3.57 (ddd, J =5.2,5.2, 3.6, 1H), 2.18 (ddd, J =

6.4,5.6, 1.6, 1H),2.15 (s, 3H), 2.08 (ddd, J = 11.6, 11.2, 7.2, 1H), 1.47 (s, 3H); "C NMR (125
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MHz, CDCl,): 6 147.5, 133.5, 1289, 1204, 119.2, 117.8,99.6, 67.4, 54.2,41.6, 24.9, 16.7; IR

(film): 3707, 3681, 3352, 2981, 2923, 1602, 1467 cm™; HRMS-ESI (m/z) [M + H]* caled for

C,,H,.NO, 190.1232; found, 190.1228.

o Me
cl
_NHyHCl ¥
N2 o 60°C,3 h N H

H HO H
(67% yield)
2.88 2.29 2.89

Indoline 2.89 (Table 2.3, entry 4) Purification by flash chromatography (5:95 MeOH:CH,Cl,)
afforded indoline 2.89 as a red oil (67% yield). R;0.2 (3:1 hexanes:EtOAc); '"H NMR (500 MHz,
CDClL,): 6 7.02 (s, 1H), 7.00 (d, J = 8.0, 1H), 6.49 (d, J = 8.4, 1H), 5.27 (s, 1H), 4.56 (bs, 1H),
396 (ddd, J =7.2,3.2,2.0, 1H), 3.55 (ddd, J = 8.8, 5.2, 5.2, 1H), 2.15 (ddd, J = 6.8, 5.2, 1.6,
1H), 2.07 (ddd, J = 11.2, 7.2, 0.6, 1H), 1.46 (s, 3H). "C NMR (125 MHz, CDCL,): § 147.6,
136.0, 127.8, 1234, 123.3,109.0,99.9, 67.4, 54.0, 41 4, 24.7; IR (film): 3697, 3681, 2967, 1607,

1479, 1264, 1033 cm™; HRMS-ESI (m/z) [M + H]" calcd for C,;H,;NOCI, 210.0686; found,

210.0680.

Me
Ve AcOH:H,0 (1:1) o
_NHHCI 4 p e
N o 60°C,5h N H

HO
cl
(60% yield) Cl
2.90 2.29 2.91

Indoline 2.91 (Table 2.3, entry 5). Purification by flash chromatography (3:1 hexanes:EtOAc)
afforded indoline 2.91 as a red oil (60% yield). R;0.4 (3:1 hexanes:EtOAc); '"H NMR (500 MHz,
CDCL): 6 7.10 (d,J = 8.0, 1H),7.01 (d,J =7.5,1H), 6.73 (t,J =7.5, 1H), 5.33 (s, 1H), 4.8 (s,
1H), 397 (ddd, J = 7.5,6.0 1.0, 1H), 3.62 (ddd, J = 7.5, 5.5 2.0, 1H), 2.21 (ddd, J = 8.0, 5.5,

1.0, 1H), 2.13 (ddd, J = 8.0, 6.0, 2.0, 1H), 1.53 (s, 3H). "C NMR (125 MHz, CDCl,): § 145.9,
79



135.5,127.6, 121.2,119.6, 113.4,99.1, 67.5, 55.0, 41.5, 24.6; IR (neat): 3681, 3431, 2967, 2844,
1609, 1473, 1265, 1034 cm'; HRMS-ESI (m/z) [M + H]J* caled for C,,;H,;NOCI, 210.0686;

found, 210.0686.

Me
MeO e AcOH:H,0 (1:1)  MeO
+ L (0}
- NH2HEl ) 60°C,4.5h N

H HO H

(75% yield)
2.92 2.29 2.93

Indoline 2.93 (Table 2.3, entry 6). Purification by flash chromatography (3:1 hexanes:EtOAc)
afforded indoline 2.93 as a orange oil (75% yield). R, 0.5 (2:98 MeOH:CH,Cl,); "H NMR (300
MHz, CDCly): 8 6.70 (d,J =24, 1H), 6.63 (dd,J =84, 2.4, 1H),6.53 (d, J = 8.4, 1H), 5.27 (s,
1H), 395 (ddd, J =72, 2.1, 1.5, 1H), 3.76 (s, 3H), 3.56 (ddd, J = 8.4, 5.4, 5.1), 2.05-2.20 (m,
2H), 1.47 (s, 3H); "C NMR (125 MHz, CDCl,): 8 153.8, 142.9, 135.8, 112.7, 110.0, 109.1,
100.4, 67.4, 55.9, 54.3, 41.4, 24.7; IR (neat): 3342, 2961, 1735, 1664, 1486, 1235, 1038 cm'';

HRMS-ESI (m/z) [M + Na]* calcd for C,,H,;NO,Na, 228.1001; found, 228.1002.

\
X AcOH:H,0 (1:1)
Nt —_— o
~NH, 60°C,45h
N o )
i HO N H

(89% yield)
2.23 2.54 2.94

Indoline 2.94 (Table 2.4, entry 1). Purification by flash chromatography (4:1 hexanes:EtOAc)
afforded indoline 2.94 as a brown oil (89% yield). R; 0.4 (6:1 hexanes:EtOAc); "H NMR (500
MHz, CDCL,): 6 7.07 (t,J=7.5,1H),7.05 (d,J=7.5,1H),6.75 (t,/=7.5,1H),6.58 (d,J=17.5,
1H), 5.70 (m, 1H), 5.64 (s, 1H), 5.08 (dd, J =170, 1.0, 1H), 5.05 (dd, J = 10.0, 1.0, 1H), 3.95
(ddd,J=28.5,6.5,1.5, 1H)), 3.56 (ddd, J = 10.5, 8.5,5.5, 1H), 2.62 (dd, J = 13.0, 6.0, 1H), 2.49

(dd, J=14.0, 8.0, 1H), 2.11-2.49 (m, 2H). Spectral data match those previously reported.”’
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AcOH:H,0 (1:1) o
/NHZ *
N 60°C,4.5h N H
H H

Ho” ©

(75% vyield)
223 2.59 2.95

Indoline 2.95 (Table 2.4, entry 2). Purification by flash chromatography (9:1 hexanes:EtOAc)
afforded indoline 2.95 as an off white solid (75% yield). R; 0.5 (3:1 hexanes:EtOAc); '"H NMR
(500 MHz, CDClL,): 6 7.39-7.33 (m, 5H), 7.14 (t,J =8.0, 1H), 7.07 (d, /= 7.0, 1H), 6.80 (t,J =
70, 1H), 6.71 (d, J = 7.5, 1H), 5.65 (s, 1H), 4.68 (bs, 1H), 4.18-4.22 (m, 1H), 3.72 (ddd, J =
11.5,8.5,4.5, 1H),2.80 (ddd,J=11.5,7.5,7.5, 1H), 2.57 (dd,J = 12.0, 4.5, 1H); "C NMR (125
MHz, CDCl,): & 1494, 144.0, 132.6, 128.6, 128.4, 126.7, 126.1, 124.6, 119.3, 108.7, 100.5,
68.3, 62.3, 40.5; IR (film): 3708, 3681, 3351, 2973, 2923, 2844, 1606, 1484, 1033 cm™'; HRMS-

ESI (m/z) [M + H]*calcd for C,(H,(NO, 238.1232; found, 238.1230.

M Me
e AcOH:H,0 (1:1)
_NH, * _— o]
N
H

HO o 60°C,2h H H
(65% yield)
2.23 2.62 2.96

Indoline 2.96 (Table 2.4, entry 3). Purification by flash chromatography (6:1 hexanes:EtOAc)
afforded indoline 2.96 as a orange solid (65% yield). R, 0.6 (3:1 hexanes:EtOAc); "H NMR (500
MHz, CDCly): 7.07 (t,J =75, 1H), 705 (d,J =7.5, 1H), 6.80 (t,J = 7.5, 1H), 6.70 (d, J = 7.5,
1H), 4.73 (s, 1H), 4.31 (bs, 1H), 3.75 (ddd, J = 11.0,4.0, 1.5, 1H), 345 (ddd, J =11.0,9.0, 3.5,
1H), 2.19 (td, J = 14.0, 4.0, 1H), 1.77 (ddd, J =14.0, 11.5 5.0, 1H), 1.41-1.54 (m, 2H), 1.18 (s,
3H); "C NMR (125 MHz, CDCl,): § 148.4, 134.8, 127.5, 121.8, 119.3, 109.9, 95.2, 62.5, 43.5,
30.7,26.6,21.8; IR (neat) 3310, 2909, 1609, 1466, 1211, 1065, 1021 cm™'; HRMS-ESI (m/z) [M

+ H]" caled for C,H,,NO, 190.1232; found, 190.1228.
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D. Synthesis of Pyrrolidinoindolines

A\
N
+ AcOH:H,0 (1:1)
~NH, 100°C,1.5h NTS
N Ho” N s N H
(68% yield)
2.23 2.67 2.97

Representative Procedure (Reacting phenylhydrazine (2.23) with hemiaminal 2.67 is used
as an example). Indoline 2.97 (Table 2.6, entry 1). Hemiaminal 2.67 (105 mg, 0.37 mmol) was
dissolved in a 1:1 mixture of acetic acid and water (1.8 mL). Phenylhydrazine (2.23) (0.036 mL,
0.36 mmol) was added to the resulting mixture. The reaction was heated to 100 °C for 1 h 40
min, cooled to 23 °C, and then diluted with Et,0 (20 mL). The reaction mixture was quenched
with sat. aq. NaHCO, (20 mL), and the layers were separated. The aqueous layer was extracted
with Et,0 (3 x 20 mL). The combined organic layers were washed with brine (20 mL), dried
over MgSO,, and concentrated in vacuo to afford crude indoline 2.97. Purification by flash
chromatography (18:1:1 benzene:Et,0:CH,Cl,) afforded indoline 2.97 as a yellow oil (68%
yield). R;0.6 (8:1:1 benzene:Et,0:CH,Cl,); '"H NMR (500 MHz, CDCl,): 8 7.75 (d, J = 8.0, 2H),
732(d,J=8.0,2H),7.08 (t,/=7.5,1H),7.00 (d,J=7.0,1H),6.75 (t,J=7.5, 1H), 6.62 (d, J =
7.5, 1H), 5.55 (ddt, J = 16.8, 10.0, 7.5, 1H), 5.13 (s, 1H), 4.96-5.00 (m, 2H), 4.84 (s, 1H), 3.43
(ddd,J =10.0,8.0, 2.0, 1H), 3.13 (ddd, J = 10.5, 10.5, 6.0, 1H), 2.44 (s, 3H), 2.31 (m, 2H), 2.07
(ddd, J = 6.5,6.0,2.0, 1H), 1.84 (ddd, J = 10.5, 8.0, 6.5, 1H); "C NMR (125 MHz, CDCL,): §
149.1, 143.7, 136.4, 133.5, 131.4, 130.0, 128.8, 127.3, 123.2, 119.3, 118.8, 109.7, 82.7, 58.0,
47.6, 42.3, 36.2, 21.7; IR (neat): 3391, 3076, 1611, 1485, 1337, 1160 cm™; HRMS-ESI (m/z)
[M+Na]* calcd for C,,H,,N,0,SNa, 377.1300; found, 377.1298.
Any modifications of the conditions shown in this representative procedure are specified in the

following schemes, which depict all Table 2.5 and Table 2.6 condensation reactions.
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Me Me
AcOH:H,0 (1:1)
NH, + _— > NTs
N Ho” N 100°C,1h .

T N
H S H

(88% yield)
2.23 2.31 2.32

Indoline 2.32 (Scheme 2.4). Purification by filtration afforded indoline 2.32 as a yellow solid
(88% yield). R;0.4 (1:1 hexanes:Et,0); '"H NMR (500 MHz, CDCl,): § 7.74 (d, J = 8.5, 2H), 7.31
(d,/=8.0,2H),7.08 (t,/=6.5,1H),7.00 (d,J=7.0,1H), 6.75 (t,J =7.0, 1H), 6.62 (d, J = 8.0,
1H), 5.02 (s, 1H), 4.86 (bs, 1H), 3.40 (ddd, J =10.5,7.5, 2.0, 1H), 3.13 (ddd J = 10.5, 10.0, 6.0,
1H),2.42 (s, 3H),2.15 (ddd, J =6.5,6.0,2.5,1H), 1.77 (ddd J=10.5, 8.0 2.5, 1H), 1.27 (s, 3H);
"C NMR (125 MHz, CDCl,): § 148.5, 143.7, 136.4, 133.2, 130.0, 128.6, 127.3, 122.5, 119.5,
109.8, 84.9, 544, 47.8, 38.2, 24.7, 21.7; IR (neat): 3387, 2965, 1610, 1329, 1156; HRMS-ESI

(m/z) [M+Na]" calcd for C,;H,,N,0,SNa, 351.1143; found, 351.1142.

Me Me
AcOH
_NH, + I NTs
N Ho” N 23°C,33h AW

s
Me Me

(81% yield)
2.26 2.31 2.33

Indoline 2.33 (Table 2.5, entry 1). Purification by flash chromatography (6:1 — 4:1
hexanes:Et,0) affording indoline 2.33 (81% yield) as a yellow foam. R;0.5 (2:1 hexanes:Et,0);
'H NMR (500 MHz, CDCl,): 6 7.79 (d, J = 8.0, 2H), 7.34 (d, J = 8.0, 2H), 7.10 (t, J = 7.5, 1H),
692 (d,/=70, 1H),6.66 (t,J =7.0, 1H),6.40 (d, J =8.0, 1H), 5.13 (s, 1H), 3.55 (ddd, J =70,
5.5,25,1H),3.07 (ddd, J =120, 11.0, 5.5, 1H), 3.01 (s, 3H), 2.45 (s, 3H), 1.93 (ddd, J = 6.5,
5.5,2.0, 1H), 1.39 (ddd, J = 12.0, 11.0, 7.5, 1H), 1.14 (s, 3H); °C NMR (125 MHz, CDCL,): §
150.2, 143.8,136.8, 133.2, 129.9, 128.6, 127.4, 122.0, 117.7, 106.0,91.2, 53.2, 48.6, 39.6, 31.5,
24.5, 21.7; IR (neat): 2936, 2868, 1609, 1492, 1341, 1153 cm™; HRMS-ESI (m/z) [M + Na]*

caled for C,,H,,N,0,SNa, 365.1300; found, 365.1291.
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Me Me
AcOH:H,0 (1:1)
NH + _— NTs
-, 2 o
N HO N 100°C,1h N

Bn
(83% vyield)
2.77 2.31 2.98

Indoline 2.98 (Table 2.5, entry 2). Purification by flash chromatography (10:1:1 — 8:1:1
hexanes:Et,0:CH,Cl,) afforded indoline 2.98 as a white solid (83% yield). R, 0.8 (2:1:1
hexanes:Et,0:CH,Cl,); '"H NMR (500 MHz, CDCl,): & 7.71 (d, J = 8.5, 2H), 7.29-7.35 (m, 4H),
7.21-7.26 (m, 3H), 7.02 (t, /= 8.0, 1H),6.94 (d,/=7.0, 1H), 6.65 (t,7.5, 1H), 6.32 (d, J = 8.0,
1H), 5.27 (s, 1H), 4.75 (d, J = 16.5 1H), 4.61 (d, J=16.5, 1H), 3.62 (ddd, J =7.0,5.0, 1.5, 1H),
3.14 (ddd, J =12.0, 11.5,5.5, 1H), 2.44 (s, 3H), 1.97 (ddd, J = 12.5,5.5, 2.0, 1H), 1.41 (ddd, J =
12.0, 11.5, 7.0, 1H), 1.14 (s, 3H); "C NMR (125 MHz, CDCL,); & 149.3 149.2, 143.5, 143.4
138.6,136.7,132.8, 129.7, 128.3, 127.1, 127.1, 126.7, 122.1, 106.0, 89.5, 53.3, 48.2, 48.0, 39.8,
25.1, 21.4; IR (neat): 3062, 2924, 1605, 1489, 1343, 1155 cm™'; HRMS-ESI (m/z) [M + Na]*

caled for C,sH,N,0O,SNa, 441.1613; found, 441.1623.

©\ N, Me AcOH:H,0 (1:1) (:MEQ
2.79 2.31 (7o vieleh 2.99
Indoline 2.99 (Table 2.5, entry 3). Purification by flash chromatography (10:1 hexanes:EtOAc)
afforded indoline 2.99 (70% yield) as a yellow oil. R, 0.5 (4:1 hexanes:EtOAc 'H NMR (500
MHz, CDCly) 6 7.79 (d, J =8.0,2H),7.35 (d,J=8.0,2H),7.08 (t,/=7.5,1H),6.93 (d,J =715,
1H), 6.65 (t,J=7.5,1H),6.42 (d,J = 8.0, 1H), 5.86-591 (m, 1H), 5.29 (dd, /=170, 1.5, 1H),
5.23 (s, 1H), 5.19 (dd, J = 105, 1.5, 1H), 4.18 (dd, J = 17.0, 6.0, 1H), 4.03 (dd, J = 16.5, 4.5,
1H), 3.58 (ddd, J = 12.0, 7.5, 2.5, 1H), 3.13 (ddd, J = 16.5, 11.0, 6.0, 1H), 2.46 (s, 3H), 1.95

(ddd, J = 12.5, 6.0, 2.5, 1H), 1.41 (ddd, J = 16.0, 10.5, 7.0, 1H), 1.13 (s, 3H); "C NMR (125
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MHz, CDCL;) 6 148.9, 143.6, 136.7, 133.6, 133.0, 129.7, 128.3, 127.2, 122.0, 117.3, 1164,
106.2, 89.3, 53.1, 48.1, 46.6, 39.7, 24.8, 21.5; IR (film): 3682, 2966, 2845, 1607, 1490, 1346,
1158, 1054 cm'; HRMS-ESI (m/z) [M+Na]* caled for C,H,N,O,SNa, 391.1456; found,

391.1442.

Me Me Me
\@\ D AcOH:H,0 (1:1) Me
. + _— NTs
n- N2 HC! N 100°C, 1.5 h
N H

HO Ts
H H

(71% yield)
2.81 2.31 2.100

Indoline 2.100 (Table 2.5, entry 4). Purification by flash chromatography (6:1:1
hexanes:Et,0:CH,Cl,) afforded indoline 2.100 as a yellow foam (71% yield). R, 0.4 (4:1:1
hexanes:Et,0:CH,Cl,); '"H NMR (500 MHz, CDCl,): § 7.73 (d, J = 8.0, 2H), 7.31 (d, J = 8.0,
2H), 6.88 (d, J =7.5, 1H), 6.81 (s, 1H), 6.53 (d, J = 7.5, 1H), 5.00 (s, 1H), 4.70 (bs, 1H), 3.40
(ddd, J =105, 8.0, 2.5, 1H), 3.13 (ddd, J = 10.5,10.5, 6.0, 1H), 2.43 (s, 3H), 2.16 (s, 3H), 2.14
(ddd, J = 12.5, 6.0, 2.5, 1H), 1.77 (ddd, J = 12.5, 10.5, 8.0, 1H), 1.26 (s, 3H); "C NMR (125
MHz, CDCl,): 8§ 146.1, 143.6, 136.4, 133.4,129.9, 1289, 128.8, 127.3, 123.1, 109.7, 85.2, 54 4,
478, 38.1,24.7, 21.7, 21.0; IR (film): 3395, 2962, 2924, 1617, 1598, 1494, 1334, 1156 cm™;

HRMS-ESI (m/z) [M+Na]" calcd for C,,H,,N,0,SNa, 365.1300; found, 365.1305.

Me AcOH: Hzo (1) .
M N~ WHzHe! i e 1sh °C,1.5h S
e
H HO ¥s

(55% yield, 4:3)
2.83 2.31 2.101 2.102

Indolines 2.101 and 2.102 (Table 2.5, entry 5). Purification by flash chromatography (5:1
hexanes:EtOAc) furnished indolines 2.101 and 2.102 as a dark red oil (55% yield, 4:3). R; 0.3

(4:1 hexanes:EtOAc); 2.101 'H NMR (500 MHz, CDCl,) 8 7.34 (d, J = 6.0, 2H), 7.33 (d,J = 7.5,
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2H), 6.89 (d,J =50, 1H), 6.58 (d, J = 7.0, 1H), 6.46 (s, 1H), 5.01 (s, 1H), 3.41 (ddd, J = 14.0,
4.0,2.0, 1H), 3.15 (ddd, J = 10.5, 10.0, 6.5, 1H), 2.45 (s, 6H), 2.39 (ddd, J = 12.0, 6.0, 4.0, 1H),
2.13 (ddd,J=11.0,5.0, 1.0, 1H), 1.27 (s, 3H); 2.102 '"H NMR (500 MHz, CDCl,) 4 7.76 (d, J =
5.0,2H),7.75(d,J=5.0,2H), 6.98 (t,/ = 8.0, 1H), 6.53 (d, /=75, 1H), 6.47 (d, J = 7.0, 1H),
490 (s, 1H), 3.33 (ddd, J = 110, 6.0, 4.0, 1H), 3.21 (ddd, J = 10.0, 9.5, 6.0, 1H), 2.28 (s, 6H),
1.75-1.80 (m, 2H), 1.34 (s, 3H); "C NMR (125 MHz, CDCl;) & 148.7, 148.6, 143.7, 143.6,
138.5,136.3, 135.7, 133.7, 130.1, 129.7, 128.5, 127.4, 127.2, 122.1, 121.8, 120.2, 110.5, 107.5,
85.5,85.1,54.5,53.8,47.7,47.5, 38.1, 36.6, 24.8,23.3, 21.7, 21.6, 18.3; IR (film): 3392, 2960,
2867, 1618, 1596, 1450, 1334, 1156 cm™; HRMS-ESI (m/z) [M+Na]* calcd for C,,H,,N,0,SNa,

365.1300; found, 365.1294.

Me Me
p AcOH:H,0 (1:1)
. + —_— NTs
N’NH2 HCl N 100°C,1.5h

H HO Ts N H
Me H
(73% vyield) Me
2.86 2.31 2.103
Indoline 2.103 (Table 2.5, entry 6). Purification by flash chromatography (6:1:1 — 4:1:1
hexanes:Et,0:CH,Cl,) afforded indoline 2.103 as a yellow foam (73% yield). R, 0.4 (2:1:1
hexanes:Et,0:CH,Cl,); '"H NMR (500 MHz, CDCl,): § 7.74 (d, J = 8.5, 2H), 7.32 (d, J = 8.5,
2H),691(d,J=7.5,1H),6.86(d,J=7.5,1H),6.70 (t,J = 7.5, 1H), 5.07 (s, 1H), 4.62 (bs, 1H),
3.40(ddd,J=10.5,8.0,2.5,1H),3.13 (ddd, J = 10.5, 10.5,6.0, 1H), 2.44 (s, 3H), 2.12-2.17 (m,
4H), 1.79 (ddd, J = 12.5, 10.5, 8.0, 1H), 1.27 (s, 3H); “C NMR (500 MHz, CDCl,): § 146.6,
143.3, 136.2, 132.2, 129.5, 129.1, 127.0, 119.5, 119.3, 118.8, 84.4, 54.3,47.9, 379, 24 4, 21 .3,

16.4; IR (film): 3383, 2957, 1598, 1464, 1339, 1156 cm'; HRMS-ESI (m/z) [M+Na]* calcd for

C,H,,N,0,SNa, 365.1300; found, 365.1303.
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(o] Me Me
\@\ p AcOH:H,0 (1:1) (¢]]
_NHyHCI * —_— NTs
N 100°C,1h
N N H

HO T
H S e

(77% yield)
2.88 2.31 2.104

Indoline 2.104 (Table 2.5, entry 7). Purification by flash chromatography (6:1:1
hexanes:Et,0:CH,Cl,) afforded indoline 2.104 as yellow solid (77% yield). R, 0.2 (4:1:1
hexanes:Et,0:CH,Cl,); '"H NMR (500 MHz, CDCl,): § 7.73 (d, J = 8.0, 2H), 7.32 (d, J = 8.0,
2H), 7.02 (d, J = 8.5, 1H), 6.95 (s, 1H), 6.53 (d, J = 8.5, 1H), 5.01 (s, 1H), 4.90 (s, 1H), 3.40
(ddd,J=105,8.5,2.5,1H), 3.14 (ddd, J = 10.5,10.0, 6.0, 1H), 2.42 (s, 3H), 2.12 (ddd, J = 12.5,
6.0,2.5, 1H), 1.77 (ddd, J = 12.5, 10.0, 8.0, 1H), 1.25 (s, 3H); °C NMR (125 MHz, CDCl,): §
147.1,143.9,136.2, 135.1, 130.0, 128 4, 127.3, 123.9, 122.9, 110.5, 85.2, 54.5,47.7, 38.0, 245,
21.7; IR (film): 3394, 2964, 1607, 1482, 1432, 1334, 1157, 1093 cm'; HRMS-ESI (m/z)

[M+Na]" calcd for C,gH,,CIN,0,SNa, 385.0753; found, 385.0749.

