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ABSTRACT

Enantioselective syntheses of hexacyclic aspidoalbidine alkaloids (+)-fendleridine and
(+)-acetylaspidoalbidine are described. These syntheses feature an asymmetric
decarboxylative allylation and photocyclization of a highly substituted enaminone. Also, the
synthesis  highlights the formation of a C19-hemiaminal ether via a
reduction/condensation/intramolecular cyclization cascade with the C21-alcohol. The
present synthesis provides convenient access to the aspidoalbidine hexacyclic alkaloid
family in an efficient manner.

A copper-catalyzed cross-coupling is described. Use of Cu(l) salts in the presence of
allyl bromides and organostannyl furans were found to undergo catalytic turnover under
ambient conditions and afford the coupled products in good to great yields. Model substrate
screening led to conditions used in the concise formal synthesis of FR901464 analogues.
Optimization of the described coupling step led to suppression of undesired isomers and
byproducts affording the desired diene coupled product in high vyield, stereo-, and
regioselectivity on a multigram scale. Novel protection of the resulting diene moiety as an
unconventional protecting group, and a facile four-step single column chromatographic
stereoselective sequence are also reported.
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CHAPTER 1. ENANTIOSELECTIVE TOTAL SYNTHESES OF (+)-
FENDLERIDINE AND (+)-ACETYLASPIDOALBIDINE

The structures of (+)-Fendleridine (aspidoalbidine, 1) and (+)-Acetylaspidoalbidine (2) are
that of highly functionalized hexacyclic indolines with 4 contiguous chiral centers and feature a
hemiaminal ether on the C19 carbon (Figure 1.1). This chapter provides background information
on the isolation, synthesis, and characterization of these molecules. Previous synthetic efforts by
Boger! and Movassaghi? are described within. Initial failed attempts made by us at the syntheses
of these molecules, addressal, and the resulting solutions are described. Characterization of a
desired key intermediate via chemical derivatization and 2D NMR characterization, facile
construction of the pentacyclic core via a cascade reaction, along with support and full

characterization of the minor rotamer found to be present in (+)-2 are also described.

(+)-Fendleridine, 1 (+)-Acetylaspidoalbidine, 2

Figure 1.1 Structures of (+)-Fendleridine and its N-Acyl Derivative (+)-
Acetylaspidoalbidine
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1.1 Introduction

Aspidosperma alkaloids constitute a large family of monoterpene natural products with over
250 members.>®  The pentacyclic core comes from that of the core molecule (+)-
Aspidospermidine (3, Figure 1.2). The likely biosynthetically ethyl-oxidized analogue (+)-
Limaspermidine (4) has also been found to be a natural product, and through means of further
oxidation of the C19 carbon a hemiaminal ether connection would form (+)-Fendleridine 2. This
molecule represents the hexacyclic core of a subset known as Aspidoalbidine alkaloids. Several
Aspidosperma and Aspidoalbidine alkaloids have been shown to have attributed bioactivity;>%*
of note (+)-Haplocidine 5 has been shown to be a potent caspase 8 inhibitor, with an 1Cso value of
0.4 uM. Due to caspase 8’s over expression in the pathogenesis of multiple sclerosis, Parkinson’s,
and Alzheimer’s disease, inhibition of these apoptosis-inducing proteases provides a novel
therapeutic target.'> The bioactivity of these closely related molecules and the prevalence of
natural product use in medicinal chemistry® motivated us to construct a concise route to this family

of molecules through the synthesis of (+)-Fendleridine (1) and (+)-Acetylaspidoalbidine (2).

1.2 Isolation of (+)-Fendleridine and (+)-Acetylaspidoalbidine

(+)-Fendleridine (1) was isolated from the dried seeds of the Venezuelan tree Aspidosperma
fendleri in 1964 by Medina and coworkers along with other Aspidoalbidine natural products,**
only constituting 0.04% of the isolated compound mixture. Later in 1979 it was also isolated from
the Venezuelan tree species Aspidosperma rhombeosignatum by the same group. Although the
name for Fendleridine comes from the tree from which it was isolated, it’s also referred to as
“Aspidoalbidine” in the isolation literature, hence where the name Acetylaspidoalbidine for the
corresponding N-acetyl derivative comes from. Acetylaspidoalbidine (2), was isolated from the
Peruvian plant Vallesia dichotoma in 1963 by Djerassi and coworkers, and