HO Ts N H
Cl H

Me Me
D AcOH:H,0 (1:1) I
. + —» S
N’NH2 Hl N 100°C, 1 h
H

(84% yield) cl
2.90 2.31 2.105

Indoline 2.105 (Table 2.5, entry 8). Purification by flash chromatography (6:1:1 — 4:1:1
hexanes:Et,0:CH,Cl,) afforded indoline 2.105 as a yellow foam (84% yield). R, 0.6 (2:1:1
hexanes:Et,0:CH,Cl,); '"H NMR (500 MHz, CDCl,): 8 7.74 (d, J = 8.5, 2H), 7.31 (d, J = 8.0,
2H),7.05 (d,J=8.0,1H),6.88 (d,/=7.5,1H), 6.67 (t,J =7.5, 1H), 5.14 (s, 1H), 5.04 (s, 1H),
345 (ddd, J=105,8.0,2.5, 1H), 3.08 (ddd, J = 10.5, 8.0, 2.5, 1H), 2.43 (s, 3H), 2.14 (ddd, J =
12.5, 6.0, 2.5, 1H), 1.84 (ddd, J = 12.5, 10.0, 8.0, 1H), 1.29 (s, 3H); "C NMR (125 MHz,

CDClL,): 6 1455, 143.9, 136.3, 134.8, 129.8, 128.3, 127.4, 120.8, 120.3, 114.9, 84.3, 55.6, 47.7,
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38.4,24.7,21.7; IR (film): 3393, 2958, 1608, 1460, 1338, 1158, 1033 cm™'; HRMS-ESI (m/z)

[M+Na]" calcd for C,gH,,CIN,0,SNa, 385.0753; found, 385.0751.

MeO Me MeO Me.
\©\ p AcOH:H,0 (1:1) NTs
. + —_—h
N~ NHzHe! N 75°C,6h N H

H HO Ts H
(70% yield)
2.92 2.31 2.106

Indoline 2.106 (Table 2.5, entry 9). Purification by flash chromatography (12:1:1 — 8:1:1
benzene:Et,0:CH,Cl,) afforded indoline 2.106 as a yellow foam (70% yield). R, 0.4 (10:1:1
benzene:Et,0:CH,Cl,); '"H NMR (500 MHz, CDCl,): § 7.73 (d, J = 8.0, 2H), 7.31 (d, J = 8.0,
2H), 6.63 (dd, J =8.5,2.5 2H), 6.55 (d, J = 8.5, 1H), 4.99 (s, 1H), 4.64 (s, 1H), 3.37 (s, 3H), 3.41
(ddd,J=105,8.0,2.5,1H), 3.13 (ddd, J = 10.5,10.5, 6.0, 1H), 2.43 (s, 3H), 2.13 (ddd, J = 12.5,
6.0,2.0, 1H), 1.75 (ddd, J = 12.5, 10.5, 8.0, 1H), 1.31 (s, 3H); "C NMR (125 MHz, CDCl,): §
153.8,143.4,142.0, 136.0, 134.5, 129.6, 127.0, 112.9, 110.1, 109.3, 85.3, 55.8, 54 .4, 47 .4, 37.6,
24.2,21.4; IR (film); 3382, 2974, 2832, 1499, 1435, 1226, 1032 cm™; HRMS-ESI (m/z) [M+Na]*

caled for C,,H,,N,0,SNa, 381.1249; found, 381.1244.

AcOH:H,0 (1:1)
+ — NTs
~NH, N 100°C,1.5h
N T N 'H

HO
H Ts h

(70% yield)
2.23 2.70 2.107

Indoline 2.107 (Table 2.6, entry 2). Purification by filtration, and rinsing with EtOAc afforded
analytically pure indoline 2.107 as a white solid (70% yield); R; 0.2 (3:1 hexanes:EtOAc); 'H
NMR (300 MHz, d; DMSO): & 7.76 (d, J = 8.1, 2H), 7.37 (d, J = 7.8, 2H), 7.17-7.23 (m, 3H),
6.98-7.06 (m, 3H), 6.58-6.68 (m, 3H), 5.41 (s, 1H), 3.64 (dd, J = 10.2,7.2, 1H), 2.87-2.95 (m,
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1H), 2.38 (s, 3H), 2.03-2.35 (m, 1H) 1.99-2.01 (m, 1H); BC NMR (125 MHz, d, DMSO): &
149.3,143.7, 1434, 136.0, 131.4, 129.8, 128.5, 128.3, 127.0, 126.7, 125.3, 123.7, 118.1, 109.1,
85.2,61.5,47.9,37.0,21.0; IR (neat): 3365, 2889, 1332, 1154 cm’'; HRMS-ESI (m/z) [M+Na]*

caled for C,;H,,N,0O,SNa, 413.1300; found, 412.1303.

Me

©\ Mej\/j AcOH:H,0 (1:1)
_—
_NH, + ° NTs
N HOT N 100°C, 15 h
H Ts H H
(81% yield)
2.23 2.74 2.108

Indoline 2.108 (Table 2.6, entry 3). Purification by flash chromatography (10:1:1 — 6:2:2
hexanes:Et,0:CH,Cl,) afforded indoline 2.108 as a white solid (81% yield). R, 0.6 (3:1
hexanes:EtOAc); 'H NMR (500 MHz, CDCL,): 6 7.75 (d,J = 8.5, 2H), 7.35 (d, J = 8.5, 2H), 7.03
(t,J=75,1H),6.96 (d,J =6.5, 1H), 6.75 (t,J = 7.5, 1H), 6.58 (d, J = 8.0, 1H), 5.17 (s, 1H),
4.00 (s, 1H), 3.66-3.70 (m, 1H), 3.14-3.21 (m, 1H), 2.42 (s, 3H) 1.49-1.61 (m, 4H), 1.27 (s,
3H); "C NMR (125 MHz, CDCl,): § 147.1, 143.8, 137.5, 136.6, 130.11, 127.9, 127.3, 121.9,
119.7, 110.1, 78.0, 42.4, 404, 33.6, 22.4, 21.8, 20.3; IR (neat): 3351, 2962, 2930, 1610, 1454,
1336, 1148 cm™; HRMS-ESI (m/z) [M+Na]* caled for C,,H,,N,0,SNa, 365.1300; found,

365.1291.

Me Me
AcOH:H,0 (1:1)
NH, T —_— > NCO,Me
N2 Ho” "N 100°C, 1.5 h
H CO,Me H H

(88% yield)
2.23 2.76 2.35

Indoline 2.35 (Table 2.6, entry 4). Purification by flash chromatography (5:1 — 4:1
hexanes:EtOAc) furnished indoline 2.35 (88% yield) as an off white amorphous solid. R; 0.3 (3:1

hexanes:EtOAc); '"H NMR (500 MHz, CDCl, @ 330K): § 7.06-7.07 (m, 2H), 6.77 (t, J = 7.0,
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1H), 6.60 (d, J = 8.0, 1H), 5.10 (s, 1H), 4.92 (br s, 1H), 3.75 (s, 3H), 3.68-3.72 (m, 1H), 3.12—
3.17 (m, 1H), 2.24-2.28 (m, 1H), 2.04-2.10 (m, 1H), 1.45 (s, 3H); *C NMR (125 MHz, CDCI,
@ 330K): § 155.8, 148.9, 133.7, 128.4, 122.6,119.2, 109.5, 82.7, 53.0, 52.3, 46.0, 37.5, 24.6; IR
(neat): 3352, 2956, 1698, 1609, 1456, 1382, 1113, 1056 cm’'; HRMS-ESI (m/z) [M+Na]" calcd

for C,;H,.N,0,Na, 255.1109; found, 255.1115.

Me Me
Mg, NH,CI
NTs —_ > NH
@g MeOH, 23 °C @fg

Me (79% yield) Me

2.33 2.34
Indoline 2.34 (Figure 2.3). To a solution of indoline 2.33 (62.1 mg, 0.1700 mmol) in methanol
(8.5 mL) was added magnesium turnings (413 mg, 17.00 mmol) and ammonium chloride (909
mg, 17.00mmol). The reaction was sonicated for 2 h and then filtered over celite. The filtrate was
diluted with CH,Cl, (50 mL), washed with sat. aq. NaHCO; (3 x 30 mL), and extracted with
CH,Cl, (3 x 30 mL). The combined organic layers were washed with brine (30 mL), dried over
MgSO,, and concentrated in vacuo to afford crude indoline 2.34. Purification by flash
chromatography (3% — 8% MeOH:CH,Cl,) afforded indoline 2.34 (25 mg, 79% yield) as an
orange oil. R; 0.1 (EtOAc); '"H NMR (500 MHz, CDCl,): 8 7.08 (td, J = 7.5, 1.0, 1H), 7.02 (dd, J
=75,1.0, 1H), 6.66 (td, J =7.0,0.5, 1H), 6.35 (d, J = 7.5, 1H), 4.86 (br s, 1H), 4.56 (s, 1H),
3.11(ddd,J=7.0,7.0,2.5, 1H), 2.87 (s, 3H), 2.78 (ddd, J = 10.5, 10.5, 6.0, 1H), 2.05 (ddd, J =

75,60, 2.5, 1H), 1.86 (ddd, J = 10.5, 7.0, 2.0, 1H), 1.45 (s, 3H). Spectral data match those

previously reported.”
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Me Me
@f@‘ Red-Al @f@m
CO,Me o
N “H 2 toluene, 110 °C H H

H
2.35 (92% yield) 2.36

Indoline 2.36. To a solution of indoline 2.35 (10 mg, 0.043 mmol) in toluene (2 mL) was added
Red-Al (65% w/w in toluene, 134 uL, 0.431 mmol) and the resulting mixture was heated to 110
°C. After 1h, the reaction was cooled to 23 °C, and quenched with EtOAc (3 mL). The reaction
mixture was poured into a solution of sat. aq. Na—K tartrate (50 mL) and EtOAc (25 mL) and
stirred vigorously for 2 h. The layers were separated, and the aqueous layer was extracted with
EtOAc (2 x 25 mL) and CH,Cl, (25 mL). The combined organic layers were washed with brine
(20 mL), dried over Na,SO,, and concentrated under reduced pressure to afford crude indoline
2.36. Purification by flash chromatography (5% — 15% MeOH:CH,Cl,) afforded indoline 2.36
(7.5 mg, 92% yield) as an off white solid. R;0.1 (10% MeOH/ 90% EtOAc); "H NMR (500 MHz,
CDClL,): & 7.06-7.02 (m, 2H), 6.74 (t, J =7.5, 6.5, 1H), 6.60 (d, J = 8.0, 1H), 4.40 (s, 1H), 4.0
(bs, 1H), 2.72 (ddd, J = 9.25,5.5,5.5, 1H), 2.64 (ddd, J =7.5,7.5, 7.5, 1H), 2.46 (s, 3H), 2.01

(m, 2H), 1.46 (s, 3H). Spectral data matches those previously reported.”

E. Formal Total Synthesis of Physovenine.

Me,
MeO Me AcOH MeO
+ P — o
_NH, 100 °C, 15 min
N 0 N H

Me HO Me
(77% yield)
2.37 2.29 2.38

Indoline 2.38. Hydrazine 2.37 was prepared® immediately before use. A solution of hydrazine
2.37 (85 mg, 0.559 mmol) and lactol 2.29 (57 mg, 0.559 mmol) in AcOH (3 mL) was stirred at

23 °C for 10 min and then heated at 100 °C for 15 min. The reaction was then cooled to 23 °C
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and quenched with sat. aq. NaHCO; (100 mL). The layers were separated and the aqueous layer
was extracted with Et,O (3 x 50 mL). The combined organic layers were dried over Na,SO,, and
concentrated in vacuo to afford the crude product. Purification by flash chromatography (9:1
hexanes:EtOAc) furnished indoline 2.38 as an orange oil (94 mg, 77% yield). R, 0.8 (1:1
hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): 8 6.74 (s, 1H), 6.71 (d, J = 8.0, 1H), 6.34 (d, J =
8.5),5.08 (s, 1H), 3.99 (ddd, J =8.5,8.5,1.5, 1H), 3.80 (s, 3H), 3.52 (ddd, J =8.5,5.5, 5.5, 1H),
293 (s,3H), 2.17 (ddd, J =7.0,4.5, 1.0, 1H), 2.09 (ddd, J = 12.0, 11.0, 7.5, 1H), 1.54 (s, 3H).

Spectral data match those previously reported.”

F. Total Synthesis of Debromoflustramine B

\/j:> CICO,Me, NaH Vj;» i-Bu,AlH \/I>

—_— —_—

N THF, 0 °C N CH,Cl,, —78 °C N

0" y 0"  co,Me HO co,me
(71% yield)

2.39 (76% yield) 2.40

2.109
Hemiaminal 2.40. To a suspension of NaH (288 mg, 7.21 mmol) in THF (23 mL) was added a
solution of known pyrrolidinone® 2.39 (820 mg, 6.56 mmol) in THF (10 mL) at 0 °C. Following
the addition, the reaction mixture was stirred for 0.5 h, then methyl chloroformate (535 uL, 7.21
mmol) was added over 30 sec and the reaction was warmed to 23 °C. After 1 h, the reaction
mixture was quenched with a solution of sat. aq. NH,Cl (15 mL) and the layers were separated.
The aqueous layer was extracted with EtOAc (3 x 30 mL). The combined organic layers were
washed with brine (40 mL), dried over MgSO, and evaporated under reduced pressure. The
resulting residue was purified by flash chromatography (3:1 — 2:1 hexanes:EtOAc) to afford

intermediate 2.109 (858 mg, 71% yield) as a yellow oil. R, 0.2 (2:1 hexanes:EtOAc); 'H NMR
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(500 MHz, CDCl,): 6 5.76 (dddd, J = 20.0, 17.0, 10.0, 7.0, 1H), 5.08-5.12 (m, 1H), 5.06-5.08
(m, 1H). 3.85 (s, 3H), 3.78-3.83 (m, 1H), 3.60-3.66 (m, 1H), 2.57-2.66 (m, 2H), 2.13-2.23 (m,
2H); 1.74 (ddd, J = 22.5, 13.0, 4.0, 1H); "C NMR (125 MHz, CD,CN): § 174.9, 152.1, 134 4,
117.3,53.3,44.3,42.9, 34.4, 23.3; IR (film): 1789, 1720, 1439, 1370, 1289, 1188 cm™'; HRMS-
ESI (m/z) [M + Na]" calcd for CoH,sNO;Na, 206.0793; found 206.0796.

To a solution of intermediate 2.109 (730 mg, 3.98 mmol) in CH,Cl, (15 mL) at -78 °C, i-
Bu,AlH (1.0 M solution in hexanes, 6 mL, 5.98 mmol) was added at —78 °C dropwise over 3
min. After stirring for 1 h, the reaction mixture was quenched with a solution of sat. aq. NH,Cl
(20 mL) at —78 °C. The mixture was warmed to 23 °C and transferred to a 250 mL Erlenmeyer
flask, with sat. aq. Na—K tartrate (100 mL) and CH,Cl, (40 mL). The layers were separated, and
the aqueous layer was extracted with CH,Cl, (3 x 40 mL). The combined organic layers were
washed with brine (40 mL), dried over MgSO,, and concentrated in vacuo. The resulting residue
was purified by flash chromatography (2:1:1 hexanes: CH,Cl,:Et,0O) to afford hemiaminal 2.40
(562 mg, 76% yield) as a yellow oil. R; 0.2 (2:1 hexanes:EtOAc); "H NMR (500 MHz, CDCl,): §
5.80-5.92 (5.80-5.92) (m, 1H), 5.25 (5.42) (br s, 1H) 5.05-5.09 (4.97-5.04) (m, 2H), 3.66 (3.65)
(s, 3H), 3.44-3.51 (3.39-3.43) (m, 1H), 3.22 (3.22) (ddd, J=10.4,7.1, 7.1, 1H), 2.29-2.35 (m,
1H), 2.08-2.18 (2.08-2.18) (m, 1H), 1.99-2.07 (1.99-2.07) (m, 1H), 1.89-1.94 (1.89-1.94) (m,
1H), 1.69-1.75 (1.57-1.60) (m, 1H); "C NMR (125 MHz, CDCL): & 156.5 (156.5), 138.5
(137.7), 116.1 (116.9), 82.7 (87.0), 52.8 (52.8), 46.1 (45.5), 45.1 (47.0), 33.8 (37.0), 28.3 (28.9);
IR (film): 3697, 3420, 2953, 1685, 1642, 1453, 1381, 1195, 1060 cm™; HRMS-ESI (m/z) [M +

Na]" caled for Cy,H,sNO;Na, 208.0950; found 208.0953.
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©\ \/I> AcOH:H,0 (1:1) NCOM
+ —_— oMe
~NH, 100 °C,1.5h
N N v
HO co,me N H
v (86% yield) \\\\

2.79 2.40 2.41
Indoline 2.41. Hemiaminal 2.40 (45 mg, 0.243 mmol) and aryl hydrazine 2.79 (47 mg, 0.291
mmol) were dissolved in al:1 mixture of AcOH:H,O (1.2 mL). The reaction was heated to 100
°C for 1.5 h. The reaction mixture was cooled to 23 °C, diluted with EtOAc (15 mL), quenched
with sat. aq. NaHCO; (20 mL), and the layers were separated. The aqueous layer was extracted
with EtOAc (3 x 20 mL). The combined organic layers were washed with brine (30 mL), dried
over MgSO, and concentrated in vacuo to afford crude indoline 2.41. Purification by flash
chromatography (6:1 hexanes:EtOAc) afforded indoline 2.41 (62.4 mg, 86% yield) as a yellow
oil. R; 0.6 (2:1 hexanes:EtOAc); '"H NMR: (500 MHz, CDCI, @ 330K): 8 7.05 (td, J = 7.5, 1.0,
1H),7.01 (dd,J=7.5,1.0,1H),6.66 (t,/=7.5, 1H), 6.38 (d,J = 8.0, 1H), 5.83 (td, /= 10.5, 6.0,
1H), 5.66 (td, J = 10.0,7.0, 1H), 541 (s, 1H), 5.23 (dd, J = 17.0, 1.0), 5.04-5.25 (m, 3H), 4.02—
4.04 (m, 2H), 3.76-3.87 (m, 1H), 3.72 (s, 3H), 3.09 (ddd, J = 10.0, 7.0, 7.0, 1H), 2.54 (dd, J =
13.5,7.5, 1H), 2.43 (dd, J = 13.5, 7.5, 1H), 2.00-2.12 (m, 2H); "C NMR (125 MHz, CDCl, @
330K): 0 150.0, 1344, 133.7, 132.1, 128.2, 122.6, 118.1, 117.2, 117.1, 115.6, 106.1, 84 .4, 52.1,
48.5,452,43.1,37.4,37.3; IR (film): 2952, 1694, 1606, 1491, 1449, 1387, 1033 cm™'; HRMS-

ESI (m/z) [M + Na]* calcd for C,;H,,N,0,Na, 321.1579; found 321.1576.

94



\ > \
NCO,Me . NCO,Me
Grubbs Il
N\\H\ CH,Cl, N H
(83% yield)
2.41 \ 2.42\3\

Bis(prenylated) Indoline 2.42. To a solution of Grubbs’ second generation catalyst (0.168 g,
0.196 mmol) in CH,Cl, (5 mL) was added, simultaneously, a solution of indoline 2.41 (0.590 g,
1.99 mmol) in CH,Cl, (5 mL) and 2-methyl-2-butene (2.0 M solution in THF, 39 mL, 79.4
mmol) over 10 min. The reaction was stirred at 23 °C for 20 h, and the reaction mixture was
concentrated under reduced pressure to afford crude indoline 2.42. Purification by flash
chromatography (3% — 5% EtOAc:hexanes) afforded prenylated indoline 2.42 (0.585 g, 83%
yield) as a brown oil. R, 0.8 (2:1 hexanes:EtOAc); '"H NMR: (500 MHz, CDCI, @ 330K): § 7.05
(td,J=75,10,1H),697 (d,J =75, 1H), 6.64 (t,J = 7.0, 1H), 6.38 (d, J = 8.0, 1H), 5.32 (s,
1H),5.19 (brt,J=5.5,1H),5.07 (brt,J=7.0, 1H), 3.97-4.14 (m, 1H), 3.60-3.80 (m, 1H), 3.73
(s, 3H), 3.07 (ddd, J = 8.0, 7.5, 1.5, 1H), 2.39 (d, J = 7.5, 2H), 1.99-2.06 (m, 2H), 1.75 (s, 3H),
1.70 (s, 3H), 1.69 (s, 4H), 1.56 (s, 3H); "C NMR: (125 MHz, CDCI, @ 330K): § 150.1, 134.3,
133.5,133.1, 128.0, 122.4, 1214, 1194, 117.1, 117.0, 106.2, 84 .4, 52.0, 45.3, 44.0, 43.9, 37 .0,
36.9, 25.6, 25.4, 17.8, 17.7; IR (film): 2929, 1698, 1605, 1447, 1383, 1211 cm™'; HRMS-ESI

(m/z) [M + Na]" calcd for C,,H,;,N,0O,Na, 377.2205; found 377.2205.
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Red-Al

—_—
NCO,Me toluene, 80 °C NMe

" (70% yield) "
2.42\\>\ 2.5\\>\
Debromoflustramine B (2.5). To a solution of bis(prenylated) indoline 2.42 (38 mg, 0.107
mmol) in toluene (1 mL) was added Red-Al (65% w/w in toluene, 100 uL, 0.321 mmol) and the
resulting mixture was heated at 80 °C. After 1 h, the reaction was cooled to 23 °C, and
transferred to a 125 mL Erlenmeyer flask with CH,Cl, (20 mL), and quenched with a solution of
sat. aq. Na—K tartrate (20 mL). The resulting mixture was vigorously stirred for 7 h. The layers
were separated, and the aqueous layer was extracted with EtOAc (3 x 20 mL). The combined
organic layers were washed with brine (20 mL), dried over MgSO, and concentrated in vacuo to
afford the crude indoline (2.5). Purification by flash chromatography (3:1 — 2:1
hexanes:EtOAc) afforded debromoflustramine B (2.5) (23.5 mg, 70% yield) as a yellow oil. R,
0.2 (2:1 hexanes:EtOAc), '"H NMR: (500 MHz, CDCl,): 6 7.09 (t,J = 7.5, 1H), 7.02 (d, J = 7.0,
1H), 6.70 (t,J =7.5, 1H), 647 (d,J =8.0, 1H), 522 (br t, J= 6.0, 1H), 5.01 (br t, J = 7.0, 1H),
435 (s, 1H),3.98 (dd,J =16.0,5.5, 1H),3.85(dd,J =16.0,7.0, 1H), 2.75 (ddd, J =6 .0,5.5, 2.5,
1H), 2.60 (ddd, J =9.5,9.0, 6.5, 1H), 2.54 (s, 3H), 2.47-2.48 (m, 2H), 2.11 (ddd, J = 7.5, 7.5,
2.5, 1H), 1.95-1.99 (m, 1H), 1.76 (s, 3H), 1.75 (s, 3H), 1.70 (s, 3H), 1.63 (s, 3H). Spectral data

match those previously reported.”’
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G. Synthesis of the Communesin Indoline Scaffold

HO/\/© pyridine Ho/jg socl, ci /@
_— —_—
HaN CHCI,, TsCl, 23 °C TSHN CHCIy, 40 °C TSHN

(88% yield) (87% yield)
2.110 2.111 243

Aminobenzyl chloride 2.43. Aminobenzyl chloride 2.43 was prepared following the general
procedure by Fonesca et al.”® To a solution of aminobenzyl alcohol 2.110 (1.62 g, 13.15 mmol)
in CHCI, (60 mL) was added pyridine (1.17 mL, 14.46 mmol) dropwise over 2 min. The reaction
was stirred for 25 min, and a solution of TsCl (2.38 g, 12.49 mmol) in CHCI; (20 mL) was added
dropwise over 13 min. After 2.5 h, the reaction was quenched with sat. aq. NH,Cl (30 mL). The
layers were separated and the aqueous layer extracted with CHCI; (3 x 30 mL). The combined
organic layers were then washed with brine (30 mL) and dried over MgSO,. Evaporation of the
solvent under reduced pressure afforded crude aminobenzyl alcohol 2.111 (3.22 g, 88% yield),
which was used in the subsequent transformation without further purification. R, 0.3 (1:1
hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): 8 7.91 (s, 1H), 7.64 (d, J = 8.0, 2H), 7.43 (d, J =
8.0, 1H), 7.24-7.27 (m, 1H), 7.21 (d, J = 8.0, 2H), 7.06-7.10 (m, 1H), 4.39 (s, 2H), 2.38 (s, 3H).
Spectral data match those previously reported.™

To a solution of thionyl chloride (981 uL, 13.93 mmol) in CHCI, (5 mL), was added a
solution of benzyl alcohol 2.111 (3.22 g, 11.6 mmol) in CHCI, (60 mL) over 1 min. The reaction
was heated to 40 °C for 11 h, cooled to 23 °C, then poured into ice water (30 mL). The layers
were separated and the aqueous layer was extracted with CHCl; (3 x 40 mL). The combined
organic layers were washed with brine (30 mL), and dried over MgSO,. Evaporation of the
solvent under reduced pressure afforded crude chloroaniline 2.43 (2.98 g, 87% yield) as a brown

solid, which was used in the subsequent transformation without further purification. R; 0.5 (3:1
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hexanes:EtOAc); '"H NMR (500 MHz, CDCL,): 4 7.70 (d, J = 8.0, 2H), 7.39 (d, J = 8.5, 1H), 7.34
(t, J=8.0,2H), 7.26-7.30 (m, 2H), 7.22 (td, J = 7.5, 1.0, 1H), 6.84 (bs, 1H), 4.31 (s, 2H), 2.40

(s, 3H). Spectral data match those previously reported.®®

SejEaNisee
TsHN Cszc_c;g ECHZCIZ Et0” N7
243 (70% yield) 2.44

N,0-acetal 2.44. N,O-acetal 2.44 was prepared following the general procedure described by
Corey et al.”® To a mixture of Cs,CO, (716 mg, 2.20 mmol), ethyl 1-propenyl ether (mixture of
cis and trans) (975 uL, 8.79 mmol) in CH,Cl, (3 mL) at —78 °C, was added a solution of
chloroaniline 2.43 (260 mg, 0.879 mmol) in CH,Cl, (7.5 mL) over 24 min via syringe pump. The
reaction stirred for 9 min at =78 °C, and then warmed to 23 °C for 5 h. The reaction was filtered
through celite and the solvent was evaporated under reduced pressure. Purification by flash
chromatography (5:1 hexanes:EtOAc) afforded N,O-acetal 2.44 as an off-white solid (212 mg,
70% yield, 77:23 mixture of diasterecomers). R; 0.6 (3:1 hexanes:EtOAc); '"H NMR (500 MHz,
CDCl,): & 7.88 (7.88) (d, J = 8.0, 1H), 7.48 (7.48) (d, J = 8.0, 2H), 7.41 (7.64) (d, J = 8.0, 1H),
7.17 (7.15) (d, J =8.0,2H), 7.03 (7.24) (t,J =7.5, 1H), 697 (7.11) (t, J = 7.5, 1H), 5.43 (5.23)
(d,J=25,1H),3.77 (3.96) (dq,J = 10.0,7.0, 3.0), 3.62 (3.70) (dq, /= 10.0, 7.0, 3.0) 2.57 (2.60)
(d,J=12.5,1H),2.48 (2.45) (d,J = 6.5, 1H), 2.35 (2.36) (s, 3H), 1.47-1.54 (1.83-1.90) (m, 1H),
1.12 (1.21) (t,J =7.5,3H), 1.01 (d, J = 7.0, 3H); "C NMR (125 MHz, CDCL,):  143.5 (136.8),
136.4 (134.9), 133.5 (134.6), 129.4 (129.2), 129.0 (128.8), 127.2 (127.2), 126.9 (126.9), 126.1
(126.2), 124.3 (123.8), 87.2 (91.8), 63.2 (63.2), 39.2 (39.2), 32.2 (32.2), 30.5 (30.5), 21.4 (19.3),

17.3 (17.3), 14.5 (14.8); IR (neat): 2973, 2924, 2878, 1598, 1490, 1456, 1379, 1332, 1158, 1088

cm’'; HRMS-ESI (m/z) [M+Na]* caled for C,,H,;NO,SNa, 368.1296; found, 368.1289.
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wei )
©\ Me I\/@ ACcOH:H,0 (1:1)
+ —_— O NTs
_NH o
N“ Et0” N 80°C,3h N 'H

Me
Ts (70% yield) Me

2.26 2.44 245
Indoline 2.45. N,O-acetal 2.44 (68.7 mg, 0.199 mmol) was dissolved in a 1:1 mixture of AcOH
and H,O (1.3 mL). Aryl hydrazine 2.26 (22.5 uL, 0.195 mmol) was then added and the reaction
was heated at 80 °C for 3 h. The reaction was allowed to cool to 23 °C, and then diluted to a
volume of 20 mL with EtOAc. The reaction was quenched with sat. ag. NaHCO,; (20 mL), and
the layers were separated. The resulting aqueous layer was extracted with EtOAc (3 x 20 mL).
The combined organic layers were washed with brine (20 mL), dried over MgSO,, and
concentrated in vacuo to afford the crude product. Purification by flash chromatography (12:1:1
hexanes:Et,0:CH,Cl,) afforded indoline 2.45 as a white solid (55 mg, 70% yield). R, 0.8 (2:1:1
hexanes:Et,0:CH,Cl,); '"H NMR (500 MHz, CDCl,): 7.53 (d, J = 8.0, 1H), 7.45 (d, J = 8.0, 2H),
721(d,J=80,2H),7.10 (t,J=7.5,1H),6.97 (t,J=7.5,1H),6.86 (t,/=7.5,1H),6.76 (d, J =
7.0,2H),6.72(d,J=7.0,1H), 6.44 (t,J =7.0, 1H), 5.63 (s, 1H), 2.96 (s, 3H), 2.49 (d, J = 145,
1H), 2.41 (s, 3H), 1.59 (d, J = 14, 1H), 1.26 (s, 3H). Spectral data match those previously

reported.”
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H. Access to Enantioenriched Indoline Products

M Me,
© 2.46 (1.2 equiv) o
H (o] benzene, 40 °C H “H

HO
(62% yield, 28% ee)
2.23 2.29 2.30

Indoline 2.30. Phosphoric acid 2.46 (70 mg, 0.094 mmol) was added to a solution of lactol 2.29
(7.7 mg, 0.075 mmol), phenyl hydrazine 2.23 (8.1 mg, 0.075 mmol) in benzene (0.40 mL). The
reaction was stirred at 40 °C for 36 h. The reaction mixture was cooled to 23 °C and purified by
flash chromatography (5:1 hexanes:EtOAc) to furnish furoindoline 2.30 (8.0 mg, 62% yield,
28% ee). [a]p,>* +16.0 (¢ 0.01, CHCI;), SFC (CHIRALPAK AS-H, CO,/MeOH = 9/10, flow 1.5
mL/min, at 23 °C, detection at 254 nm) t; 3.06 min (major) and t; 4.43 min (minor). The
enantiomer formed in excess is believed to have the (R,R) configuration based on correlation to

known data.®

Pd(OAc),, BINAP NH

Me™” O NaOt-Bu
+ _— > W
Br toluene, 80 °C Me O
’ (97% yield) O
2.49

247 (-)-2.48
Aniline 2.49. To a mixture of racemic BINAP (0.393 g, 0631 mmol), palladium acetate (0.129 g,
0.573 mmol) and sodium tert-butoxide (0.771 g, 8.02 mmol) was added a-naphthylethyl amine
(-)-2.48 (1.11 mL, 6.89 mmol), bromobenzene (2.47) (0.602 mL, 5.73 mmol) and toluene (23
mL). The mixture was deoxygenated by sparging with N, for 1 h and then heated at 80 °C for 12
h. After cooling to 23 °C, the reaction mixture was diluted with Et,O (23 mL), filtered over celite

and concentrated under reduced pressure. The crude product was purified by flash
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chromatography (5:1 hexanes:EtOAc) to afford aniline 2.49 (1.65 g, 97% yield) as a yellow oil.
R, 0.4 (hexanes:EtOAc); '"H NMR (500 MHz, CDCl,) 6 8.19 (d, J = 8.5, 1H), 7.93 (d, J = 8.0,
1H),7.77 (d,J=8.5,1H),7.68 (d,J=7.0, 1H), 7.53-7.61 (m, 2H), 7.43 (t,J = 8.0, 1H), 7.09 (t,
J=8.0,2H), 6.66 (t,J=7.5,1H), 6.51 (d,J =8.0,2H),5.32 (q,J = 12.0, 6.5, 1H), 4.18 (s, 1H),
1.69 (d, J = 6.5, 3H); "C NMR (125 MHz, CDCl,) § 147.3, 140.1, 134.3, 130.9, 129.4, 127.7,
126.3, 126.1, 125.6, 122.8, 122.8, 122.5, 117.4, 113.4, 49.7, 23.8; IR (film): 3707, 3411, 2973,
2845, 1601, 1503, 1318, 1257, 1055 c¢cm; HRMS-ESI (m/z) [M+H]* caled for CHjN,

248.1439; found 248.1435; [a],™*" +150.8 (¢ 0.01, CHCL,).

©\ 1. NaNO,, HCloq ©\ _NH,
NH 0to023°C N

Me™" 2. LiAlH,, Et,0 Me*”
2310 40 °C
O (81% yield, 2 steps) O
249 2.50

Aryl Hydrazine 2.50. A solution of sodium nitrite (0.597 g, 8.65 mmol) in water (5 mL) was

added dropwise to a mixture of aniline 2.49 (1.07 g, 4.32 mmol) and concentrated hydrochloric
acid (37% yield, 1 mL) at 0 °C. The reaction mixture was warmed to 23 °C, stirred for 12 h,
poured into water (50 mL) and then extracted with benzene (3 x 20 mL). The combined organic
layers were dried over Na,SO, and evaporated to dryness to afford the crude nitrosylated product
as an orange oil. The crude product was used in the subsequent step without further purification.
To a solution of the crude product in diethyl ether (45 mL) was added LiAlH, (0.343 g,
9.03 mmol) and the reaction was heated at reflux for 3.5 h. The reaction vessel was cooled to 23
°C and quenched by the dropwise addition of sat. aq. NH,Cl until gas evolution subsided (ca. 15
mL). The reaction mixture was filtered over Celite, washed with ether (3 x 15 mL), and dried

over Na,SO,, and evaporated to dryness. Purification by flash chromatography (3:2
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benzene:hexanes — 4:1 benzene:EtOAc) afforded aryl hydrazine 2.50 (0.915 g, 81% yield, 2
steps) as a light yellow foam. R;0.5 (3:1 hexanes:EtOAc) '"H NMR (500 MHz, CDCl,) & 8.07, (d,
J=85,1H),789(d,J=75,1H),7.84(d,J=8.0,1H),7.59 (d,J=7.5, 1H), 7.45-7.52 (m, 3H),
7.34(t,J=90,2H),7.23(d,/=8.0,2H), 6.84 (t,J=7.5,2H),5.84 (q,J = 13.0, 6.5, 1H), 3.12
(s, 2H), 1.64 (d, J = 7.0, 3H); "C NMR (125 MHz, CDCl,) § 150.7, 136.9, 134.1, 132.1, 129.5,
1289, 128.6, 126.7, 126.0, 125.3, 125.1, 1240, 118.1, 113.4, 54.9, 12.4; IR (neat): 2979, 1586,
1485, 1358, 1286, 1160 cm™; HRMS-ESI (m/z) [M+H]" calcd for C,H,N,, 263.1548; found

263.1533; [a],**~112.3 (¢ 0.01, CHCL,).

2.29 Me, Me,
_NH, CIACOH o o]
N (3 equiv) Y, +
' e N H N H
Me™ b:l?ze?le
Me' Me'
O (80% yield ' '
d.r. = 2.4:1)
2.50 2.51 2.52

Indoline Diastereomers 2.51 and 2.52. To a mixture of aryl hydrazine 2.50 (52.4 mg, 0.20
mmol), lactol 2.29 (20.6 mg, 0.20 mmol), and benzene (1 mL) was added chloroacetic acid (56.7
mg, 0.60 mmol). The resulting mixture was heated at 40 °C for 24 h. The reaction mixture was
cooled to 23 °C, diluted with CH,Cl, (20 mL), washed with sat. aq. NaHCO; (5 mL) and
extracted with CH,Cl, (10 mL). The combined organic layers were dried over MgSO, and
evaporated to dryness. Purification by flash chromatography (15:1 — 10:1 hexanes:EtOAc)
afforded a mixture of diastereomers as an orange solid (53.0 mg, 80% yield, 2.4:1 dr). To
separate the diastereomers the mixture was repurified by flash chromatography, under the same
conditions. The stereochemical configurations of 2.51 and 2.52 were inferred after the
conversion of 2.51 to (+)-2.30. Indoline 2.51 R; 0.5 (4:1 hexanes:EtOAc); '"H NMR (500 MHz,

CDCL;) 6 8.23 (d,J=8.0,1H),7.96 (d,J=7.5, 1H), 7.82 (t, J = 8.0, 2H), 7.60 (t, J = 7.0, 2H),
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7.56 (t,J=7.5,1H),7.49 (t,J =80, 1H),7.11 (d,J=7.5, 1H),6.91 (t,J=7.5, 1H), 6.03 (d, J =
7.5, 1H), 5.65 (s, 1H), 5.56 (q, J = 7.0, 1H), 4.03 (t, J = 8.0, 1H), 3.70-3.75 (m, 1H), 2.28 (dd, J
=11.5,4.5, 1H),2.27 (m, 1H), 1.86 (d,J = 6.5, 3H), 1.58 (s, 3H); *C NMR (125 MHz, CDCL,) &
149.1, 139.4, 134.5, 133.9, 130.8, 129.1, 127.8, 127.5, 125.9, 125.8, 1252, 123.6, 122.5, 122 4,
117.3,106.0, 101.4, 66.7, 52.3,51.7, 41.9, 25.8, 19.0; IR (neat): 3046, 2963, 2852, 1606, 1594,
1487, 1459, 1395, 1298, 1236, 1013 cm™'; HRMS-ESI (m/z) [M + Na]* calcd for C,;H,;NONa,
352.1677; found 352.1686; [al,™** +125.4 (¢ 0.01, CHCL,). Indoline 2.52: R, 0.5 (4:1
hexanes:EtOAc); '"H NMR (500 MHz, CDCl,) § 7.95 (d,J = 8.5, 1H), 7.90 (d, J = 8.0, 1H), 7.84
(d,J=8.5,1H),7.74 (d, J = 7.5, 1H), 7.45-7.54 (m, 3H), 7.14 (t, J = 8.0, 1H), 7.10 (d, J = 7.0,
1H), 6.75 (d, J = 7.0, 1H), 6.51 (d, J = 7.5, 1H), 5.52 (q, J = 7.0, 1H), 4.69 (s, 1H), 3.93 (t, J =
7.5, 1H),3.53 (ddd, J = 13.0, 8.5,4.5, 1H), 2.18 (dd, J = 12.0, 4.5, 1H), 1.98 (ddd, J = 11.5, 11.5,
7.0, 1H), 1.90 (d, J = 6.5, 3H), 1.24 (s, 3H); °*C NMR (125 MHz, CDCL,) § 148.8, 136.3, 134.7,
133.8,131.7, 128.7, 128.1, 128.0, 126.2, 125.5, 125.4, 124.2, 123.2, 122.7, 117.3, 105.0, 101.0,
67.0, 52.2,49.3, 412, 24.7, 18.1; IR (film): 3681, 2973, 2845, 1605, 1487, 1215, 1059 cm™;
HRMS-ESI (m/z) [M + Na]* calcd for C,;H,;NONa, 352.1677; found 352.1680; [a.],*** —54.6 (c

0.01, CHCL,).

Me,
- o 1,4-cyclohexadiene ~
N ‘H S @EQ 97% ee
\ Q EtOH, 80 °C N N
Me (80% yield)
2.51 ' (+)-2.30
Indoline (+)-2.30. Indoline 2.51 (32.9 mg, 0.1 mmol), 1,4-cyclohexadiene (80.0 mg, 1.0 mmol),

palladium hydroxide (20% wt on carbon, 10.0 mg) in ethanol (1 mL) was heated at 80 °C for 6 h.

The reaction mixture was cooled to 23 °C, filtered through celite, washed with CH,Cl, (10 mL),
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and the solvent was removed under reduced pressure. Purification by flash chromatography (5:1
hexanes:EtOAc) furnished furoindoline (+)-2.30 (14.0 mg, 80% yield, 97% ee). [a],"* +124.5 (¢
0.01, CHCL,), SFC (CHIRALPAK AS-H, CO,/MeOH = 9/10, flow 1.5 mL/min, at 23 °C,
detection at 254 nm) t; 3.06 min (major) and t; 4.43 min (minor). The absolute configuration of

30 was determined based on correlation to known data.”
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APPENDIX ONE

Spectra Relevant to Chapter Two:

Exploration of the Interrupted Fischer Indolization Reaction

Alex W. Schammel, Ben W. Boal, Liansuo Zu, Tehetena Mesganaw, and Neil K. Garg.

Tetrahedron 2010, 66, 4687-4695.
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Figure Al.11 Infrared spectrum of compound 2.31.
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Figure Al.12 "C NMR (125 MHz, CDCL,) of compound 2.31.
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Figure Al.14 Infrared spectrum of compound 2.66.
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Figure Al.15 "C NMR (125 MHz, CDCL,) of compound 2.66.
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Figure Al.17 Infrared spectrum of compound 2.67.
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Figure Al.18 "C NMR (125 MHz, CDCl,) of compound 2.67.
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Figure Al.20 Infrared spectrum of compound 2.69.
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Figure Al1.21 "C NMR (125 MHz, CDCL,) of compound 2.69.
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Figure Al.23 Infrared spectrum of compound 2.70.
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Figure Al.24 "C NMR (125 MHz, CDCL,) of compound 2.70.
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Figure Al.27 Infrared spectrum of compound 2.73.
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Figure Al1.28 "C NMR (125 MHz, CDCL,) of compound 2.73.
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Figure Al.30 Infrared spectrum of compound 2.74.
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Figure Al1.31 "C NMR (125 MHz, CDCl,) of compound 2.74.
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Figure Al.33 Infrared spectrum of compound 2.76.
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Figure Al.34 "C NMR (125 MHz, CDCL,) of compound 2.76.
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Figure Al.36 Infrared spectrum of compound 2.30.
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Figure Al1.37 "C NMR (125 MHz, CDCl,) of compound 2.30.
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Figure Al 41 Infrared spectrum of compound 2.80.
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Figure Al 42 "C NMR (125 MHz, CDCL,) of compound 2.80.
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Figure Al .44 Infrared spectrum of compound 2.82.
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P31 100.00 usec
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P1 8.25 usec
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F2 - Processing parameters
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Figure Al 45 "C NMR (100 MHz, CDCL,) of compound 2.82.
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Figure Al .47 Infrared spectrum of compounds 2.84 and 2.85.
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Figure Al 48 "C NMR (125 MHz, CDCl,) of compounds 2.84 and 2.85.
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Figure Al.50 Infrared spectrum of compound 2.87.
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Figure Al1.51 "C NMR (100 MHz, CDCl,) of compound 2.87.
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Current Data Parameters
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Figure Al.53 Infrared spectrum of compound 2.89.
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Current Data Parameters
NAME Char Data
EXPNO 450
PROCNO 1

F2 - Acquisition Parameters
Date_ 20081016

Time 0.38
INSTRUM arx400
PROBHD 5mmQNP 1H

PULPROG zgdc30
TD 65536
SOLVENT CDCI3
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DS

SWH 27777.777 Hz
FIDRES 0.423855 Hz
éQ 1.1796980 sec
Dw 18.000 usec
DE 25.71 usec
TE 300.0 K

D12 0.0000200 sec
DL5 23.50 dB
CPDPRG waltz16
P31 100.00 usec
D1 2.00000000 sec
P1 8.25 usec
SFO1 100.6248445 MHz
NUCLEUS 3

D11 0.0300000 sec

F2 - Processing parameters

Sl 65536

SF 100.6127710 MHz
w EM

WD!

SSB 0

LB 4.00 Hz
GB 0

PC 1.40

Figure Al.54 "C NMR (100 MHz, CDCl,) of compound 2.89.
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Figure Al.56 Infrared spectrum of compound 2.91.
Account no. nkg316 Current Data Parameters
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§ 8 N o ® - Nl S 0 ©
i N NAN- 3 Rkge 5 8 oy 3 F2 - Acquisition Parameters
Date_ 20081016
Time 1.00
INSTRUM arx400
PROBHD 5mmQNP 1H
PULPROG zgdc30
TD 65536
SOLVENT CDCI3
NS 300
DS
SWH 27777.777 Hz
FIDRES 0.423855 Hz
AQ 1.1796980 sec
RG 32768
Dw 18.000 usec
DE 25.71 usec
TE 300.0 K
D12 0.0000200 sec
L5 23.50 dB
CPDPRG waltz16
P31 100.00 usec
D1 2.00000000 sec
P1 8.25 usec
SFO1 100.6248445 MHz
NUCLEUS 1
D11 0.0300000 sec
F2 - Processing parameters
Sl 65536
SF 100.6127710 MHz
WDW EM
SsB 0
LB 1.00 Hz
GB o]
PC 1.40
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Figure Al1.57 "C NMR (100 MHz, CDCl,) of compound 2.91.
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Figure Al.59 Infrared spectrum of compound 2.93.
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Figure Al1.60 "C NMR (100 MHz, CDCl,) of compound 2.93.
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F2 - Acquisition Parameters
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Figure Al.63 Infrared spectrum of compound 2.95.
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S S NN S ] < F2 - Acquisition Parameters
Date_ 20090123
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INSTRUM arx400
PROBHD 5mmQNP 1H
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SOLVENT CDCI3
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DS
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TE 300.0 K
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CPDPRG waltz16
P31 100.00 usec
D1 2.00000000 sec
P1 8.25 usec
SFO1 100.6248445 MHz
NUCLEUS 13C
D11 0.0300000 sec
F2 - Processing parameters
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SF 100.6127710 MHz
WDwW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
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Figure Al .64 "C NMR (100 MHz, CDCl,) of compound 2.95.
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Figure Al.66 Infrared spectrum of compound 2.96.
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3 L NA=Z 2 8 RRke & L) LN F2 - Acquisition Parameters
Date_ 20080722
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A
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Dw 18.000 usec
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D12 0.0000200 sec
DL5 23.50 dB
CPDPRG waltz16
P31 100.00 usec
D1 2.00000000 sec
P1 8.25 usec
SFO1 100.6248445 MHz
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F2 - Processing parameters
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Figure Al1.67 "C NMR (100 MHz, CDCl,) of compound 2.96.
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Figure Al.69 Infrared spectrum of compound 2.97.

Default parameters for C-13 with proton decoupling
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Current Data Parameters
NAME  aws-1-262-pdc1
EXPNO 1
PROCNO 1

F2 - Acquisition Parameters
Date_ 20080903
Time 23.15
INSTRUM arx500
PROBHD 5 mm broadban
PULPROG zgde30

TD 65536
SOLVENT CDCI3
NS 256

DS

SWH 35714285 Hz

FIDRES 0.544957 Hz

AQ 0.9175540 sec

RG

Dw 14.000 usec

DE 20.00 usec

TE 300.0 K

D12 0.0000200 sec
L5 17.70d

CPDPRG waltz16

P31 100.00 usec

D1 2.00000000 sec

.80 U

SFO1 125.7728999 MHz

NUCLEUS 1

D11 0.0300000 sec

F2 - Processing parameters

Sl 32768
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w EM

WD

SSB 0
LB 1.00 Hz
GB 0

PC 1.40

Figure A1.70 "C NMR (125 MHz, CDCl,) of compound 2.97.
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Figure Al.72 Infrared spectrum of compound 2.32.

default carbon parameters (proton decoupled)
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1400 1200

Current Data Parameters
NAME  aws-1-161-13c
EXPNO

PROCNO 1

F2 - Acquisition Parameters
Date_ 20080907

Time 13.41
INSTRUM avance500
PROBHD 5 mm bb-Z Z800
PULPROG zgdc30

65536
SOLVENT CDCI3
NS 256

DS

SWH 382679.738 Hz
FIDRES 0.498653 Hz
AQ 1.0027661 sec
RG 4096

Dw 15.300 usec
DE 6.00 usec
TE 298.2 K

D1 2.00000000 sec
di1 0.03000000 sec

MCREST  0.00000000 sec
MCWRK 0.01500000 sec

P1 5.25 usec

H
100.00 usec
120.00 dB
16.10dB
SFO2 500.3320013 MHz

F2 - Processing parameters
Sl 65536

SF 125.8080571 MHz
WDwW EM

D
SSB 0
LB 1.00 Hz
GB o
PC 1.40

Figure Al1.73 "C NMR (125 MHz, CDCl,) of compound 2.32.
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Figure Al.75 Infrared spectrum of compound 2.33.

default carbon parameters (proton decoupled) Current Data Parameters
NAME  aws-1-142-13cb
N NONNOT Y @ EXPNO 1
2 RIQICIIE § 8 R23 38 5 £ 8% PROCNO 1
O GONDGIN NN 0 - N ~Q © ¥ wo
0 FeodNaNs O 5 KRRk 8% 8 ®» I F2 - Acquisition Parameters
Date_ 20080907
Time 13.22
INSTRUM avance500
PROBHD 5 mm bb-Z Z800
PULPROG zgdc30
65536
SOLVENT CDCI3
NS 128
DS
SWH 382679.738 Hz
FIDRES 0.498653 Hz
AQ 1.0027661 sec
RG 2048
Dw 15.300 usec
DE 6.00 usec
TE 298.2 K
D1 2.00000000 sec
di1 0.03000000 sec
MCREST 0.00000000 sec
MCWRK 0.01500000 sec
P1 5.25 usec
H
100.00 usec
120.00 dB
16.10dB
SFO2 500.3320013 MHz
F2 - Processing parameters
Sl 65536
SF 125,8080693 MHz
WDwW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
- ol ; .
T T T T T T T T T T T T T T T T T T T T T 1
210 200 180 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Figure Al1.76 "C NMR (125 MHz, CDCl,) of compound 2.33.
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Figure Al.78 Infrared spectrum of compound 2.98.

Default parameters for C-13 with proton decoupling

800
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1400 1200

Current Data Parameters
NAME  aws-2-60-13cb
EXPNO

PROCNO 1

F2 - Acquisition Parameters
Date_ 20081211

Time 21.45
INSTRUM arx500
PROBHD 5 mm broadban
PULPROG zgdc30

TD 65536
SOLVENT CDCI3
NS 512

DS

SWH 35714.285 Hz

FIDRES 0.544957 Hz

AQ 0.9175540 sec

RG 16384

Dw 14.000 usec

DE 20.00 usec

TE 300.0 K

D12 0.0000200 sec
L5 17.70d

CPDPRG waltz16

P31 100.00 usec

D1 2.00000000 sec

.80 U

SFO1 125.7728999 MHz

NUCLEUS 1

D11 0.0300000 sec

F2 - Processing parameters

Sl 32768

SF 125.7578090 MHz
w EM

WD!

SSB 0
LB 1.00 Hz
GB 0

PC 1.40

Figure A1.79 "C NMR (125 MHz, CDCL,) of compound 2.98.
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Figure Al.81 Infrared spectrum of compound 2.99.

400 1200

Current Data Parameters
NA

2ls-2-171-¢
ITRNONNO TN TN O EXPNO
ERZR2EIHRBB S 3 B85 2 2 PROCNO 1
BHOBBDOINNN O G i N@o~ 0 ©Q
TTOONNNNNF T+ O o © oG O 10 = -
Al ol i ol il il © Ot <5 O NN F2 - Acquisition Parameters
Date 20091101
Time 16.46
INSTRUM avance500
PROBHD 5 mm bb-Z Z800
PULPROG zgdc30
TD 65536
SOLVENT CDCI3
NS 264
DS
SWH 32679.738 Hz
FIDRES 0.498653 Hz
AQ 1.0027661 sec
RG 4096
DW 15.300 usec
DE 6.00 usec
TE 296.1 K
D1 2.00000000 sec
di1 0.03000000 sec
MCREST 0.00000000 sec
MCWRK 0.01500000 sec
= = CHANNEL 2 =:
CPDPRG2 waltz16
NUC2 1H
PCPD2 100.00 usec
PL2 120.00 dB
PL12 16.10dB
SFO2 500.3320013 MHz
F2 - Processing parameters
Sl 65536
SF 125.8080727 MHz
WD! EM
S8B 0
LB 1.00 Hz
GB 0
PC 1.40
T T T T T T T T T T T T T T T T T T T T
210 200 180 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Figure Al1.82 "C NMR (125 MHz, CDCl,) of compound 2.99.
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Figure Al.84 Infrared spectrum of compound 2.100.
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= 21.691

24680
T~ 21.027
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Current Data Parameters

NAME  aws-1-231-13¢c
EXPNO
PROCNC 1

F2 - Acquisition Parameters
Date 080910

Time 18.33
INSTRUM avance500
PROBHD 5 mm bb-Z Z800
PULPROG zgdc30

TD 6
SOLVENT CDCI3
NS 128

DS 0

SWH 32679.738 Hz
FIDRES 0.498653 Hz
AQ 1.0027661 sec
RG 1024

DW 15.300 usec

DE 6.00 usec

TE 297.4 K

D1 2.00000000 sec
di1 0.03000000 sec
MCREST 0.00000000 sec
MCWRK 0.01500000 sec

i

= CHANNEL f1 =
13C
5.25 usec

PL1 0.00 dB

SFO1 125.8231939 MHz
= = CHANNEL f2 ==—=:
CPDPRG2 waltz16
NUC2 1H

PCPD2 100.00 usec
PL2 120.00dB

PL12 .10dB

SFO2 500.3320013 MHz

F2 - Processing parameters

Sl 65536

SF 125.8080643 MHz
EM

WD
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
L e
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Figure Al1.85 "C NMR (125 MHz, CDCl,) of compound 2.100.

175

1000.0



"T0T°C pue 1O spunodwod jo (‘[DAD ‘ZHIN 00S) AN H, 99 [V 241314

wn| [==lofolo] |00 o= —lolo|o|e|w| |w
WA |IRQ|™ QD [|O|0|N|© [os] @] SN O[O [ (9]
(D] ||| NN O[O [ (=] =0 O (OO N
Ol (Ao |0)0) N |0 o A~ NP N W oG o
wdd 0 L ol

E o
]
~
0
(]

E o~

F o
o

00’} Od

0 g9

ZH 020~ a1

0 gss

W3 Mam

ZHIN 08 100€'00S 48
89/¢2¢ IS
slejeweled buisssoold — 24
HE SN3TONN

ZHIN 8000€€ | '00G LOdS
03sn 00'L Id
08 000000002 1¢]
M 0°00€ 31

o8sn gy’ L. 3d
038N 000°0G Mma
SLL [3]=]

098 00689/2'C ov
ZH 8862610 S34HAld
ZH 0000000 + HMS
0 Sa

8 SN

€10a0 IN3IATOS
9€G699 aL

ogbz v0HdINd
uegpeolqUIW G  gHFOHd
oogxie WNYLSNI
8G°Gl _swil
9026002 seg
siajeWeled uopisinboy — 24
8 ONOOHd

I ONdX3

b—G/1—2-s|Z JAVN
sieleweIRd BlRQ JUSLIND

- |
H H
O
H N H N W
SIN + sIN
] (=]
¥ N
SANNNNNNONNNNNOYWRE RN DDDDDNNNNNNNN
NW—= =4 2 2NWWWWHEEBRWESENS WORPRUUIOIOIOOMWIWO WWW-NN NN
NWLANPEEANODNNOO =+ AO2LNW O 200N WNOROWNDO +WHAKAO O1O
CONWLOOONOIONONRAROOO WNON LN 2WOOOTO 00WOo =+ =+~

sas3sweaed uoljoad TneIsg

176



99.5 _

as

28.1

4000.0

3600

3200

2800 2400

2000
eme1

1800

1600 1400 1200

Figure Al.87 Infrared spectrum of compounds 2.101 and 2.102.

Current Data Parameters

meters for C-13 with proto NAME  zls-2-175-1-c

OIr DT Or O~ MIDN®DRON - O EXPNO

RBNBBBLEnRAYNSR2d0h 88 3I22R 28 51833 PROCNO 1

$59988838R8NNNARES o4 FE5N 88 1982

T YT YR IY O ® IBSTT 88 QR F2 - Acquisition Parameters
Date 091206
Time 16.38
INSTRUM arx500
PROBHD 5 mm broadban
PULPROG zgdc30
TD 65!
SOLVENT CDCI3
NS 2169
DS 0
SWH 35714.285 Hz.
FIDRES 0.544957 Hz
AQ 0.9175540 sec
RG 32768
DW 14.000 usec
DE 20.00 usec
TE 300.0 K
D12 0.0000200 sec
DL5 17.70dB
CPDPRG waltz16
P31 100.00 usec
D1 2.00000000 sec
P 6.80 usec
SFO1 125.7728999 MHz
NUCLEUS
D11 0.0300000 sec
F2 - Processing parameters
Sl 32768
SF 125.7577780 MHz
WDW EM
S8B 0
LB 1.00 Hz
GB 0
PC 1.40

T T T T T T T T T T T T T T T T T T T
210 200 180 180 170 160 150 140 130 120 110 100 90 80 60 50 40 30 20 ppm

Figure Al1.88 "C NMR (125 MHz, CDCl,) of compounds 2.101 and 2.102.
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Figure A1.90 Infrared spectrum of compounds 2.103.

Current Data Parameters

meters for C-13 with proto NAME  zls-2-175-1-c

OIr DT Or O~ MIDN®DRON - O EXPNO

RBNBBBLEnRAYNSR2d0h 88 3I22R 28 51833 PROCNO 1

399938525 RENNNE805 oo SEhEgE Rned

FrrTrrTrTCIFIFEFECIRFEFEICIST O ® IBSTT 88 QR F2 - Acquisition Parameters
Date 091206
Time 16.38
INSTRUM arx500
PROBHD 5 mm broadban
PULPROG zgdc30
TD 65!
SOLVENT CDCI3
NS 2169
DS 0
SWH 35714.285 Hz.
FIDRES 0.544957 Hz
A 0.9175540 sec
RG 32768
DW 14.000 usec
DE 20.00 usec
TE 300.0 K
D12 0.0000200 sec
DL5 17.70dB
CPDPRG waltz16
P31 100.00 usec
D1 2.00000000 sec
P 6.80 usec
SFO1 125.7728999 MHz
NUCLEUS
D11 0.0300000 sec
F2 - Processing parameters
Sl 32768
SF 125.7577780 MHz
WDW EM
S8B 0
LB 1.00 Hz
GB 0
PC 1.40

T T T T T T T T T T T T T T T T T T T T T
210 200 180 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Figure Al1.91 "C NMR (125 MHz, CDCl,) of compounds 2.103.
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Figure Al.93 Infrared spectrum of compounds 2.104.

Current Data Parameters
Al

arbon %arameters (proton d aws-1-232-13c

TNONOILO NG ®® WO Y EXPNO

XOBANNROD— OB DD cwq v © o«

BELTNELIBLERRB 3288 IR 8 28 PROCNO 1

52883388 KRNE SRR in 8 3z

Ani i aih alh alh alh lh alhalh lh alh lh a C 35 ] N F2 - Acquisition Parameters
Date 20080911
Time 18.24
INSTRUM avance500
PROBHD 5 mm bb-Z Z800
PULPROG zgdc30
TD 65536
SOLVENT CDCI3
NS 64
DS
SWH 32679.738 Hz
FIDRES 0.498653 Hz
AQ 1.0027661 sec
RG 1448.2
DW 15.300 usec
DE 6.00 usec
TE 304.0 K
D1 2.00000000 sec
di1 0.03000000 sec
MCREST 0.00000000 sec
MCWRK 0.01500000 sec
= = CHANNEL 2 =:
CPDPRG2 waltz16
NUC2 1H
PCPD2 100.00 usec
PL2 120.00 dB
PL12 16.10dB
SFO2 500.3320013 MHz
F2 - Processing parameters
Sl 65536
SF 125.8080598 MHz
WD! EM
S8B 0
LB 1.00 Hz
GB 0
PC 1.40

" " L
T T T T T T T T T T T T T T T T T T T T T 1
210 200 180 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Figure Al1.94 "C NMR (125 MHz, CDCl,) of compounds 2.104.
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Figure Al.96 Infrared spectrum of compounds 2.105.

default carbon parameters (proton decoupled) Current Data Parameters
NAME  aws-1-219-13c
CTOI—ANNZN® EXPNO
2RIREBRHIBKE n8h 5 g3 8 8L PROCNO 1
BLOOSTOTOINOO S 0N o9 © o~
IFEeOENANNNN- ISRk 8 5 3 I8 F2 - Acquisition Parameters
Date_ 20080911
Time 18.16
INSTRUM avance500
PROBHD 5 mm bb-Z Z800
PULPROG zgdc30
65536
SOLVENT CDCI3
NS 128
DS
SWH 382679.738 Hz
FIDRES 0.498653 Hz
AQ 1.0027661 sec
RG 2298.8
Dw 15.300 usec
DE 6.00 usec
TE 306.4 K
D1 2.00000000 sec
di1 0.03000000 sec
MCREST 0.00000000 sec

MCWRK 0.01500000 sec

P1 5.25 usec

H
100.00 usec
120.00 dB
16.10dB
SFO2 500.3320013 MHz

F2 - Processing parameters

Sl 65536

SF 125,8080568 MHz
w EM

WD!

SSB 0
LB 1.00 Hz
GB o

PC 1.40

T T T T T T T T T T T T
210 200 180 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 ppm

Figure A1.97 "C NMR (125 MHz, CDCl,) of compounds 2.105.
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Figure Al.99 Infrared spectrum of compounds 2.106.

Default parameters for C—13 with proton decoupling Current Data Parameters
NAME aws-2-39-13c

@ OO TN LN EXPNO

¢ B35538 E£&i 0B8R °er o & eu PROCNO 1

M ONOYT SO [NE=X- N~ 00 o3 3 © -

© F¥moNnN rre BN By S 5 I3x F2 - Acquisition Parameters
Date_ 20081130
Time 23.06
INSTRUM arx500
PROBHD 5 mm broadban
PULPROG zgde30
TD 655!
SOLVENT CDCI3
NS 200
DS 0
SWH 35714.285 Hz
FIDRES 0.544957 Hz
A 0.9175540 sec
RG
Dw 14.000 usec
DE 20.00 usec
TE 300.0 K
D12 0.0000200 sec
DL5 17.70dB
CPDPRG waltz16
P31 100.00 usec
D1 2.00000000 sec
P1 6.80 usec
SFO1 125.7728999 MHz
NUCLEUS 1
D11 0.0300000 sec
F2 - Processing parameters
Sl 32768
SF 125.7578090 MHz
WDwW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40

T T T T T T T T T T T T T T T T T T T T T 1
210 200 180 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Figure A1.100 "C NMR (125 MHz, CDCl,) of compounds 2.106.
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Figure Al.102 Infrared spectrum of compounds 2.107.

Current Data Parameters
NAME  aws-1-252-c13

EXPNO

PROCNO 1

F2 - Acquisition Parameters
Date_ 20080907

Time g

INSTRUM avance500

PROBHD 5 mm bb-Z Z800
PULPROG zgdc30

TD 65536
SOLVENT CDCI3
NS 128

DS

SWH 32679.738 Hz
FIDRES 0.498653 Hz
AQ 1.0027661 sec
RG 6502

Dw 15.300 usec
DE 6.00 usec
TE 297.9 K

D1 2.00000000 sec
di1 0.03000000 sec
MCREST 0.00000000 sec

MCWRK

0.01500000 sec

P1 5.25 usec
PL1 0.00 dB

SFO1 125.8231939 MHz
=: = CHANNEL 2 =:
CPDPRG2 waltz16

H
PCPD2 100.00 usec
PL2 120.00 dB
PL12 16.10dB
SFO2 500.3320013 MHz

F2 - Processing parameters

Sl 65536

SF 125.8081387 MHz
w EM

WD!

SSB 0
LB 1.00 Hz
GB 0
PC 1.40

Figure Al.103 "C NMR (125 MHz, CDCl,) of compounds 2.107.

1000.0



00'L Od

0 a9

ZH 0S'} a1

0 488

[AE] MAM

ZHIN 6€200€ |} '00S 48
89/2¢€ IS
siejeweed Buisseooid — 24
HE SN3TONN

ZHIN 8000€€}'00G LOd4S
09sn 00} Id
08S 000000002 1a
A 0'00€ 3L
ossnegyLL 3d
088N 000'0S ma
20k [31=]

08Ss 00889/2'€ ov
ZH 88G62S10 S3Hald
ZH 000°0000 + HMS
0 sa

8 SN

€10a0 1IN3IATOS
9€4999 aL

ogbz 50ddINd
uegpEOIqWW G HE0Yd
00GXIE INNYLSNI
LO'GL el
91218002 aeq
slsjeWEIR UOHISINboY — 24
8 ONOOHd

3 ONdX3

HI-y9—2—-sme JAVYN
sisjeWEIRd BIEQ JUSLIND

"801°Z spunodwod Jo ([DAD “ZHIN 00S) YN H, #OI [V 24181

w||w w = 2o o olo|=[2[2] |v
=100 o Q Q % © [{l[{e][e)[e][id] [w]
®[O o N N ~l (00N |0 [~ o
W |~ S W —] N . (O] (O =]

80Lc

SIN

°IN

sieleweled uoloid 1neeq

188



78 |
77.5

4000.0

3600 3200 2800 2400 2000 1800 1600 1400 1200
eme1

Figure Al.105 Infrared spectrum of compounds 2.108.

Default parameters for C—13 with proton decoupling Current Data Parameters

NAME aws-2-64-c13

VNONVNNOTN O EXPNO

SR3orR8B8 P b 89 3 R8N PROCNO 1

NOKNGONKN— 0 O 3 ¥y 0 00

I¥eeoNANT = i 92 8 VaR F2 - Acquisition Parameters
Date_ 20081216
Time 15.06
INSTRUM arx500
PROBHD 5 mm broadban
PULPROG zgde30
TD 655!
SOLVENT CDCI3
NS 64
DS 0
SWH 35714.285 Hz
FIDRES 0.544957 Hz
A 0.9175540 sec
RG
Dw 14.000 usec
DE 20.00 usec
TE 300.0 K
D12 0.0000200 sec
DL5 17.70dB
CPDPRG waltz16
P31 100.00 usec
D1 2.00000000 sec
P1 6.80 usec
SFO1 125.7728999 MHz
NUCLEUS 1
D11 0.0300000 sec
F2 - Processing parameters
Sl 32768
SF 125.7577658 MHz
WDwW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40

T T T T T T T T T T T T T T T T T T T T T 1
210 200 180 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Figure Al.106 "C NMR (125 MHz, CDCl,) of compounds 2.108.
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Figure Al.108 Infrared spectrum of compounds 2.35.

Current Data Parameters

arbon vparameters S\Proton d NAME AWS-3-189C
o —O3IOR EXPNO
8 & 82362 J B BENB 3 PROCNO 1
8% BEINZ B o igue s §
- - Rl ol el © IBES B N F2 - Acquisition Palameters
Date. 091205
Time _
INSTRUM avance500
PROBHD 5 mm bb-Z Z800
LPROG zgdc30
6!
SOLVENT CDCI3
NS 16284
DS 0
SWH 32679.738 Hz
FIDRES 0.498653 Hz
AQ 1.0027661 sec
RG 9195.2
DwW 15.300 usec
DE 6.00 usec
TE 320.0 K
D1 2.00000000 sec
di1 0.03000000 sec
MCREST 0.00000000 sec
MCWRK 0.01500000 sec
P1 6.20 usec
PL1 0.00 dB
SFO1 125.8231939 MHz
= CHANNEL 2 =:
CPDPRGZ waltz16
NUC2 1H
PCPD2 100.00 usec
PL2 120.00 dB
PL12 16.10dB
SFO2 500.3320013 MHz
F2 - Processing parameters
S 65536
SF 125.8080549 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
l PC 1.40
.
T T T T T T T T T T T T T
240 220 200 180 160 140 120 100 80 60 40 20 ppm

Figure A1.109 "C NMR (125 MHz, CDCl,) of compounds 2.35.

191

1000.0



e 7 spunodwod Jo ([DAD “ZHIN 00S) AN H, 01 [V 24n81q

w| |2 —[vjo o||~ ollo|lo|*
3| B8 AL 8|12 21888
N (=) O |~ ~J|O =) =)
wadd 0 L I € 4 g 9 L 8 6 ok

00’} Od

0 g9

ZH 000 a1

0 gss

W3 Mam

ZHW ££200€}'00S 48

89/¢2¢ IS

slejeweled buisssoold — 24

HE SN3TONN

ZHIN 8000€€ | '00G LOdS

03sn 00'L Id

08 000000002 1¢]

M 0°00€ 31

o8sn gy’ L. 3d

038N 000°0G Mma

SLL [3]=]

098 00689/2'C ov

ZH 8862610 S34HAld

ZH 0000000 + HMS

0 Sa

8 SN

€10a0 IN3IATOS

9€G699 aL

ogbz v0HdINd

uegpeolqUIW G  gHFOHd

oogxie WNYLSNI

G2'6 _swil
€4100L02 skeq -

siajeWeled uopisinboy — 24

8 ONOOHd

14 ONdX3

H—822—€—sme JAVN
sieleWeIRd BlRQ JUSLIND

M Y (T

ve'e

oI

sas3sweaed uoljoad TneIsg

192



"9¢*7 spunodwod Jo ([DAD “ZHIN 00S) INN H, [ [V 24181

-

w
Y
Lod (9}
o

-
Q
(o]
O

Lve'e
b

-
Q
©
prd

€190

o o

©
9 8
o1 w

090
6GL'¢

wdd 0 I 2 € 14 g

Fo
o~
F

TP T

00’} Od
0 a5
ZH 000 a1 -
0 gss 9gc
[AE| Mam
ZH £6100€}°00S 48 H
89/2¢€ IS H N
siajowesed Buisseoold — 24 oNIN
HE SN3TONN
ZHIN 8000€E | '00G LOd4S oI
98sn 00'L L Ld
93S 00000000°2 1a
Y 0°00€ 31
o8sn gy'LL 3a
93sn 000°0S Mma
20} O
988 00689/2'C oV
ZH 88G2G}0 S3HAld
ZH 000°00001} HMS
0 Sa
8 SN
€10ad 1IN3ATOS
9€GG9 aL
ogbz o0HdINd
uegpeolquw g  gHA0Yd
(A A || AN
: s
m_.wwom_.wm \Bm.m SONNNNNNNNNN AR 2000 NN
- POOOOODONNNN o » o
sisjeWe.Bd uosinboy — 24 58228823338y g8 3 2234RER
3 ONOOHd
3 ONdX3
Blgd-9/2-€—amg  JAVYN sao3sweaed uojoad 3Tnejyeq

slajlsweled eleq juannd

193



00'L Od

0 a9

ZH 000 a1

0 488

LEl MAM

ZHIN 00000€ | '00G 48
89/2¢€ IS
siajeweled Buissaoold — 24
HE SN3TONN

ZHIN 8000€€}'00G LOd4S
09sn 00} Id
08S 000000002 1a
A 0'00€ 3L
ossnegyLL 3d
088N 000'0S ma
SHL [31=]

08Ss 00889/2'€ ov
ZH 88G62S10 S3Hald
ZH 000°0000 + HMS
0 sa

8 SN

€10a0 1IN3IATOS
9€4999 aL

0s62 D0ddINd
uegpEOIq WW G HE0Yd
oogxie INNYLSNI
eyl _sull
21208002 sieq
slsjeWERIR UOISINboy — 24
8 ONOOHd

l ONdX3

Ld-vE€2—2—amq JAVYN
sisjeWEIRd BIEQ JUSLIND

'8¢ spunodwod Jo ([DAD “ZHIN 00S) NN H, ZI [ [V 24181

-

w NN w W=
o olo — oflnle
B MK o1 RN
3 ©|& © ()| =)

000}
L10'}
¥60'2

wdd 0 L 2
L 1 1 1

)
F~
L
©
N~
©
o

ot

A At I

o2
oI

sieleweled uoloud 1neeq

194



601 spunodwod Jo ([DAD “ZHIN 00S) YINN H, £V 24181

— N n —~|o|w N —
518 8 g8 s I8
R W_ % O | 0000 O o
wdd 0 b 2 € ¥ g 9 L 8 6
| | | | | | | | | |
00’k Od
0 a9
ZH 000 a1
0 a8s .
W3 Mam 601°C
ZHIN 88100€ 1008 48
89/2€ IS z
siajeLesed Buissaoold — 24 SN Om
HL SNI10NN o
ZHN 8000€E }'00G Lods
0asn 00'} | Ld
088 000000002 1d
% 0°00€ 3L /
d8sngyl/ 3d
938N 00009 Ma
09¢ 54
088 00G8922'E ov
ZH 889¢St'0 S3HAId
ZH 000°0000 HMS
0 sa
8 SN
€10ad 1IN3IATOS
9€49469 aL
ogbz DoYd1Nd
ueqpeoiq WW G HEIOHd
00GXIE IWNYLSNI
£2'sl sl
1010002 e1eQ
slalalleled uoilsinboy — 24
8 ONOOHd~N N N ] g
4 ONdX3~ & o @
H-02c—c—sme JAYN
sIsleleIRd BIR( JUBLIND sueaed uojoad ATr

195



101.0 _

8.5

90 |

60 |

as |

30 |

4000.0

3600

3200

2800

2400

2000
eme1

1800

1600

1400

Figure Al.114 Infrared spectrum of compounds 2.109.

1200

B 3 'i ﬁarameLers (prapg o 3 VM OO W OO Current Data Parameters
3 g 3 o 8F8 N5 8 B T2 8 NAME  bwb-schamlactamC13
~ 0 @ - NN © g 0 ¥ OO0 I EXPNO 2
F2 — Acquisition Parameters
Date_ 0912
Time 17.53
INSTRUM avance500
PROBHD 5 mm bb-Z Z800
PULPROG zgdc30
TD 655
SOLVENT CDCI3
NS 228
Ds
SWH 32679.738 Hz
FIDRES 0.498653 Hz
AQ 1.0027661 sec
RG 13004
Dw 15.300 usec
DE 6.00 usec
TE 294.4 K
D1 1.00000000 sec
di1 0.03000000 sec
MCREST 0.00000000 sec
MCWRK 0.01500000 sec
CHANNEL f1
NUC1 13C
P1 6.20 usec
PL1 0.00 dB
SFO1 125.8231939 MHz
HANNEL f2
CPDPRG2 waltz16
NUC2 1H
PCPD2 100.00 usec
PL2 120.00 dB
PL12 16.10 dB
SFO2 500.3320013 MHz
{ ‘ "
T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

Figure Al.115 "C NMR (125 MHz, CDCl,) of compounds 2.109.
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Figure Al.117 Infrared spectrum of compounds 2.40.
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pL1 0.00 dB
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L12 16.10 dB
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Figure Al.118 "C NMR (125 MHz, CD,CN) of compounds 2.40.
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Figure Al.120 Infrared spectrum of compounds 2.41.
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Figure Al.121 "C NMR (125 MHz, CDCl,) of compounds 2.41.
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Figure Al.123 Infrared spectrum of compounds 2.42.
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NUC2 1H
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PL12 16.10dB
SFO2 500.3320013 MHz
F2 - Processing parameters
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Figure Al.124 "C NMR (125 MHz, CDCl,) of compounds 2.42.
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Figure Al.129 Infrared spectrum of compounds 2.44.
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F2 - Acquisition Parameters
Date 20081130
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SOLVENT CDCI3
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0
35714.285 Hz

SWH
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DE 20.00 usec
TE .0 K
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DL5 17.70 dB
CPDPRG waltz16
P31 100.00 usec
D1 2.00000000 sec
P1 6.80 usec
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NUCLEUS 1
D11 0.0300000 sec
F2 - Processing parameters
S| 32768
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SSB 0
LB 1.00 Hz
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PC 1.40
"
T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

Figure Al.130 "C NMR (125 MHz, CDCL,) of compounds 2.44
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Figure Al.133 Infrared spectrum of compounds 2.49.
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F2 - Acquisition Parameters
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TD 65536
SOLVENT CDCI3
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MCREST 0.00000000 sec
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0.01500000 sec

CHANNEL f1 =:
13C

6.20 usec
0.00 dB
125.8231939 MHz

120.00 dB
16.10
SFO2 500.3320013 MHz

F2 - Processing parameters
Sl 65536

SF 125.8080587 MHz.
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LB 1.00 Hz

GB 0

PC 1.40
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Figure Al.134 "C NMR (125 MHz, CDCl,) of compounds 2.49.
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Figure Al.136 Infrared spectrum of compounds 2.50.

Current Data Parameters
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F2 - Acquisition Parameters
Date. 2009110!

ate_ 5
Time 13.28
INSTRUM avance500

PROBHD 5 mm bb-Z Z800
PULPROG zgdc30

TD 65536
SOLVENT CDCI3
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VSN

X<

DS

SWH 32679.738 Hz
FIDRES 0.498653 Hz
AQ 1.0027661 sec
RG 13004

DW 15.300 usec
DE 6.00 usec
TE 296.1 K

D1 2.00000000 sec
di1 0.03000000 sec

MCREST  0.00000000 sec
MCWRK 0.01500000 sec

= = CHANNEL f2 =
CPDPRG2 waltz16
NUC2 1H
PCPD2 100.00 usec
PL2 120.00dB
PL12 16.10dB

SFO2 500.3320013 MHz

F2 - Processing parameters

Sl 65536

SF 125.8080572 MHz
D EM

W
SSB 0
LB 1.00 Hz
GB 0
I | ] I PC 1.40
y y
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Figure Al.137 "C NMR (125 MHz, CDCl,) of compounds 2.50.
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Figure Al.139 Infrared spectrum of compounds 2.51.
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Trrrrrrerrc e e es NENO 0o < N - F2 - Acquisition Parameters
Date 20091116
Time 3.57
INSTRUM avance500
PROBHD 5 mm bb-Z Z800
PULPROG zgdc30
TD 65536
SOLVENT CDCI3
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Figure Al.140 "C NMR (125 MHz, CDCL,) of compounds 2.51.
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CHAPTER THREE

Why Do Some Fischer Indolizations Fail?
Nihan Celebi-Ol¢iim, Ben W. Boal, Alexander D. Huters, Neil K. Garg, and K. N. Houk.

J.Am. Chem. Soc. 2011, 133,5752-5755.

3.1 Abstract

The mechanisms of the Fischer indole synthesis and competing cleavage pathways were
explored with SCS-MP2/6-31G(d) and aqueous solvation calculations. Electron-donating
substituents divert the reaction pathway to heterolytic N—N bond cleavage and preclude the acid-

promoted [3,3]-sigmatropic rearrangement.

3.2 Introduction

Indole derivatives continue to receive substantial interest due to their wide range of
biological activity.'*”*® The Fischer indole synthesis’ remains among the most widely used
approaches to indoles, with more than 700 reports over the last 15 years.” Despite the extensive
application of the Fischer indole sequence, certain substitution patterns cause the reaction to fail.

A notable challenge for the Fischer indolization reaction is the synthesis of C3 N-
substituted indoles (3.1—3.3, Scheme 3.1). Various 3-aminoindole derivatives display
antimalarial, anti-muscarinic, anti-bacterial, anti-viral, anti-plasmoidal, and anti-hyperglycemic
activities and are attractive pharmacological targets.”* However, to date, there are no examples of

3-aminoindole synthesis by the Fischer method, and the corresponding preparation of N-(indol-3-

9,10,11,12 13,14

yl)amides and 3-pyrazolylindoles ™" proceeds poorly in the presence of protic acids. While
the use of Lewis-acids (e.g., ZnCl, or ZnBr,) improves the efficiency of cyclizations,” the

question remains: Why do these Fischer indolizations fail?
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We have encountered similar difficulties in efforts to synthesize complex indoline-containing
natural products using the interrupted Fischer indolization cascade" (3.4+3.5—3.6, Scheme 3.1).
Reactions between aryl hydrazines 3.4 and latent aldehydes 3.5 delivered 3-alkyl and 3-aryl
substituted pyrrolidindolines, 3.6a and 3.6b, in good yields," but the transformation failed en
route to 3-indolyl pyrrolidindoline, 3.6¢, intended to be a model study for the synthesis of

psychotrimine'®'” (3.7) and related alkaloids.

Scheme 3.1
R R
R
N N 3
~ | \I _H> z |/‘b| — I
Yosn-N NA ‘,}g"'z —> Y N
3.1 3.2 3.3
R R
z | H,0, AcOH
A NH; * —» ) NTs
R N HO™ ™\ 100 °C S A~NH NHMe
Ts R’ H A\
3.4 3.5 3.6 N
Me NMe

v Q. O ™
N
@QNTS 3\~NTs MeHNLjiO
H H O %Y 3\_-NTs
H N H

3.6a 3.6b 3.6¢ Psychotrimine (3.7)

(88% yield) (70% yield) not observed

3.3 Failed Experimental Interrupted Fischer Indolization
Table 3.1 shows a sampling of our unsuccessful interrupted Fischer indolization attempts
of substrate 3.5c. Phenylhydrazine was employed in initial experiments. Acetic acid-based

conditions, commonly used for the interrupted Fischer indolization reaction, gave none of the
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desired indoline product (entries 1-2). Similarly, the use of stronger acids typically used to
promote Fischer indole synthesis was also unsuccessful (entries 3-6)."* All of these experiments
gave rise to two significant byproducts: 3-methylindole and aniline. Comparable results were
obtained when treating arylhydrazone derivatives of 3.5¢ under acidic conditions. Despite being
a widely utilized process, many essential mechanistic details underlying the acid-promoted
Fischer indolization remain unclear. Previous computational investigations on the mechanism of
the Fischer indole reaction are limited to semiempirical methods,"” and the effect of substituents
on the possible competing pathways has not yet been addressed. Here, we report the first
computational study on the mechanism of the Fischer indole reaction using accurate quantum
mechanical methods, and demonstrate that substituents on the starting carbonyl compound play a
pivotal role in the success or failure of the Fischer indole synthesis. We also show that the
commonly used B3LYP method fails to reproduce the concerted nature of the acid-promoted 3,4-

diaza-Cope rearrangement.
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Table 3.1. Interrupted Fischer Indolization Attempts with 3.5¢

Me Me
Lo
H b O
HO ¥s H H
3.5¢ 3.6¢c
Entry Conditions
1 1:1 AcOH/H,0, rt to 110°C
2 AcOH, rt to 100 °C
3 TFA, C,H,Cl,, rt to 80°C
4 HCl(aq), CHyCN, rt to 120 °C
5 H3S04(3q), CH3CN, rt to 120 °C
6 TsOH, -BuOH, rt to 80 °C
7 CIAcOH, PhMe, rt to 170 °C
8 CIAcOH, MeOH, rt to 80 °C
9 PPTS, MeOH, rt to 80 °C

3.4 Initial Computational Studies

We first studied the parent unsubstituted rearrangement using different levels of theory,
including CBS-QB3, B3LYP, SCS-MP2, MP2 and M06-2X with Gaussian 09.% Solvation
effects were taken into account in geometry optimizations and in energy calculations using the
SMD model.! B3LYP favors N-N bond cleavage, without C—C bond formation, for the
protonated species and failed to predict the concerted nature of the sigmatropic rearrangement
transition states upon substitution. These results and a detailed comparison of all methods are
given in the Supporting Information. In the text, we discuss results obtained at the SCS-MP2/6-
31G(d)(water)//MP2/6-31G(d)(water) level of theory, which provide the best results in test
calculations. Figure 3.1 shows the free energies of the ene-hydrazine intermediates and [3,3]-

sigmatropic rearrangement transition states relative to the phenylhydrazone for both the thermal
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and acid-catalyzed (No-protonated and Nf3-protonated) pathways. In the thermal reaction, ene-
hydrazine intermediate 3.9 lies 17.5 kcal/mol higher in energy than phenylhydrazone 3.8. The
rearrangement transition state (t-TS) is concerted, but asynchronous with a very high activation
barrier of 43.7 kcal/mol. Protonation of either nitrogen gives earlier transition states, increased
asynchronicity, and a substantial decrease in the activation energy by 11-13 kcal/mol.
Stabilization of the ene-hydrazine intermediates due to protonation (3.9a and 3.9b) is less
significant (AAG = 3.1 kcal/mol). Overall, the Np-protonated pathway is favored by 1.5
kcal/mol and yields the rearranged product 3.10b in a concerted fashion. M06-2X significantly

overestimated the barrier of the [3,3]-sigmatropic rearrangement by ~6-10 kcal/mol (see SI).

Thermal reaction

|

(l/ (j\ NH
N; b
H

0.0 17.5

Acid-promoted reaction

|

©\®, @ NbH
N;
H, Hz

o.oﬂ 14.3 ﬂ
S
QA= i
N:NbH Na/NbHZ
3.8 H 3.9p H
0.6 14.4

Figure 3.1. Free energies (AG, in kcal/mol) for the transformation of hydrazone to imine for the
thermal and acid-promoted reaction [SCS-MP2/6-31G(d)(water)//MP2-6-31G(d)(water)].
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3.5 Substituent Effects

The influence of various substituents was evaluated computationally (Table 3.2). A single
methyl substituent (entry 2) led to additional stabilization of both ene-hydrazine intermediates
(AAG = 4 kcal/mol) and [3,3]-sigmatropic rearrangement transition states (AAG = 6 kcal/mol)
compared to the parent reaction (entry 1). The energies of protonated ene-hydrazines are
essentially identical, and the B-TS is still favored over the a-TS. The favorable [3,3]-sigmatropic
rearrangement of the monomethylated substrate (entry 2) is consistent with experimental data on
Fischer indole synthesis.” Condensation of phenylhydrazines with 3-substituted hemiaminals or
lactols, the so-called interrupted Fischer indolization strategy,” involves disubstituted
phenylhydrazone intermediates. We find that the second substituent further stabilizes the
intermediates and transition states by 1-3 kcal/mol (entry 3) compared to the monomethyl
substituted reaction. The Na- and Np-protonated pathways have comparable energies (Figure

3.2).
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B-TS-dimethyl

-2.6 [-4.4]
3.10b-dimethyl
H;C CH,

I
@Hz
NH

22.3[20.0]

\

H

1 0.0[0.0] /
\—
3.8b-dimethyl

SN

H

a-TS-dimethyl

""CH3

I cH
NH °

22.9[20.3]

-7.2 [-8.4]
3.10a-dimethyl

HsC CH;

Figure 3.2. Energy profile (AG[AH], in kcal/mol) for the acid-promoted transformation of

dimethyl substituted hydrazone.

Table 3.2. Substituent Effects on the Free Energy (Enthalpy)" Profile [SCS-MP2/6-

31G(d)(water)//MP2/6-31G(d)(water)]

Entr Substituents 3.8a Rl 398 . Ry o-TS 3.8b Rl 3.9b N R B-TS
R, 2' 4 A
y - O Ol
1 R;:H,R,:H 0.0 143 (14.1) 326 0.6 (0.6) 144 (143) 3141
(0.0) (30.3) (28.7)
2 R;:CH,R;:H 0.0 10.6 (10.3)  26.1 0.5 (0.4) 107 (107)  24.7
(0.0) (23.9) (22.8)"
3  R;:CH,R:CH, 02 93 (8.7) 22.9 0.0 (0.0) 8.7 (7.7) 22.3
(0.0) (20.3)" (20.0)"
4 R,: Indolyl, R,: 0.0 9.2 (8.8) 18.0 2.2(2.7) 9.0 (9.3) 21.2
CH, (0.0) (16.5)° (19.3)
5 R: CH,, R, 00 73 (7.6) 18.5 1.1 (1.5) 74 (8.5) 19.6
N(H)acetyl (0.0) 7.7 (17.9)

‘Free energies (enthalpies in parenthesis) are given relative to phenylhydrazone in kcal/mol.
°Favored transition state involves [3,3]-sigmatropic rearrangement. ¢ Favored transition state

leads to N-N bond cleavage products.

223



3.6 Nitrogen Substituents

The reaction profile obtained with the indolyl-substituent, on the other hand, is
completely different (entry 4 Table 3.1, and Figure 3.3). The a.-TS-indolyl (AG = 18.0 kcal/mol)
is noticeably lower in energy than B-TS-indolyl (AG = 21.2 kcal/mol), but the favored transition
state is not that of a [3,3]-sigmatropic rearrangement (Figure 3.3). Instead, the intrinsic reaction
coordinate (IRC) gives the stable p-complex, 3.11. In solution, this complex will dissociate,
forming aniline and iminylcarbocation 3.12. Therefore, for the indolyl substituted reaction, the
Na-protonated pathway leads to dissociation rather than rearrangement in solution. This suggests
that the iminylcarbocation, formed by the heterolytic N-N bond cleavage, is stabilized by the
electron-donating indolyl substituent, and this is responsible for the failure of the Fischer
indolization for this substitution pattern. In place of an indolyl substituent, an acylated amine was
evaluated (entry 5). Similarly, heterolytic N—N bond cleavage was favored over [3,3]-sigmatropic
rearrangement. This result explains why the acid-catalyzed Fischer indolization of amide-

containing substrates has proved challenging.”'*
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a-TS-indolyl
18.0 [16.5]

9.2 [8.8]
! 3.9a-indolyl
/ Indolyl
I// =z CH3
/ ®
; N,NH
/I H2
0.010.0]
3.8a-indolyl 3.9[7.0]
H I 3.11 N —
~Indolyl 3.12
[ CH; Indolyl
e/

N HSCJ@\‘
H, @\ + |
NH
NH,
Figure 3.3. Energy profile (AG[AH], in kcal/mol) for the acid-promoted transformation of

indolyl substituted hydrazone.

To better understand this behavior, we calculated the heterolytic bond dissociation
enthalpies of Na- and Nf-protonated ene-hydrazine intermediates (Table 3.3). As highlighted by
entries 1-5, substantial weakening of the N-N bond occurs in 3.9awith more electron-donating
substituents on the terminal alkene. The activation barriers of the No-protonated species are
lowered, and the transition states became more dissociative. The dissociative character of the
weak N-N bond eventually precludes the [3,3]-sigmatropic rearrangement, and the ene-hydrazine
intermediate collapses to aniline and a stabilized iminylcarbocation. The heterolytic N-N bond
cleavage leads to side reactions rather than the Fischer indolization. These results are in accord
with our experimental observations, and experimental findings by Mann and Cook.” Previous

studies of substituent effects on the Cope rearrangement and related 3,3-sigmatropic shifts
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indicate that substituents that stabilize either associative or dissociative transition states
accelerate the concerted rearrangement.” Extreme stabilization of the dissociative transition state

can eventually lead to dissociation, as was noted previously for amido-Cope rearrangements.”*

Table 3.3. Bond Dissociation Enthalpies (BDE) of Protonated Ene-hydrazines [SCS-MP2/6-
31G(d)(water)//MP2/6-31G(d)(water)]
Entry Substituents BDE-3.9q" BDE-3.95°

1 R,;:H 47.1 (36.3) 34.2 (23.6)
R,:H

2 R,: CH, 31.0(19.8) 359 (25.1)
R,:H

3 R,: CH, 20.7 ( 9.7) 38.1 (26.0)
R,: CH,

4 R,: Indolyl 0.0 (-10.1) 32.3(21.2)
R,:H

5 R,: Indolyl -1.8(-13.2) 33.2(21.5)
R,: CH,

6 R,: CH, 1.0(-10.7) 36.4 (25.8)
R,: N(H)acetyl

7 R;:H 8.9 (-2.6) 349 (23.7)
R,: N(H)acetyl

8 R,:N(H)acetyl 10.7 (0.4) 22.4 (10.9)
R,:acetyl

‘Relative enthalpies of N-N bond cleavage of the corresponding ene-hydrazine intermediate (AH,
kcal/mol). Relative free energies (AG, kcal/mol) are given in parenthesis.

In contrast to electron-donating substituents, electron-withdrawing groups weaken the N—
N bond in 3.9b, and stabilize the N-N bond in 3.9a (Table 3.3, entry 8 vs. 6). This suggests that
changing the amino substituent to amido would somewhat disfavor the competing dissociative
pathway. Indeed, the N-acyl group notably increases the strength of the N-N bond in the Na-
protonated ene-hydrazines compared to indolyl (Table 3.3, entries 4 and 7). However, the bond
dissociation enthalpy is still low (8.9 kcal/mol) compared to the case with only alkyl substituents

(31.0 kcal/mol). These results explain in part the relatively poor yields obtained in the acid-

226



catalyzed Fischer indole synthesis of 3-amido indoles." Disubstitution with an amido and alkyl

group is predicted to be detrimental for the No-protonated rearrangement (Table 3.3, entry 6).

3.7 Conclusions

Electron-donating substituents weaken the N-N bond in the Na-protonated ene-hydrazine
and lower the activation energy for the rearrangement step. However, excessive stabilization of
heterolytic N-N bond cleavage precludes the products of the [3,3]-sigmatropic rearrangement,
leading to the dissociation of the ene-hydrazine intermediate. This eventually translates to lower
yields, or even to the failure of cyclization. Bond dissociation enthalpies are excellent guides to
determine the feasibility of the cleavage process. Beyond providing an explanation for the failure
of certain Fischer indolization reactions, we expect these findings will enable the judicious

design of synthetic routes that employ aza-[3,3]-sigmatropic rearrangements.
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3.8 Experimental Section

3.8.1 Materials and Methods

Materials and methods. Unless stated otherwise, reactions were conducted in flame-dried
glassware under an atmosphere of nitrogen using anhydrous solvents (either freshly distilled or
passed through activated alumina columns). All commercially available reagents were used as
received unless otherwise specified. tert-butyldimethylsilyl chloride was obtained from
Oakwood. 3-methylindole, and 4-dimethylaminopyridine were obtained from VWR
(manufactured by Alfa-Aesar). Sodium hydride, ethyl 2-bromoacetate, bis(trimethylsilyl)amine,
bromoacetonitrile, sodium borohydride, 4-toluenesulfonyl chloride, tetra-n-butylammonium
fluoride, 2-iodobenzoic acid, Oxone and lithium aluminum hydride were obtained from Sigma-
Aldrich. 2-Todoxybenzoic acid was prepared from a known literature procedure.” Unless stated
otherwise, reactions were performed at room temperature (rt, approximately 23 °C). Thin-layer
chromatography (TLC) was conducted with EMD gel 60 F254 pre-coated plates (0.25 mm) and
visualized using a combination of UV, anisaldehyde, iodine, and potassium permanganate
staining. Silicycle silica gel 60 (particle size 0.040-0.063 mm) was used for flash column
chromatography. '"H NMR spectra were recorded on Bruker spectrometers (at 300 MHz, 400
MHz, or 500 MHz) and are reported relative to deuterated solvent signals. Data for 'H NMR
spectra are reported as follows: chemical shift (8 ppm), multiplicity, coupling constant (Hz) and
integration. C NMR spectra are reported in terms of chemical shift (at 100 MHz, 125 MHz).
For mixtures of diastereomers, the major diastereomer is reported with the minor diastereomer in

parentheses for both 'H NMR and C NMR spectra. IR spectra were recorded on a Perkin-Elmer
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100 spectrometer and are reported in terms of frequency absorption (cm™). High resolution mass

spectra were obtained from the UC Irvine Mass Spectrometry Facility.

3.8.2 Experimental Procedures

Me
Me NaH
BrCH,COOEt N
N L N
DMF, rt to 40 °C
N )
H

(77% yield) EtO,C

3.13 3.14

Ester 3.14. To a suspension of NaH (988 mg, 41.2 mmol) in DMF (90 mL) at rt was added a
solution of 3-methylindole (3.13) (4.5 g, 34 mmol) in DMF (30 mL) dropwise over 10 min.
Following the addition, the reaction mixture was stirred for 30 min at rt, then ethyl bromoacetate
(535 uL, 7.21 mmol) was added dropwise over 5 min. After stirring for 30 min at rt, the reaction
was warmed to 40 °C. After 1 h, the reaction mixture was cooled to rt and poured into deionized
water (200 mL). The solution was diluted with EtOAc (100 mL) and the layers were separated.
The aqueous layer was extracted with EtOAc (2 x 100 mL). The organic layers were combined,
dried over Na,SO,, and evaporated under reduced pressure. The resulting residue was purified by
flash chromatography (3:1 — 1:1 hexanes:benzene) to afford ester 3.14 (5.78 g, 77% yield) as a
pink oil. R;0.3 (1:1 hexanes:benzene); '"H NMR (400 MHz, CDCl,): 6 7.70 (d, J = 7.6, 1H), 7 4—
7.2 (m, 3H), 6.93 (s, 1H), 4.82 (s, 2H), 4.29 (q, J = 7.2, 2H), 2.44 (s, 3H), 1.35 (t, J = 7.2, 3H);
C NMR (100 MHz, CDCl,): 8 169.0, 137.0, 129.1, 126.2, 122.1, 119.3, 119.2, 111.6, 108.9,
61.6, 47.7, 14.3, 9.7; IR (film): 3053, 2981, 2919, 1749, 1735, 1467, 1187 ¢cm™'; HRMS-ESI

(m/z) [M + H]" calcd for C,;H,(NO,, 218.1181; found 218.1190.
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Me Me

LHMDS
X BrCH,CN X
—>
N> THF, -78 °C N

EtO,C (82% vyield) EtO,C CN
3.14 3.15

Nitrile 3.15. To a solution of bis(trimethylsilyl)amine (0.321 mL, 1.46 mmol) in THF (9 mL)
was added a solution of n-butyllithium in hexanes (2.6 M, 0.58 mL, 1.46 mmol) at 0 °C.
Following the addition, the reaction mixture was stirred for 15 min at O °C, then cooled to —78
°C. A solution of ester 3.14 (300 mg, 1.45 mmol) in THF (5 mL) was added dropwise over 3 min
at —78 °C and the resulting solution was stirred for 1 h. Bromoacetonitrile (0.202 mL, 2.90
mmol) was added dropwise over 2 min, and the resulting mixture was stirred for 1 h at —78 °C.
The reaction mixture was quenched with a solution of sat. aq. NH,Cl (3 mL) and warmed to rt.
The reaction mixture was poured into brine (20 mL). The solution was diluted with CH,Cl, (30
mL) and the layers were separated. The aqueous layer was extracted with CH,Cl, (2 x 30 mL).
The combined organic layers were washed with brine (40 mL), dried over Na,SO,, and
evaporated under reduced pressure. The resulting residue was purified by flash chromatography
(6:1 = 4:1 — 3:1 hexanes:EtOAc) to afford nitrile 3.15 (305 mg, 82% yield) as a yellow oil. R,
0.3 (3:1 hexanes:EtOAc); 'H NMR (400 MHz, CDCL,): § 7.58 (d, J = 8.0, 1H), 7.3-7.2 (m, 2H),
717 (t,J=4.0,1H),694 (s,1 H),5.26 (dd,/J=7.2,6.8, 1H),4.26 (q,J=7.2,2H),3.22 (dd, J =
16.8, 6.8, 1H), 3.08 (dd, J = 16.8, 7.2, 1H), 2.32 (s, 3 H), 1.23 (t, J = 7.2, 3H); "C NMR (125
MHz, CDCl): § 167.7,135.8, 129.3, 122.7, 122.4, 1199, 119.5, 116.0, 113 .4, 108.5, 62.7, 547,
20.9, 13.9, 9.5; IR (film): 2980, 2865, 1738, 1463, 1033 cm™'; HRMS-ESI (m/z) [M + H]* caled

for C;sH,;N,0,, 279.1110; found 279.1100.
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Me Me

N NaBH, AN
N > N
\‘ MeOH
EtO,C CN (98% yield) HO)‘ CN

3.15 3.16
Alcohol 3.16. To a solution of nitrile 3.15 (4.856 g, 18.86 mmol) in MeOH (100 mL) at rt was

added sodium borohydride (3 x 1.00 g portions, 75.4 mmol) over 15 min. After 10 min, the
reaction mixture was poured into brine (200 mL). The solution was diluted with EtOAc (100
mL) and the layers were separated. The aqueous layer was extracted with EtOAc (2 x 100 mL).
The organic layers were combined, dried over Na,SO,, and evaporated under reduced pressure.
The resulting residue was purified by flash chromatography (9:1 CH,Cl,:EtOAc) to afford
alcohol 3.16 (3.953 g, 98% yield) as an amorphous white solid. R, 0.2 (9:1 CH,Cl,:EtOAc); 'H
NMR (500 MHz, CDCl,): 8 7.59 (d,J=7.5, 1H), 7.30 (d, J = 8.5, 1H), 7.26 (t,J = 8, 1H), 7.16
(t,J=8.5,1H), 7.05 (s, 1H),4.80 (dd, J=12,5.5, 1H),4.12 (dd, J=11,5.5,2H), 3.02 (dd, J =
17,7, 1H), 2.94 (dd, J = 17, 7, 1H), 2.33 (s, 3H), 1.71 (t, J = 5.5, 1H); "C NMR (125 MHz,
CDCl,): 8 136.2,128.9,122.2,121.3,119.6, 1194, 116.7, 112.8, 108.6, 63.2, 52.9, 20.2,9.6; IR
(film): 3440, 2921, 2853, 1461 cm™'; HRMS-ESI (m/z) [M + Na]* caled for NaCH,,N,O,

237.1004; found 237.0996.

Me
Me

TBSCI N N
DMAP, Et3 TsCl, Et;N N
N _—
CHZCIZ benzene )_> CH,CI, 7 E
TBSO
TBSO N

Et,0, 0°C

TBSO (70% yield, 3 steps)

Ts
3.16 3.17 3.18 3.19

Sulfonamide 3.19. To a solution of ferz-butyldimethylsilyl chloride (177 mg, 1.18 mmol) and 4-

dimethylaminopyridine (5.0 mg, 0.04 mmol) in DMF (1.5 mL) was added a solution of alcohol
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3.16 (84 mg, 0.39 mmol) and triethylamine (0.151 mL, 1.18 mmol) in DMF (1.5 mL). After 3 h,
the reaction mixture was poured into a solution of sat. aq. NH,Cl (25 mL). The solution was
diluted with Et,0 (30 mL) and the layers were separated. The aqueous layer was extracted with
Et,0 (2 x 30 mL). The organic layers were combined and dried over Na,SO,. Evaporation of the
solvent under reduced pressure afforded crude silylether 3.17, which was used in the subsequent
step without further purification.

To a suspension of lithium aluminum hydride (690 mg, 18.1 mmol) in Et,0 (90 mL) was
added a solution of silylether 3.17 (5.957 g, 18.09 mmol) in benzene (90 mL) at 0 °C. After 10
min, the reaction mixture was quenched with a solution of sat. aq. NH,CI (15 mL) and Celite (40
g) was added. The reaction was warmed to rt and poured into a fritted funnel. The filter cake
was washed with EtOAc (3 x 100 mL). The organic layers were combined and dried over Na-
,SO,. Evaporation of the solvent under reduced pressure afforded crude amine 3.18, which was
used in the subsequent step without further purification.

To a solution of amine 3.18 (103 mg, 0.31 mmol) and triethylamine (0.063 mL, 0.460
mmol) in CH,Cl, (1 mL) was added 4-toluenesulfonyl chloride (89 mg, 0.46 mmol). After 1 h,
the reaction mixture was poured into brine (10 mL). The solution was diluted with CH,Cl, (10
mL) and the layers were separated. The aqueous layer was extracted with CH,Cl, (2 x 10 mL).
The organic layers were combined, dried over Na,SO,, and evaporated under reduced pressure.
The resulting residue was purified by flash chromatography (6:1:1 — 4:1:1 hexanes:CH-
,ClL,:Et,0) to afford sulfonamide 3.19 (103 mg, 70% yield) as an orange solid. R, 0.5 (4:1:1
hexanes:CH,Cl,:Et,0); '"H NMR (500 MHz, CDCl,): § 7.56-7.54 (m, 3H), 7.25-7.15 (m, 4H),
710 (t,J=7,1H), 6.89 (s, 1H),4.40 (d,J=5.0,1H),4.27 (t,J=6,5, 1H), 3.78 (dd, J =5, 2,

2H),2.87(dd,J=12.5,6.0, 1H),2.75 (dd,J =13.5,6, 1H), 2.39 (s, 3H), 2.29 (s, 3H), 2.21 (dd,
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J=135,8, 1H), 2.09 (dd, J = 12.5, 8, 1H), 0.83 (s, 9H), -0.07 (s, 3H), -0.09 (s, 3H); “C NMR
(125 MHz, CDCl,): 6 143.2,136.5, 1364, 129.6, 128.5, 126.9, 122.6, 1214, 118.9, 118.7, 111.0,
109.0, 65.6,54.4,40.3,31.2,25.7,214,18.1,9.6,-5.7, -5.8; IR (film): 3280, 2953, 2928, 2857,
1460, 1325, 1157 cm™'; HRMS-ESI (m/z) [M + Na]* caled for NaC,;H,N,0,SSi, 509.2270;

found 509.2259.

Me Me

Me

A N N
N TBAF N IBX

—_— —_— N

THF EtOAc, 75 °C
0°Ctort
TBSO HO™ 4N~ (40% yield, 2 steps) HO™ N

H'fl | (85% based on

Ts Ts recovered 3.20) Ts
3.19 3.20 3.5¢

Hemiaminal 3.5c. To a solution of sulfonamide 3.19 (2.3 g, 4.73 mmol) in THF (20 mL) was
added a solution of tetra-n-butylammonium fluoride in THF (1 M, 9.47 mL, 9.47 mmol) at 0 °C.
Following the addition, the reaction mixture was stirred for 1 h, and then warmed to rt. After 30
min, the reaction mixture poured into brine (200 mL). The solution was diluted with EtOAc (100
mL) and the layers were separated. The aqueous layer was extracted with EtOAc (2 x 100 mL).
The organic layers were combined and dried over Na,SO,. Evaporation of the solvent under
reduced pressure afforded crude alcohol 3.20, which was used in the subsequent step without
further purification.

To a solution of alcohol 3.20 (261 mg, 0.70 mmol) in EtOAc (20 mL) was added 2-
iodoxybenzoic acid (196 mg, 0.70 mmol) in THF (10 mL) at rt.*® Following the addition, the
reaction was heated to 75 °C. After 1 h, the reaction mixture was cooled to rt and then filtered
over plug of silica gel (EtOAc eluent, 3 x 50 mL). The volatiles were removed under reduced

pressure and the resulting residue was purified by flash chromatography (99:1 CH,Cl,: MeOH)
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to afford hemiaminal 3.5¢ (122 mg, 40% yield) as a yellow oil and 3.20 (117 mg, 45% yield) as a
white solid. R, 0.3 (99:1 CH,Cl,:MeOH); '"H NMR (500 MHz, CDCL,): 8 7.59(7.82) (d, J = 10.5,
2H), 7.50(7.56) (d, J = 10, 1H), 7.25(7.20) (d, J =9.5, 1H) 7.20(7.36) (d, J = 10.5, 2H) 7.20-7.15
(m, 2H), 6.15(7.08) (s, 1H), 5.51(5.61) (s, 1H), 4.81(4.57) (dd, /=8, 6, 1H), 3.81(3.62) (dd, J =
11.5,4.5, 1H), 3.50(3.38) (dd, J = 20.5, 10.5, 1H), 2.65(3.38) (dd, J = 22.5, 11.5, 1H), 2.20(2.72)
(ddd,J=11.5,8.5,4, 1H), 2.44(2.47) (s, 3H), 2.09(2.20) (s, 3H); "C NMR (100 MHz, CDCL,): §
144.0(143.9), 136.7(136.1), 135.2(135.8), 129.9(129.8), 129.0(128.8), 127.4(127.0),
123.5(122.0), 121.8(120.9), 119.5(119.4), 119.3(119.1), 111.4(111.2), 109.3(108.6), 87.9(80.6),
61.3(57.3), 46.3(43.8), 28.6(29.7), 21.6(26.6), 9.5(9.7); IR (film): 3480, 2920, 1598, 1463, 1339,

1161 cm™'; HRMS-ESI (m/z) [M + Na]* caled for NaC,,H,;N,0,S, 393.1249; found 393.1254.

Attempted Fischer Indolization of Substrate 3.5¢.*"2% 233132

Ts H
3.5¢ 3.6¢c
Entry Conditions
1 1:1 AcOH/H,0, rt to 110°C
2 AcOH, rt to 100 °C
3 TFA, C,H,Cl,, rt to 80°C
4 HCl(aq), CHyCN, rt to 120 °C
5 H2804(aq), CH3CN, rt to 120 °C
6 TsOH, -BuOH, rt to 80 °C
7 CIAcOH, PhMe, rt to 170 °C
8 CIAcOH, MeOH, rt to 80 °C
9 PPTS, MeOH, rt to 80 °C
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APPENDIX TWO

Spectra Relevant to Chapter Three:

_ Why Do Some Fischer Indolizations Fail?
Nihan Celebi-Olciim, Ben W. Boal, Alexander D. Huters, Neil K. Garg, and K. N. Houk.

J.Am. Chem. Soc. 2011, 133,5752-5755.
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Figure A2.2 Infrared spectrum of compound 3.14.
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Figure A2.3 "C NMR (125 MHz, CDCl,) of compound 3.14.
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Figure A2.5 Infrared spectrum of compound 3.15.
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Figure A2.6 "C NMR (125 MHz, CDCl,) of compound 3.15.
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Figure A2 .8 Infrared spectrum of compound 3.16.
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Figure A2.9 "C NMR (125 MHz, CDCl,) of compound 3.16.
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Figure A2.11 Infrared spectrum of compound 3.19.
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Figure A2.12 "C NMR (125 MHz, CDCL,) of compound 3.19.

247



o0’} Od

0 5[3)

ZH 0€'0 a1

0 488

N3 MAM

ZHW 00000€1'00S 48
89/2¢€ 1S
siopeweed Buisseoold — 24
HE SNITONN

ZHIN 8000EE L 009 LO4S
283N 00'} bd
089S 000000002 +a
X 0°00€ a1

088N g |/ 3d
098N QOO'0G Ma
Sz oY

088 006989.2'¢ ov
ZH 88G2SGL0 S3HAlA
ZH 00000001 HMS
0 sd

8 SN

€10a0 1IN3AT0S
9€49S99 al

ogbz DoYdINd
uegpeOIqUWW G  JHEHOYd
oogxie WNYHLSNI
289k TN
0ELI0L0C areq

sigleweled uoysinboy — 24

- ONOOHd
b ONdX3
H-mui—-Asd JNYN
siglsweied ele( usiing

098
90L O
800

o= 2ol (e
ulo ool |w©
NS Sl |(©
—=|% o8] (@

S 9

3¢ punodwoo Jo (F[DAD ‘ZHIN 00S) VNN H, £1°7V 24n81q

ZS — | —
—_ [&i[el]é)]
S e[S
QLLLﬁewt

669 0

- —|o|N |
9__609 Pl
__69/_0._ o1
NP lolwlo)s

ol

o

248



102.0 _

100 |

90 |

88

86 |

74 |

68.5

o8 |
96 |
04 |

4000.0

3600 3200 2800 2400

2000
eme1

1800

1600

1400

1200

Figure A2.14 Infrared spectrum of compound 3.5c¢.

Account no. nkg31l6

(")LOLOONIDNN%O}(QV‘EO’)WWM Ol\v—l\wg/

SYRRTLERRLLR2L AR DI AR EST 0o 0N ® o SIS 10

SO0OoONNOWORIONIOIUDMINOINNONGL O Y KO 99 Sgod oo

IV88RYAARINLREER2222- 88NN =N ©o See- QOF

—Frrrrrr T TFTFTFIFIFITIFEITIFEIIIEIECOONNN © O < < NNNN o o

i L J
s ey W L

T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 20 80 70 60 50 40 30 20 10 ppm

Current Data Parameters

NAME  psy-int-u-C13
EXPNO 351
PROCNO 1
F2 - Acquisition Parameters
Date 0101201
Time 21.01
INSTRUM arx400
PROBHD 5 mm QNP 1H
PULPROG zgdc30

6
SOLVENT CDCI3
NS 0
DS [
SWH 27777.777 Hz
FIDRES 0.423855 Hz
AQ 1.1796980 sec
RG
DW 18.000 usec
DE 25.71 usec
TE 300.0 K
D12 0.0000200 sec
DL5 21.50 dB
CPDPRG waltz16
P31 100.00 usec
D1 1.00000000 sec
P1 8.50 usec
SFO1 100.6248445 MHz
NUCLEUS

El
D11 0.0300000 sec

F2 - Processing parameters
S

| 65536
SF 100.6127710 MHz
WDW EM
SSB 0
LB 2.00 Hz
GB 0
PC 1.40

Figure A2.15 "C NMR (125 MHz, CDCl,) of compound 3.5¢c.
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CHAPTER FOUR

Total Synthesis of (+)-Aspidophylline A
Liansuo Zu, Ben W. Boal, and Neil K. Garg

J.Am. Chem. Soc. 2011, 133, 8877-8879.

4.1 Abstract

We report the total synthesis of (+)-aspidophylline A, one of many complex furoindoline-
containing alkaloids that has not been synthesized previously. Our route features a number of
key transformations, including a Heck cyclization to assemble the [3.3.1]-bicyclic scaffold, as
well as a late-stage interrupted Fischer indolization to install the furoindoline and construct the

natural product’s pentacyclic framework.

4.2 Introduction

For decades, indole alkaloids isolated from natural sources have captivated the attention
of synthetic chemists, leading to innovations in synthetic methodology and stunning
achievements in total synthesis.' One particularly rich source of indole alkaloids is the
Apocynaceae family of plants, predominantly found in Southeast Asia.2 Natural products
isolated from these plants are characterized by intricate polycyclic structures and a range of
biological activity.>® Alkaloids 4.1-4.3 (Figure 4.1) are representatives of more than 20
molecules in this family that possess a furoindoline motif, none of which have been synthesized

previously.
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MeO

Aspidophylline A (4.1) Aspidodasycarpine (4.2) Vincarinine (4.3)

Figure 4.1. Furoindoline alkaloids 4.1-4.3 from the Apocynaceae plants.

With the ultimate goal of preparing alkaloids 4.1-4.3 and other family members, we
selected aspidophylline A (4.1) as our initial synthetic target. Aspidophylline A (4.1) was
isolated by Kam and coworkers in 2007, and was found to reverse drug resistance in resistant KB
cells.” The intricate pentacyclic framework of 4.1 presents many synthetic challenges, including
the tricyclic furoindoline motif, a densely substituted cyclohexyl ring, containing 5-contiguous
stereogenic centers, and a bridged [3.3.1]-bicycle. In this communication, we report the first total

synthesis of (+)-aspidophylline A (4.1).

4.3 Interrupted Fischer Indolization Cascade and Retrosynthetic Analysis of (¥)-
Aspidophylline A.

Our approach to 4.1 is inspired, in part, by our laboratory’s previously described
approach to fused indoline ring systems.” Specifically, we demonstrated that reactions between
aryl hydrazines 4.4 and latent aldehydes 4.5 under acidic conditions provide basic furoindoline
and pyrrolidinoindoline scaffolds 4.8 (Figure 4.2). The transformation, termed the “interrupted
Fischer indolization”, proceeds via a charge-accelerated rearrangement/cyclization cascade (see
transition structures 4.6 and 4.7).* We envisioned that such a process could be used to access the
pentacyclic framework of aspidophylline A if a late-stage diastereoselective variant’ employing
phenylhydrazine (4.9) and hemiketal 4.10 was deemed feasible. The implementation of this
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endgame strategy would not only serve to assemble the aspidophylline A scaffold, but would
also validate our interrupted Fischer indolization methodology in a complex setting. It was
anticipated that hemiketal 4.10 could be prepared from bicycle 4.11, the product of Heck
cyclization of cyclohexylamine 4.12.%" Finally, cyclohexylamine 4.12 would be derived from
[2.2.2]-bicyclic lactam 4.13, an intermediate believed to be accessible from readily available

8
known compounds.

Scheme 4.1

Interrupted Fischer Indolization Cascade

_NH, OH +

X N H
AL | WA
N R" ~ —
| —_— X R"
Vo H* | >
R [X=0orNTs] | .
4.4 R 4.6

Retrosynthetic Analysis
OHC_

Late-Stage Interrupted un - Hz

Me  Fischer Indolization
AN
> it

Aspidophylline A (4.1) 4.9
H R RN Z M
RO = _N Heck RO /Y\ © 0 ﬁ
RO @k cyclization o X 0
— '\. —
“ CO,H
o Me COH
CO,Me CO,Me 2
4.11 4.12 4.13

4.4 Construction of the [3.3.1]-Bicyclic Framework
Our synthesis commenced with the assembly of aspidophylline A’s [3.3.1]-bicyclic motif
(Scheme 4.2). Thermal Diels—Alder reaction between pyridinone 4.14 and maleic anhydride

furnished known bicycle 4.15° which was available in multigram quantities. Microwave
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irradiation of 4.15 with Cu,O and bipyridyl in a quinoline/water mixture delivered alkene 4.17.
The transformation of 4.15 to 4.17 likely proceeds by enol ether and anhydride hydrolysis to
furnish intermediate 4.16, followed by Cu(I)-promoted oxidative bis(decarboxylation).9 Ketal
protection and removal of the Bn protecting group provided lactam 4.18, which in turn,
underwent N-tosylation and methanolysis to provide a,b-unsaturated ester 4.19. Subsequent
alkylation with allylic bromide 4.20'° provided vinyl iodide 4.21, the necessary substrate for
Heck cyclization. Upon treatment of substrate 4.21 with Pd(0) under Vanderwal’s conditions,’
bicycle 4.22 was obtained in quantitative yield. Ketal deprotection and olefin reduction furnished

ketoester 4.23 as a mixture of C16 diastereomers (dr 8:1).

Scheme 4.2
B0 \Cﬁn O‘QA\O Cu,0, bipyridyl
'
A o PhMe, reflux quinoline, H,0, 150 °C
microwave reactor
Ref 8 (69% yield)
i
4.14 °yie
Bn
o N Bn 1. HC(OCHj),, A H
Q Cu(l) 0o N p-TsOH, MeOH e QN
iy ueo
— ° e
co, / 2. Na, NH3, -78 °C /
_ t-BuOH, THF
co, uOH,
4.16 4.17 (87% yield, 2 steps) 4.18
NHTs TsN /Y\Me
1. n-BuLi, TsCI MeO B Me MeO |
THF, -50 °C e I 4.20 MeO
2. K2C03, MeOH 052003, CH3CN
(90% yield, 2 steps) CO,Me (70% yield) CO,Me
4.19 4.21
Ts
MeO = _N 1. FeCl, - 6H,0
Pd(PPhy), e0 CH,Cl,
> MeO
pentamethylpiperidine 2.In, 90 °C, EtOH
CH3CN, 70 °C i Me aq. NH,Cl A M
. i e e
(95-99% yield) 2 (90% yield, 2 steps; dr 8:1) 2
4.22 4.23
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4.5 Initial Interrupted Fischer Indolization Attempts

Having assembled the desired [3.3.1]-bicycle, we turned our attention to introducing a C7
substituent en route to the desired interrupted Fischer indolization substrate. Although the
lithium enolate of 4.23 was found to be unreactive toward various electrophiles, enolate
alkylation proceeded smoothly with allyl iodide at —50 °C. The resulting product 4.24 was
isolated as a single diastereomer and served as a versatile intermediate en route to the desired
hemiketal 4.25"" and an alternate substrate, ketone 4.26.'> Unfortunately, the critical interrupted
Fischer indolization proved challenging. In fact, both direct and stepwise variants of this key step
(using substrates 4.25 and 4.26, respectively) failed to deliver either of the desired products,

pentacycle 4.27 or tetracycle 4.28.">'*

Scheme 4.3
T
HON 4.25
o i. LIHMDS, DMPU, THF
7 ’ ii. allyl iodide, —50 °C and
H Me 4.26
CO,Me (75% yield)
4.23

Interrupted Fischer Indolization Attempt

Ts
HO';'IN

phenylhydrazine
: : \N/ -
various acids / \

CO,Me
4.25 desired product 4.27
(not observed)
Stepwise Variant of Interrupted Fischer Indolization Ts,
H s PivO N

phenylhydrazine \N/ Me

r
various acids / \

desired product 4.28
(not observed)
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4.6 Completion of (+)-Aspidophylline A
Hypothesizing that the [3,3]-sigmatropic rearrangement of substrate 4.26 was

sluggish,' "

we sought to prepare a more rigid substrate for use in the key step. The targeted
substrate, lactone 4.31, was prepared following the sequence shown in Scheme 4.4.
Diastereoselective reduction of allyl ketone 4.24 provided alcohol 4.29.'° which underwent
oxidative cleavage'’ and reduction to furnish diol 4.30. Acid-promoted lactonization, followed
by Dess—Martin oxidation, delivered ketoester 4.31. Much to our delight, ketoester 4.31 proved
to be an excellent substrate for Fischer indolization. Upon reaction with phenylhydrazine in the
presence of TFA in dichloroethane at 40 °C, intermediate 4.33 was generated, presumably via
transition structure 4.32. Removal of solvent, followed by addition of K,CO; in MeOH with
heating led to lactone methanolysis and cyclization (see transition structure 4.34) to afford
pentacycle 4.27. This one-pot sequence leads to the introduction of three rings by assembly of
one C—C bond and two C-heteroatom bonds, all with complete diastereoselectivity. Removal of
the tosyl protecting group of 4.27, followed by formylation, furnished aspidophylline A (4.1).

Synthetic 4.1 was found to be indistinguishable from an authentic sample of the natural product

by NMR, mass spectrometric, and chromatographic comparisons.>'®

255



Scheme 4.4

1. 0s0y4, NalO,
NaBH, NaOAc, THF, H,0
—_—
MeOH 2. NaBH,4, MeOH, 0 °C
(98% yield) (83% yield, 2 steps)

1. HyS0y, THF (5

2. Dess—Martin [O]
CH,Cl,, NaHCO3

(76% yield, 2 steps)

4.32 4.33 (not isolated)

1. Mg, NH,CI, MeOH

2. formic acid, DIC
DMAP, CH,Cl,

4.27 (68% yield, 2 steps)
70% yield
(one-pot, from 4.31)

(+)-Aspidophylline A (4.1)

4.7 Conclusions

In summary, we have achieved the first total synthesis of aspidophylline A (4.1), one of
many complex furoindoline-containing alkaloids that has not been synthesized previously. Our
route to 4.1 proceeds in 18 steps from known Diels—Alder adduct 4.15 and features a number of
key transformations, including: (a) an oxidative bis(decarboxylation) to furnish [2.2.2]-bicyclic
lactam 4.17, (b) a Heck cyclization to assemble the natural product’s [3.3.1]-bicyclic scaffold,
and (c) a late-stage interrupted Fischer indolization to install the furoindoline and construct the
full pentacyclic framework of 4.1. Our synthesis of (£)-aspidophylline A (4.1) validates the
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interrupted Fischer indolization approach to intricate indoline-containing natural products and

sets the stage for future synthetic endeavors.

4.8 Experimental Section
4.8.1 Materials and Methods

Unless stated otherwise, reactions were conducted in flame-dried glassware under an
atmosphere of nitrogen using anhydrous solvents (either freshly distilled or passed through
activated alumina columns). All commercially available reagents were used as received unless
otherwise specified. Tetrakis(triphenylphosphane)palladium(0) was obtained from Strem.
Cesium carbonate, trimethoxymethane, phenylhydrazine, and 4-dimethylaminopyridine were
obtained from VWR (manufactured by Alfa-Aesar). Bipyridyl was obtained from VWR
(manufactured by TCI). Quinoline, 4-methylbenzenesulfonic acid monohydrate (p-TsOH*H,0),
sodium metal, n-butyllithium (hexanes solution), 2-butyn-1-ol, 1,2,2,6,6-pentamethylpiperidine,
indium metal, lithium bis(trimethylsilyl)amide (LiHMDS), 1,3-dimethyl-3.4,5,6-tetrahydro-
2(1H)-pyrimidinone (DMPU), sodium borohydride, osmium tetroxide, magnesium metal
powder, formic acid, N,N'-diisopropylcarbodiimide (DIC), 2-iodobenzoic acid, and Oxone®
were obtained from Sigma Aldrich. Phenylhydrazine was purified by column chromatography
(10:1— 1:1 Benzene:EtOAc) and recrystallized from pet. ether/ benzene. 1,3-dimethyl-3.4,5,6-
tetrahydro-2(1H)-pyrimidinone (DMPU) was distilled from calcium hydride before use. 2-
Iodoxybenzoic acid (IBX) and Dess—Martin periodinane were prepared from known literature
procedures.'”* Allyl iodide was prepared from a known literature procedure’’ and used

22,23

immediately after purification. Bromide 4.20 was prepared from a known procedure.”” Unless

stated otherwise, reactions were performed at room temperature (rt, approximately 23 °C).
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Anhydride 4.15 was made from a known procedure.”* Microwave-assisted reactions were
performed in Discover model equipped with an Explorer autosampler from CEM. Thin-layer
chromatography (TLC) was conducted with EMD gel 60 F254 pre-coated plates (0.25 mm) and
visualized using a combination of UV, anisaldehyde, iodine, and potassium permanganate
staining. Silicycle silica gel 60 (particle size 0.040-0.063 mm) was used for flash column
chromatography. '"H NMR spectra were recorded on Bruker spectrometers (at 300 MHz, 400
MHz, or 500 MHz) and are reported relative to deuterated solvent signals. Data for 'H NMR
spectra are reported as follows: chemical shift (8 ppm), multiplicity, coupling constant (Hz) and
integration. ?C NMR spectra are reported in terms of chemical shift (at 100 MHz or 125 MHz).
For mixtures of diastereomers or rotational isomers, the major diastereomer is reported with the
minor diastereomer in parentheses for both '"H NMR and “C NMR spectra. IR spectra were
recorded on a Perkin-Elmer 100 spectrometer and are reported in terms of frequency absorption
(cm™). Uncorrected melting points were measured with a Mel-Temp II melting point apparatus
and a Fluke 50S thermocouple. High resolution mass spectra were obtained from the UC Irvine

Mass Spectrometry Facility.
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4.8.2 Experimental Procedures

BnO H o o Bn
y n Cu,0, Bipyridyl o%
— >
O quinoline, H,0 Y,
0 150 °C, po
4.15 (69% yield) 417

Alkene 4.17. To a mixture of anhydride 4.15 (40.0 mg, 0.103 mmol), copper oxide (32.0 mg,
0.226 mmol), and bipyridyl (18.0 mg, 0.113 mmol) in quinoline (1.0 mL) was added deionized
H,0 (20 uL, 1.03 mmol). The reaction was heated to 150 °C for 25 min in a microwave reactor.”
The reaction was poured into an aqueous solution of HCI (1 M, 15 mL) and extracted with
CH,CI, (3 x 10 mL). The organic layers were combined, dried over Na,SO,, and evaporated
under reduced pressure. The resulting residue was purified by flash chromatography (2:1— 1:1
hexanes:EtOAc) to afford alkene 4.17 (15.6 mg, 69% yield) as an orange solid. Alkene 4.17: mp:
88-90 °C; R; 0.20 (1:1 hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): § 7.36-7.28 (m, 3H),
7.18-7.13 (m, 2H), 6.70 (ddd, J=9.0, 6.0, 1.5, 1H), 6.44 (ddd,/J=9.0, 6.0,2.0, 1H),4.86 (d, J =
15.0, 1H),4.30 (d,J = 15.0, 1H), 4.15(dd, J =6.0, 2.0, 1H), 3.77 (ddd, J = 5.0,3.0, 2.5, 1H), 2.42
(dd,J=18.0,2.5, 1H), 2.13 (dd, J = 18.0, 3.0, 1H); "C NMR (125 MHz, CDCL,): § 200.2, 170.5,
136.9, 135.7, 129.1, 128.7, 128.7, 127.9, 64 .8, 48.6, 44.6, 32.0; IR (film): 3467, 3031, 2923,
1736, 1671, 1445, 1419, 1240, 1156 cm™'; HRMS-ESI (m/z) [M + Na]* caled for C,,H;NO,Na,
250.0844; found 250.0845.

Alkene 4.17 (batch processing procedure). Twenty-four microwave reaction tubes were
charged using the procedure described above (using anhydride 4.15, 40.0 mg, 0.103 mmol per
tube). The reaction vessels were placed in the microwave’s autosampler rack, and then each was

heated to 150 °C for 25 min in the microwave reactor. The reactions were combined poured into
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an aqueous solution of HCI (1 M, 150 mL) and extracted with CH,Cl, (3 x 100 mL). The organic
layers were combined, dried over Na,SO,, and evaporated under reduced pressure. The resulting
residue was purified by flash chromatography (2:1— 1:1 hexanes:EtOAc) to afford alkene 4.17.

This procedure was consistently repeated more than ten times to give multigram quantities of

4.17 (280-386 mg, 50-69% yield, per batch) as an orange solid.

B B H
onN" onN" ON
0 HC(OCHs)s, CH,OH MeO Na, +-BuOH MeO
) —————— MNeO /] — 3 MeO 7
p-TsOH-H,0, reflux NH3, THF, -78 °C
(99% yield) (88% yield)
4.17 4.35 4.18

Amide 4.18. To a solution of alkene 4.17 (2.04 g, 8.99 mmol) and trimethoxymethane (20.0 mL,
182 mmol) in methanol (80 mL) was added 4-methylbenzenesulfonic acid monohydrate (p—
TsOHeH,0O) (855 mg, 4.50 mmol). The resulting mixture was heated to reflux. After 14 h, the
reaction mixture was cooled to rt, excess methanol was removed under reduced pressure, and the
reaction mixture was poured into a solution of sat. aq. NaHCO; (200 mL). The mixture was
diluted with CH,Cl, (50 mL) and the layers were separated. The aqueous layer was extracted
with CH,Cl, (3 x 50 mL). The combined organic layers were dried over Na,SO, and evaporated
under reduced pressure. The resulting residue was purified by flash chromatography (2:1— 1:1
hexanes:EtOAc) to afford ketal 4.35 (2.42 g, 99% yield) as an orange oil. Ketal 4.35: mp: 71-72
°C; R;0.20 (1:1 hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): § 7.32-7.25 (m, 3H), 7.12(d, J =
7.5,2H),6.44 (dd,J=7.0,6.0, 1H),6.29 (dd,J=7.0,5.5,1H),5.22 (d,/J=15.5,1H),4.01 (d,J
=5.5,1H),3.90 (d, J = 15.5, 1H), 3.49-3.47 (m, 1H), 3.20 (s, 3H), 3.13 (s, 3H), 2.01 (dd, J =
13.0, 1.5, 1H), 1.64 (dd, J = 13.0, 2.5, 1H); "C NMR (125 MHz, CDCl,): § 172.5, 136.8, 132.6,

131.3,128.5,127.8,127.2,107.2,57.8,49.4,49.0,48 .4, 44 4, 33.8; IR (film): 3474, 2945, 2834,
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1672, 1451, 1096, 1052 cm™'; HRMS-ESI (m/z) [M + Na]* caled for C,(H,,NO;Na, 296.1263;
found 296.1268.

A solution of ketal 4.35 (3.11 g, 11.4 mmol) and tert-butanol (0.20 mL, 3.45 mmol) in
THF (40 mL) was added dropwise to a solution of sodium metal (786 mg, 34.2 mmol) in NH;
(30 mL) at —78 °C. After 30 min, the reaction mixture was quenched with a solution of sat. aq.
NH,CI (15 mL) at —78 °C. The reaction was warmed to rt and poured into brine (20 mL). The
solution was diluted with EtOAc (50 mL) and the layers were separated. The aqueous layer was
extracted with EtOAc (3 x 50 mL). The combined organic layers were dried over MgSO, and
evaporated under reduced pressure. The resulting residue was purified by flash chromatography
(100:0— 90:10 CH,Cl,:MeOH) to afford amide 4.18 (1.84 g, 88% yield) as a beige solid. Amide
4.18: mp: 160-162 °C; R, 0.1 (1:1 hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): & 7.38 (s, 1H),
6.45 (s, 2H), 4.24 (s, 1H), 3.30 (s, 1H), 3.25 (s, 3H), 3.19 (s, 3H), 1.69 (d, J = 12.5, 1H), 1.26 (d,
J=12.5, 1H); "C NMR (125 MHz, CDCL,): § 176.4, 132.7, 131.8, 106.9, 53.3,49.1, 49.0, 44.3,
34.1; IR (film): 3242, 2946, 1683, 1638, 1618, 1451, 1131, 1063 cm™'; HRMS-ESI (m/z) [M +

Na]" caled for Cy,H,;NO;Na, 206.0793; found 206.0796.
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MeO O N MeO O N MeO
e e
M n-Buli, TsCl K,CO;4 MeO
e0 ] —— "7 g MeO 7
THF, =50 °C MeOH
4.18 4.36 (90% yield, 2 steps) COOMe

4.19

Ester 4.19. To a solution of amide 4.18 (1.10 g, 6.00 mmol) in THF (100 mL) was added a
solution of n-butyllithium in hexanes (2.4 M, 3.50 mL, 8.40 mmol) at —-50 °C. Following the
addition, the reaction mixture was stirred for 30 min, and then a solution of 4-toluenesulfonyl
chloride (1.72 g, 9.00 mmol) in THF was added dropwise over 10 min at —50 °C. After 1 h, the
reaction mixture was quenched with a solution of sat. aqg. NH,Cl (50 mL) at -50 °C. The
resulting mixture was warmed to rt and then diluted with EtOAc (50 mL). The layers were
separated and the aqueous layer was extracted with EtOAc (2 x 50 mL). The organic layers were
combined and dried over Na,SO,. Evaporation of the solvent under reduced pressure afforded
crude sulfonamide 4.36, which was used in the subsequent step without further purification.

To a solution of crude sulfonamide 4.36 in MeOH (30 mL) at rt was added potassium
carbonate (2.07 g, 15.0 mmol). After 12 h, excess methanol was removed under reduced
pressure, and the resulting solution was poured into a solution of sat. aq. NH,Cl (50 mL). The
solution was diluted with CH,Cl, (50 mL) and the layers were separated. The aqueous layer was
extracted with CH,Cl, (3 x 50 mL). The organic layers were combined, dried over Na,SO,, and
evaporated under reduced pressure. The resulting residue was purified by flash chromatography
(5:1— 2:1 hexanes:EtOAc) to afford ester 4.19 (1.95 g, 90% yield, 2 steps) as an orange solid.
Ester 4.19: mp: 120-122 °C; R;0.25 (2:1 hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): 8 7.74
(d,J=80,2H),7.28 (d,J =8.0,2H), 6.75 (s, 1H), 4.85 (s, 1H), 3.70 (s, 3H), 3.51 (s, 1H), 3.08
(s,3H),2.94 (s,3H),2.69 (d,J=18.5,1H),2.54 (d,/J=19.5,1H),2.42 (d,J = 19.5, 1H), 2.41 (s,

3H), 2.27 (d, J = 18.5, 1H); "C NMR (125 MHz, CDCL,): 8 166.4, 143.4, 137.0, 136.1, 129.5,
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127.1, 126.5, 99.2, 51.6, 49.8, 48.3, 47.7, 30.1, 28 .4, 21.4; IR (film): 3271, 2952, 1713, 1437,
1331, 1262, 1161, 1059 cm™'; HRMS-ESI (m/z) [M + Na]* calcd for C;;H,;NO,SNa, 392.1144;

found 392.1149.

Br V\Me
i

NHTs TsN /Y\Me

MeO 4.20 MeO |
MeO Cs,CO3 MeO
_—
MeCN, rt
COOMe  (70% yield) COOMe
4.19 4.21

Iodide 4.21. To a suspension of ester 4.19 (1.95 g, 5.29 mmol) and cesium carbonate (3.42 g,
10.5 mmol) in MeCN (50 mL) at rt was added bromide 4.20 (4.11 g, 15.8 mmol). After stirring
for 64 h, the excess MeCN was removed under reduced pressure. The residue was poured into
deionized water (50 mL), and the resulting mixture was diluted with CH,Cl, (100 mL). The
layers were separated and the aqueous layer was extracted with CH,Cl, (2 x 100 mL). The
organic layers were combined, dried over Na,SO,, and evaporated under reduced pressure. The
resulting residue was purified by flash chromatography (10:1 — 5:1 hexanes:EtOAc) to afford
iodide 4.21 (2.24 g, 70% yield) as a white solid. Iodide 4.21: mp: 76-80 °C; R; 0.40 (2:1
hexanes:EtOAc); '"H NMR (400 MHz, CDCL,): & 7.70 (d,J = 8.5, 2H), 7.32 (d, J = 8.5, 2H), 6.81
(s, 1H),6.24 (q,J = 6.5, 1H), 4.37 (s, 1H),4.17 (d, J = 18.0, 1H), 3.91 (d, J = 18.0, 1H), 3.74 (s,
3H), 3.32 (s, 3H), 3.16 (s, 3H), 2.65 (d, J = 15.0, 1H), 2.51 (d, J = 15.0, 1H), 2.51 (d, J = 19.0,
1H), 2.45 (s, 3H), 2.00 (d, J = 19.0, 1H), 1.79 (d, J = 6.5, 3H); "C NMR (125 MHz, CDCl,): §
166.2, 143.4, 137.5, 136.9, 131.5, 1295, 127.6, 127 .4, 104.6, 99.5, 56.2, 54.4, 51.7, 48.9, 48.7,
30.1,28.7,21.4,20.9; IR (film): 2950, 1713, 1436, 1342, 1263, 1159, 1090, 1065 cm™'; HRMS-

ESI (m/z) [M + Na]" calcd for C,;H,;NO.SINa, 572.0580; found 572.0565.
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TsN/\/\Me H Ts
MeO MeO = _-N

1
MeO Pd(PPh;), MeO
—_—
PMP, MeCN oy
70°C Me
COOMe COOMe
4.21 (95% yield) 4.22

Ester 4.22. A solution of iodide 4.21 (470 mg, 0.850 mmol), 1,2,2,6,6-pentamethylpiperidine
(PMP) (460 uL, 2.55 mmol), and tetrakis(triphenylphosphine)palladium (200 mg, 0.170 mmol)
in MeCN (60 mL) was sparged with nitrogen for 25 min. The reaction mixture was then heated to
70 °C. After 3 h, the reaction vessel was cooled to rt, and the excess solvent was removed under
reduced pressure. The residue was diluted with CH,Cl, (100 mL) and deionized water (50 mL).
The layers were separated and the aqueous layer was extracted with CH,Cl, (2 x 100 mL). The
organic layers were combined, dried over Na,SO,, and evaporated under reduced pressure.
Purification by flash chromatography (10:1 — 5:1 hexanes:EtOAc) afforded ester 4.22 (340 mg,
95% yield) as an orange solid. Ester 4.22: mp: 137-140 °C; R, 0.40 (2:1 hexanes:EtOAc); 'H
NMR (300 MHz, CDCl,): 6 7.69 (d, J=28.5,2H),7.24 (d,J =8.5,2H), 6.97 (s, 1H),5.33 (q, J =
6.5, 1H), 4.29 (s, 1H), 4.03 (d, J = 15.5, 1H), 3.84 (d, J = 15.5, 1H), 3.70 (s, 3H), 3.66 (s, 1H),
3.40 (s, 3H), 3.29 (s, 3H), 2.41 (s, 3H), 1.81 (d,J=13.0, 1H), 1.58 (d,/=6.5,3H), 1.28 (d, J =
13.0, 1H); "C NMR (125 MHz, CDCl,): § 165.6,142.9, 138.0, 136.6, 134.0, 129.5, 129.2, 127 4,
1225, 96.3, 52.5, 51.9, 490, 48.9, 46.9, 30.2, 294, 21.4, 12.4; IR (film): 2950, 1721, 1438,
1345, 1329, 1247, 1159 cm™'; HRMS-ESI (m/z) [M + Na]* calcd for C,;H,,NO,SNa, 444.1457;

found 444.1454.

264



Ts Ts
MeO H’ N o H’ N I-[ Ils
MeO FeCly-6H,0 Indium o
—_—
g CH,Cl, S aq. NH,CI A
Me Me  EtOH,90°C Me
COOMe COOMe COOMe
4.22 4.37 8:1dor. 4.23

(90% yield, 2 steps)
Ketone 4.23. To a solution of ester 4.22 (1.40 g, 3.30 mmol) in CH,Cl, (50 mL) at rt was added
iron(Ill) chloride hexahydrate (0.782 g, 6.60 mmol). After 30 min, the reaction mixture was
poured into a solution of sat. aq. NaHCO; (50 mL) and diluted with CH,Cl, (100 mL). The layers
were separated, and the organic layer was washed with a solution of sat. aq. NaHCO; (50 mL).
The organic layer was dried over Na,SO,, and then evaporated under reduced pressure.
Purification by flash chromatography (4:1 hexanes:EtOAc) gave ketone 4.37 (1.18 g, 99% yield)
as a beige solid. Ketone 4.37: mp: 112-113 °C; R, 0.40 (2:1 hexanes:EtOAc); 'H NMR (500
MHz, CDCl,): 6 7.68 (d, J = 8.0,2H), 7.28 (d, J = 8.0, 2H), 6.73 (s, 1H), 5.66 (q, J = 7.0, 1H),
453 (s, 1H), 4.13 (d, J = 14.0, 1H), 4.11 (s, 1H), 3.79 (s, 3H), 3.45 (d, J = 14.0, 1H), 2.41 (s,
3H),2.25(d,J =13.5, 1H), 2.12 (d, J = 13.5, 1H), 1.81 (d, J = 7.0, 3H); "C NMR (125 MHz,
CDCly): 194.0, 165.4, 148.1, 1434, 135.6, 133.2, 129.7, 127.7, 127.6, 125.4, 55.4, 52.7, 46.3,
33.8, 30.6, 21.4, 12.8; IR (film): 2954, 1722, 1685, 1437, 1347, 1243, 1159 cm™'; HRMS-ESI
(m/z) [M + Na]" calcd for C,,H,;,NO-SNa, 398.1038; found 398.1032.

To a solution of ketone 4.37 (1.18 g, 3.14 mmol) in a mixture of sat. aq. NH,CI (20 mL)
and EtOH (20 mL) was added indium (0.771 g, 6.28 mmol). The reaction vessel was heated to
90 °C for 2 h. The reaction was diluted with CH,Cl, (100 mL) and a solution of sat. aq. NaHCO,
(100 mL) was added. The layers were separated and the aqueous layer was extracted with CH-
,Cl, (2 x 100 mL). The organic layers were combined, dried over Na,SO,, and evaporated under
reduced pressure. The resulting residue was purified by flash chromatography (2:1

hexanes:EtOAc) to afford ketone 4.23 (1.12 g, 91% yield) as an orange solid. Ketone 4.23 was
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obtained as a mixture of diastereomers (8:1 d.r.) the major diastereomer being the one depicted.
An analytical sample of the major diastereomer was obtained by column chromatography.
Ketone 4.23: mp: 65-70 °C; R;0.45 (2:1 hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): 8 7.63
(d,J=80,2H),7.28 (d,J=8.0,2H),5.61(q,J=6.5,1H),4.38 (s, 1H), 4.24 (d, J = 14.0, 1H),
3.73 (d,J=14.0,1H),3.63 (s,3H),3.39(d,J =40, 1H), 3.04 (ddd, J = 12.0,4.0,2.5, 1H), 2.41-
2.30 (m, 5H), 2.15 (d, J = 14.0, 1H), 2.04 (d, J = 14.0, 1H), 1.60 (d, J = 6.5, 3H); "C NMR (125
MHz, CDCL,): 6 204.4, 171.9, 143.8, 134.2, 1295, 127.6, 124.1, 77.15,57.9, 51.9, 49.3, 45.9,
40.4,33.5,29.9,21.4,12.3; IR (film): 2993, 2959, 2925, 2304, 1735, 1351, 1153 cm™'; HRMS-

ESI (m/z) [M + Na]* caled for C,,H,;NO;SNa, 400.1195; found 400.1198.

H Ts H Ts
o =N i. LIHMDS, THF o N
DMPU, - 50 °C
“H i " ills‘{)l L%dlde )“ ‘H Me
e
CoOMe (75% yield) ~  Ccoome
4.23 4.24

Alkene 4.24. To a solution of ketone 4.23 (100 mg, 0.270 mmol, 8:1 dr) in THF (1 mL) at -50
°C was added a solution of LiIHMDS (53 mg, 0.32 mmol) in THF (500 pL), followed by the
addition of DMPU (1 mL). After 30 min, allyl iodide (30 L, 0.33 mmol) was added at —50 °C.
Following 1 h, an additional aliquot of allyl iodide (20 uL, 0.20 mmol) was added at —50 °C.
After 30 min, the reaction was quenched with a solution of sat. aq. NH,Cl (1 mL) and warmed to
rt. The reaction mixture was poured into deionized H,O (3 mL) and the resulting mixture was
diluted with Et,0 (4 mL). The layers were separated and the aqueous layer was extracted with
Et,0 (3 x 4 mL). The combined organic layers were washed with H,O (4 x 5SmL), dried over
Na,SO,, and evaporated under reduced pressure. The resulting residue was purified by flash

chromatography (5:1— 2:1 hexanes:EtOAc) to afford a single diastereomer of alkene 4.24 (83
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mg, 75% yield) as a clear oil. R; 0.55 (2:1 hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): § 7.61
(d,J=8.0,2H),7.28 (d,J =8.0,2H), 5.59 (q, /= 6.5, 1H), 5.43-5.35 (m, 1H), 4.86 (d, /= 10.5,
1H), 4.82 (d,J =105, 1H), 4.42 (s, 1H), 4.26 (d, J = 140, 1H), 3.83 (d, J/ = 14.0, 1H), 3.61 (s,
3H),3.32 (s, 1H), 2.78 (dd, J = 11.5,5.0, 1H), 2.43-2.41 (m, 4H), 2.14-1.94 (m, 4H), 1.56 (d, J
= 6.5, 3H); "C NMR (125 MHz, CDCL,): § 205.5, 171.7, 143.7, 134.8, 134.2, 130.0, 129.5,
127.7, 123.5, 117.0, 58.6, 51.8, 51.5, 49.2, 48.5, 33.8, 32.9, 30.9, 214, 12.2; IR (film): 2983,
2956, 2921, 1733, 1717, 1598, 1437, 1351, 1161, 1095 cm™'; HRMS-ESI (m/z) [M + Na]* calcd

for C,)H,;NO;SNa, 440.1508; found 440.1515.

O - NaBH, HO
—_—

")) MeOH,0°C N

) coome " (98% yield) ) coome "
4.24 4.29
Alcohol 4.29. To a solution of alkene 4.24 (80.0 mg, 0.190 mmol) in MeOH (1.0 mL) at 0 °C
was added sodium borohydride (11.0 mg, 0.290 mmol). After 5 min, the reaction mixture was
quenched with a solution of sat. ag. NaHCO, (20 mL) and diluted with CH,Cl, (20 mL). The
layers were separated and the aqueous layer was extracted with CH,Cl, (2 x 20 mL). The
combined organic layers were dried over Na,SO, and evaporated under reduced pressure. The
resulting residue was purified by flash chromatography (2:1 hexanes:EtOAc) to afford alcohol
4.29 (78 mg, 98% yield) as a white solid. Alcohol 4.29: mp: 118-125 °C; R, 0.15 (2:1
hexanes:EtOAc); 'H NMR (500 MHz, CDCl,): 8 7.68 (d, J = 8.0, 2H), 7.27 (d, J = 8.0, 2H),
5.81-5.73 (m, 1H), 540 (q, J = 6.5, 1H), 5.03 (s, 1H), 5.00 (d, J = 5.5, 1H), 4.19 (m, 2H), 4.18
(s, 1H),4.10 (d, J = 2.0, 1H), 3.59 (s, 3H), 3.54-3.50 (m, 1H), 3.09 (d, J =4.0, 1H), 2.68 (d, J =

7.0, 1H), 2.59 (dd, J = 11.5, 4.5, 1H), 2.41 (s, 3H), 2.39-2.28 (m, 3H), 1.56 (d, J = 16.0, 1H),
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1.44 (d,J = 6.5, 3H), 1.39 (ddd, J = 16.0, 4.0, 3.5, 1H); °C NMR (125 MHz, CDCL,): § 172.6,
1433, 137.1, 134.7, 131.1, 129.6, 126.9, 121.8, 117.6, 72.1, 529, 51.4, 50.3, 48.8, 40.4, 36.1,
31.4,30.6,21.4,12.0; IR (film): 3519, 2956, 2868, 1734, 1598, 1445, 1327, 1158 cm™'; HRMS-

ESI (m/z) [M + Na]" calcd for C,,H,,NO;SNa, 442.1664; found 442.1678.

H -II\-IS H Ts H -ll\-ls
HO, > HO HO
0s0,, NaOAc NaBH,
_—
. Y ————> . A . 77X
W “H Na|04, THF, Hzo W ““H MeOH, 0 °C W ““H
Me J Me J Me
P COOMe 0/ COOMe HO COOMe
4.29 4.38 4.30

(83% yield, 2 steps)
Diol 4.30. To a solution of alcohol 4.29 (75 mg, 0.18 mmol) and NaOAc (88.6 mg, 1.08 mmol)
in THF (0.6 mL) and H,O (1.2 mL) was added a solution of osmium tetroxide (89 mg, 0.04
mmol) in tert-butanol (183 pL). After 10 min, sodium periodate (116 mg, 0.54 mmol) was
added. After stirring for 4 h, the reaction mixture was quenched with a solution of sat. aq.
NaHCO; (20 mL) and diluted with CH,Cl, (20 mL). The layers were separated and the aqueous
layer was extracted with CH,Cl, (2 x 20 mL). The combined organic layers were dried over
Na,SO, and evaporated under reduced pressure to afford crude aldehyde 4.38, which was used in
the subsequent step without further purification.

To a solution of aldehyde 4.38 (75 mg, 0.18 mmol) in MeOH (1 mL) was added sodium
borohydride (10 mg, 0.27 mmol) at 0 °C. After 5 min, the reaction mixture was quenched with a
solution of sat. aq. NaHCO,; (20 mL) and diluted with CH,Cl, (20 mL). The layers were
separated and the aqueous layer was extracted with CH,Cl, (2 x 20 mL). The combined organic
layers were dried over Na,SO,, and evaporated under reduced pressure. The resulting residue
was purified by flash chromatography (19:80:1 hexanes:EtOAc:MeOH) to afford diol 4.30 (62

mg, 83% yield) as a white solid. Diol 4.30: mp: 111-116 °C; R; 0.10 (2:1 hexanes:EtOAc); 'H
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NMR (300 MHz, CDCl,): 6 7.68 (d, J = 8.0, 2H), 7.27 (d, J/ = 8.0, 2H), 543 (q, J = 11.5, 1H),
4.22-4.18 (m, 2H), 4.10-4.06 (m, 1H), 3.71-3.68 (m, 2H), 3.62 (s, 3H), 3.59-3.54 (m, 2H),
3.48-3.42 (m, 1H),3.12(dd,J=7.5,4.0,1H),2.54 (dd,J = 12,4.5, 1H), 2.42 (s, 3H), 2.35-2.27
(m, 1H), 1.64-1.59 (m, 3H), 1.45-1.37 (m, 4H) ; "C NMR (100 MHz, CDCl,): & 173.0, 143.5,
137.2,130.9, 1298, 127.0, 122.2,74.7, 61.7, 52.7, 51.8, 51.5, 50.4, 40.7, 39.8, 31.5, 30.7, 21.5,
12.2; IR (film):3371, 2950, 1733, 1437, 1327, 1158 cm™'; HRMS-ESI (m/z) [M + Na]* calcd for

C,,H,,NO,SNa, 446.1613; found 446.1615.

H ',58
HO, = 50% HyS0, .q) HO Dess—Martin
—_—
. A THF . NaHCO;, CH,Cl,
W “"H W
J Me
COOMe
HO
4.30 4.39 (76% vyield, 2 steps) 4.31

Lactone 4.31. To a solution of diol 4.30 (55 mg, 0.13 mmol) in THF (0.5 mL) was added a
solution of 50% aqueous H,SO, (0.5 mL). After stirring at rt for 30 min, the reaction mixture was
quenched with a solution of sat. ag. NaHCO, (10 mL) and diluted with CH,Cl, (20 mL). The
layers were separated, and the aqueous layer was extracted with CH,Cl, (2 x 20 mL). The
combined organic layers were dried over Na,SO, and evaporated under reduced pressure to
afford crude alcohol 4.39, which was used in the subsequent step without further purification.

To a solution of alcohol 4.39 (44 mg, 0.11 mmol) and sodium bicarbonate (92.4 mg, 1.10
mmol) in CH,Cl, (2.2 mL) at rt was added Dess—Martin Periodinane (140 mg, 0.330 mmol). After
2 h, the reaction mixture was quenched with a solution of sat. aq. NaHCO, (20 mL) and diluted
with CH,Cl, (20 mL). The layers were separated and the aqueous layer was extracted with
CH,CI, (2 x 20 mL). The combined organic layers were dried over Na,SO, and evaporated under

reduced pressure. The resulting residue was purified by flash chromatography (2:1
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hexanes:EtOAc) to afford lactone 4.31 (40 mg, 76% yield, 2 steps) as a white solid. Lactone
4.31: mp: 180-190 °C dec; R;0.40 (2:1 hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): 8 7.62 (d,
J=70,2H),7.30 (d,J =70, 2H),5.70 (q, J = 7.0, 1H), 4.37 (s, 1H), 4.30 (ddd, J = 10.5, 6.0,
4.5,1H),4.23 (d,J=14.5,1H),4.10 (ddd, J=10.5,5.5,5.0, 1H),3.99 (d, J = 14.5, 1H), 3.54 (s,
1H), 2.57 (dd, J = 14.0, 3.0, 1H), 2.48-2.43 (m, 1H), 2.41 (s, 3H), 2.09 (d, J = 14.0, 1H), 1.97 (d,
J=14.0, 1H), 1.94-1.89 (m, 1H), 1.80 (d, J = 7.0, 3H), 1.80—1.75 (m, 1H); "C NMR (125 MHz,
CDClL,): & 204.1, 168.7, 144.0, 134.1, 129.6, 128.0, 127.6, 126.4, 67.5, 58.6, 50.2, 49.5, 45.1,
34.4,284,22.1,21.4, 13.4; IR (film): 2924, 2864, 1720, 1597, 1328, 1161 ¢cm™'; HRMS-ESI

(m/z) [M + Na]" calcd for C,,H,;NO:SNa, 412.1195; found 412.1203.

H K,CO3
—_— —_—
TFA MeOH, 60 °C
DCE, 40 °C
4.31 4.33 (70% yield, 2 steps) 4.27

Furoindoline 4.27. A solution of lactone 4.31 (35 mg, 0.090 mmol), phenylhydrazine (13 puL,
0.14 mmol), and trifluoroacetic acid (35 uL, 0.45 mmol) in DCE (4.5 mL) was degassed by the
freeze-pump-thaw method until gas evolution was no longer observed. The reaction mixture was
heated to 40 °C for 16 h, and then cooled to rt. Evaporation of the solvent under reduced pressure
afforded crude imine 4.33. MeOH (2 mL) and potassium carbonate (125 mg, 0.90 mmol) were
added to the reaction vessel and the resulting mixture was heated to 60 °C for 30 min. After
cooling to rt, the reaction mixture was diluted with brine (20 mL) and CH,Cl, (20 mL). The
layers were separated and the aqueous layer was extracted with CH,Cl, (2 x 20 mL). The
combined organic layers were dried over Na,SO,, and then evaporated under reduced pressure.
The resulting residue was purified by column chromatography (4:1 hexanes:EtOAc) to afford
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furoindoline 4.27 (30.5 mg, 70% yield, 2 steps) as a white solid. Furoindoline 4.27: mp: 130-132
°C; R;0.30 (2:1 hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): 6 7.72 (d,J = 8.5,2H),7.27 (d, J
= 8.5, 2H), 7.09-7.06 (m, 2H), 6.76 (app.t,J =70, 1H), 6.62 (d,J =7.5, 1H),5.53(q, /=70,
1H), 4.49-4.47 (m, 2H), 397 (d, J = 15.0, 1H), 3.88 (d, J = 15.0, 1H), 3.70 (s, 3H), 3.58 (t, J =
8.0, 1H), 3.38 (ddd, /=6.0,5.5,2.5, 1H),3.28 (d,J=3.5, 1H), 291 (d, J = 4.5, 1H), 2.75 (ddd,
J=130,8.5,50,1H),2.48 (dd, J=13.5,5.5, 1H), 2.42 (s, 3H),2.04 (d, J = 13.5, 1H), 1.86 (dt,
J=135,3.5, 1H), 1.56 (d, J = 7.0, 3H); "C NMR (100 MHz, CDCL,): & 172.0, 146.4, 142.5,
137.3,135.9,129.7, 1290, 128.2, 127.5, 1242, 122.8, 119.7, 109.1, 1019, 68.2, 54.1, 53.7, 53 1,
51.5, 47.8,35.6,31.2,29.7,21.4, 12.6; IR (film): 3361, 2950, 2872, 1740, 1610, 1469, 1326,

1159 cm™'; HRMS-ESI (m/z) [M + Na]* caled for C,,H;,N,OSNa, 517.1773; found 517.1793.

Me Mg, NH,CI Me  formic acid

MeOH DIC, DMAP

CH,Cl,

(68% yield, 2 steps) 4.1

Aspidophylline A (4.1). To a solution of furoindoline 4.27 (10 mg, 0.020 mmol) and NH,CI
(129 mg, 2.40 mmol) in MeOH (2 mL) was added magnesium metal powder (58.0 mg, 2.40
mmol). The resulting mixture was sonicated for 1 h, and then additional magnesium metal
powder (58.0 mg, 2.40 mmol) was added. After 1 h of further sonication, a final portion of
magnesium metal powder (29.0 mg, 1.20 mmol) was added to the reaction mixture. The reaction
mixture was sonicated for an additional 0.5 h, quenched with a solution of sat. aq. NaHCO, (10
mL) and then diluted with H,O (10 mL) and EtOAc (20 mL). The layers were separated, and the

aqueous layer was extracted with EtOAc (2 x 20 mL). The organic layers were combined and
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dried over Na,SO,. Evaporation of the solvent under reduced pressure afforded crude amine
4.40, which was used in the subsequent step without further purification.

To a solution of N,N'-diisopropylcarbodiimide (DIC) (3.0 mg, 0.020 mmol) and 4-
dimethylaminopyridine (DMAP) (0.5 mg, 0.01 mmol) in CH,Cl, (0.1 mL) at 0 °C was added
formic acid (1.4 mg, 0.03 mmol). After 15 min, this solution was added to a solution of the
crude amine 4.40 in CH,Cl, (0.1 mL) at rt. After 1 h, the reaction mixture was quenched with a
solution of sat. aq. NaHCO,; (10 mL) and diluted with CH,Cl, (20 mL). The layers were
separated and the aqueous layer was extracted with CH,Cl, (2 x 20 mL). The combined organic
layers were dried over Na,SO, and evaporated under reduced pressure to afford the crude
product. Purification by flash chromatography (1:2 hexanes:EtOAc) provided (%)-
Aspidophylline A (4.1) (5 mg, 68% yield). Synthetic 4.1 was found to be spectroscopically

identical to a natural sample of 4.1 obtained from Prof. T.-S. Kam (see comparison 'H NMR

spectra), and exists as a mixture of two amide rotational isomers(17 to 1). R, 0.30 (1:2
hexanes:EtOAc); 'H NMR (500 MHz, CDCl,): § 8.15(8.13) (s, 1H), 7.10~7.07(7.09-7.06) (m,
2H), 6.79(6.76) (app. t, J = 7.5, 1H), 6.67(6.60) (d, J = 7.5, 1H), 5.61(5.58) (q, J = 7.0, 1H),
4.41(4.54) (s, 1H), 4.29(4.14) (d, J = 17.5, 1H), 4.07(4.05) (d, J = 17.5, 1H), 3.96-3.92(4.03—
3.99) (m, 1H), 3.90(3.87) (s, 1H), 3.71(3.74) (s, 3H), 3.57(3.49) (dd, J = 17.5, 8.0, 1H),
342(3.11) (d,J=3.5, 1H), 2.86(2.74) (d, J = 4.5, 1H), 2.70-2.67(2.50-2.46) (m, 2H), 2.19(1.98)
(d,J =13.5, 1H), 2.01(1.78) (dt, J = 13.5, 3.5, 1H), 1.60(1.62) (d, J = 7.0, 3H); “C NMR (125
MHz, CDCly): & 171.9(172.1), 164.3(161.8), 146.2(146.6), 135.7(135.9), 129.1(130.4),
128.3(128.2), 124.2(123.8), 122.9(122.9), 120.3(119.6), 110.0(108.5), 102.0(101.1), 69.1(68.0),
53.8(54.3), 53.6(53.8), 51.5(49.5), 44.4(47.9), 34.3(36.9), 30.5(31.15), 30.1(29.6), 12.7(12.5); IR

(film): 3303, 2920, 2872, 1740, 1652, 1609, 1468, 1432, 1157 cm™'; HRMS-ESI (m/z) [M + Na]*
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caled for C, H,,N,O,Na, 391.1634; found 391.1625.
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APPENDIX THREE

Spectra Relevant to Chapter Four:

Total Synthesis of (+)-Aspidophylline A
Liansuo Zu, Ben W. Boal, and Neil K. Garg

J.Am. Chem. Soc. 2011, 133, 8877-8879.
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Figure A3.2 Infrared spectrum of compound 4.17.
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Figure A3.3 "C NMR (125 MHz, CDCl,) of compound 4.17.
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Figure A3.5 Infrared spectrum of compound 4.35.
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Figure A3.6 "C NMR (125 MHz, CDCl,) of compound 4.35.

281

T
10 ppm

1000.0



00’} Od

0 g9

ZH0E0 a7

0 888

W3 Mam

ZHW 98 00€ | 00G 48
89/2¢ 1S
siopweled Buisseooid — 24
HE SN3TONN
ZHIN 8000€€ | '00S 1048
03sn QO' |1 ld
088 000000002 1a]
A 000€ 3L

ossn ey’ L. 3d
988N 000'0G Ma
03¢ Y

088 008R89/2'E ov
ZH 88492910 S3Hald
ZH 000°0000 1 HMS
0 Sa

8 SN

€10a0 IN3IATOS
9€8e9 aL

0gbz L0YdINd

UEqPEOIqUIW G  gHE0Hd
0ogxIe NNYLSNI
2e9l _swil
GL1L00L02 sled
siajeLeled uogisinboy — 24

3 ONOOHd

3 ONdX3
902-¢—s|Z JNVYN
sislsWEIed BIEQ JUSLIND

"1 punodwod Jjo (*[DAD ‘ZHIN 00S) AN H, £ €V 24n31q

TN 0w [= N M -
olo WIN|N o = o
[7e] [5] N0 =~ (o] o
Q~ W\~ ] =] =]
wdd L 2 € ¥
L 1 1 1 1
e W W w o > NN
o~ 0 © - NN N B N W
~N QW0 = ~ B N W Al ~ O
OO N~ (el V&) [l &) B o

282



103.9 _

102 ]

100 |

sa |

52.3

o T e

4000.0 3600 3200 2800 2400 2000 1800 1600
eme1

1400 1200

Figure A3.8 Infrared spectrum of compound 4.18.
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Figure A3.9 "C NMR (125 MHz, CDCl,) of compound 4.18.
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Figure A3.11 Infrared spectrum of compound 4.19.
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Figure A3.12 "C NMR (125 MHz, CDCl,) of compound 4.19.
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Figure A3.14 Infrared spectrum of compound 4.21.
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Figure A3.15 "C NMR (125 MHz, CDCl,) of compound 4.21.
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Figure A3.17 Infrared spectrum of compound 4.22.
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Figure A3.18 "C NMR (125 MHz, CDCL,) of compound 4.22.
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Figure A3.20 Infrared spectrum of compound 4.37.

Current Data Parameters
NAME zls—4-40—c

) Q N Or-rQu®-

< Jre} S r NNOOTO 0 oo N O o © EXPNO

S ] STITOLNANO® Q@IS [N g N @ PROCNO 1

10 0 00O BN 90 0o o R T ]

3 & T T ooANNN N©© wa © ©8g = o

T T T m s~ N @e N F2 - Acquisition Parameters
Date_ 20110314
Time 15.09
INSTRUM arx500

PROBHD 5 mm broadban
PULPROG zgdc30

65536
SOLVENT CDCI3
NS 288

DS

SWH 35714.285 Hz
FIDRES 0.544957 Hz
AQ 0.9175540 sec
RG 32768

DW 14.000 usec
DE 20.00 usec
TE 300.0 K

D12 0.0000200 sec
DL5 17.70 dB
CPDPRG waltz16
P31 100.00 usec
D1 2.00000000 sec
P1 6.80 usec
SFO1 125.7728999 MHz
NUCLEUS

D11 0.0300000 sec

F2 — Processing parameters

SI 32768

SF 125.7578090 MHz
EM

WD!

SsB 0
LB 1.00 Hz
GB 0

PC 1.40

T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

Figure A3.21 "C NMR (125 MHz, CDCl,) of compound 4.37.
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Figure A3.24 "C NMR (125 MHz, CDCl,) of compound 4.23.
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Figure A3.23 Infrared spectrum of compound 4.23.
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Current Data Parameters
NAME zls—4-41—c
EXPNO

PROCNO 1

F2 — Acquisition Parameters
Date_ 20110315

Time 14.30
INSTRUM arx500
PROBHD 5 mm broadban
PULPROG 2gdc30

65536
SOLVENT CDCI3
NS 201
DS

SWH 35714.285 Hz
FIDRES 0.544957 Hz
AQ 0.9175540 sec
RG 45500

DW 14.000 usec
DE 20.00 usec
TE 300.0 K

D12 0.0000200 sec
DL5 17.70 dB
CPDPRG waltz16
P31 100.00 usec
D1 2.00000000 sec

P1 6.80 usec
SFO1 125.7728999 MHz
NUCLEUS

D11 0.0300000 sec

F2 — Processing parameters
SI 32768

SF 125.7578090 MHz
EM

WD

SSB 0

LB 0.00 Hz
GB 0

PC 1.40

1000.0
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Figure A3.26 Infrared spectrum of compound 4.24.
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Figure A3.27 "C NMR (125 MHz, CDCl,) of compound 4.24.
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Current Data Parameters
NAME  bwb-5-92-F2C13

EXPNO 3

PROCNO 1

F2 — Acquisition Parameters

Date_ 20110321

Time 4,

INSTRUM avance500

PROBHD 5 mm bb-Z Z800

PULPROG 2gdc30
65536

SOLVENT CDCI3

NS 22553

DS

SWH 32679.738 Hz

FIDRES 0.498653 Hz

AQ 1.0027661 sec

RG 6502

DW 15.300 usec

DE 6.00 usec

TE 688.4 K

D1 1.00000000 sec

di1 0.03000000 sec

MCREST 0.00000000 sec

MCWRK 0.01500000 sec

PL1 0.00 dB
SFO1 125.8231939 MHz

UC: 1
PCPD2 100.00 usec
PL2 120.00 dB
PL12 16.10dB
SFO2 500.3320013 MHz

F2 - Processing parameters
S

65536
SF 125.8080969 MHz
WDW EM

SSB 0
LB 0.00 Hz
GB 0

PC 1.40

1000.0
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Figure A3.29 Infrared spectrum of compound 4.29.
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Figure A3.30 "C NMR (125 MHz, CDCl,) of compound 4.29.
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Current Data Parameters
NAME zls—4-44—c
EXPNO

PROCNO 1

F2 — Acquisition Parameters
Date_ 20110316

Time 16.49
INSTRUM arx500
PROBHD 5 mm broadban
PULPROG 2gdc30

65536
SOLVENT CDCI3
NS 286
DS

SWH 35714.285 Hz
FIDRES 0.544957 Hz
AQ 0.9175540 sec
RG 45500

DW 14.000 usec
DE 20.00 usec
TE 300.0 K

D12 0.0000200 sec
DL5 17.70 dB
CPDPRG waltz16
P31 100.00 usec
D1 2.00000000 sec

P1 6.80 usec
SFO1 125.7728999 MHz
NUCLEUS

D11 0.0300000 sec

F2 — Processing parameters
SI 32768

SF 125.7399566 MHz
EM

WD

SSB 0

LB 0.30 Hz
GB 0

PC 1.00

1000.0
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Figure A3.32 Infrared spectrum of compound 4.30.
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Figure A3.33 "C NMR (125 MHz, CDCl,) of compound 4.30.
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Current Data Parameters
NAME  BWB-5-95-C13F1
EXPNO 281
PROCNO 1

F2 — Acquisition Parameters
Date_ 20110323
Time 21.21
INSTRUM arx400
PROBHD 5mmQNP 1H
PULPROG 2gdc30

65536
SOLVENT CDCI3
S 1000

WH 27777.777 Hz
FIDRES 0.423855 Hz
AQ 1.1796980 sec
RG 32768
DW 18.000 usec
DE 25.71 usec
TE 300.0 K
D12 0.0000200 sec

L5 21.50dB
CPDPRG waltz16
P31 100.00 usec
D1 1.00000000 sec

P1 8.50 usec
SFO1 100.6248445 MHz
NUCLEUS

D11 0.0300000 sec

F2 — Processing parameters
SI 65536

SF 100.6127710 MHz
EM

WD!

SsB 0
LB 1.00 Hz
GB 0

PC 1.40

1000.0
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Figure A3.35 Infrared spectrum of compound 4.31.
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Figure A3.36 "C NMR (125 MHz, CDCl,) of compound 4.31.
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Current Data Parameters
NAME zls—4-49—c

EXPNO

PROCNO 1

F2 — Acquisition Parameters
Date_ 201103189

Time 2214
INSTRUM avance500

PROBHD 5 mm bb-Z Z800
PULPROG zgdc30

65536
SOLVENT CDCI3
S 667

N;

DS

SWH 32679.738 Hz
FIDRES 0.498653 Hz
AQ 1.0027661 sec
RG 4096

DW 15.300 usec
DE 6.00 usec
TE 688.5 K

D1 2.00000000 sec
di1 0.03000000 sec

MCREST  0.00000000 sec
MCWRK 0.01500000 sec

PL1 0.00 dB
SFO1 125.8231939 MHz

NUC; 1H
PCPD2 100.00 usec
PL2 120.00 dB
PL12 16.10dB

SFO2 500.3320013 MHz
F2 - Processing parameters
S

65536
SF 125.8080969 MHz
WDW EM

SSB 0
LB 1.00 Hz
GB 0

PC 1.40

1000.0
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Figure A3.38 Infrared spectrum of compound 4.27.

Current Data Parameters
NAME zls—4-51—¢

- CNOTrINAITQOND ©

< O-rNOMONRKAOND®O ¥ O NMOYr—— —NO = 10 EXPNO

o OMOOONO-INXO™— & Tom N ©QoOblb Qr3I B O PROCNO 1

o GANUIBOINFING T = oo d oY~ oo~ o ©

~ STONNNNNNN-O © NO©G @ <0d-N ©rg — o

= —rrrrrrreree NEN© ©wowobs o6ON N o~ F2 - Acquisition Parameters
Date_ 20110321
Time 18.28
INSTRUM arx500

PROBHD 5 mm broadban
PULPROG zgdc30

65536
SOLVENT CDCI3
NS 800

DS

SWH 35714.285 Hz
FIDRES 0.544957 Hz
AQ 0.9175540 sec
RG 45500

DW 14.000 usec
DE 20.00 usec
TE 300.0 K

D12 0.0000200 sec
DL5 17.70 dB
CPDPRG waltz16
P31 100.00 usec
D1 2.00000000 sec
P1 6.80 usec
SFO1 125.7728999 MHz
NUCLEUS

D11 0.0300000 sec

F2 — Processing parameters

SI 32768

SF 125.7578090 MHz
EM

WD!

SsB 0
LB 1.00 Hz
GB 0

PC 1.40

Ll L

T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

Figure A3.39 "C NMR (125 MHz, CDCl,) of compound 4.27.
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Figure A3 .41 Infrared spectrum of compound 4.1.

Current Data Parameters

NN DO ANLVONIDOOITONNOITNNO NAME 2s—4-53—c

§S IR BILENIRBIBORLIBAR NOVOORNINOYTRO V- FTOOT MM EXPNO

CO AN BARONONNTNANIORT O NI PLANITTRILRICNR PROCNO 1

NE 35 99899398 Fg8Nge2g89 CROOONRIOWINAYTRNTION IO

RN 0D II00OANNNANNN-OOO O NOOCOOSTAG—ONTOF - 000 AN

Fr rr rrrrrrrrrrT IR NERNOODOWODITIONOD OO~ ~ F2 - Acquisition Parameters
Date_ 20110323
Time 19.39
INSTRUM arx500
PROBHD 5 mm broadban
PULPROG 2gdc30
TD 65536
SOLVENT CDCI3
NS 16957
DS
SWH 35714.285 Hz
FIDRES 0.544957 Hz
AQ 0.9175540 sec
RG 16384
DW 14.000 usec
DE 20.00 usec
TE 300.0 K
D12 0.0000200 sec
DL5 17.70 dB
CPDPRG waltz16
P31 100.00 usec
D1 2.00000000 sec
P1 6.80 usec
SFO1 125.7728999 MHz
NUCLEUS
D11 0.0300000 sec

SF

i

T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100

T
80 70 680 50 40 30 20 10 ppm

Figure A3.42 "C NMR (125 MHz, CDCl,) of compound 4.1.
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F2 — Processing parameters
SI 32768

125.7578090 MHz
EM

0
1.00 Hz

0
1.40





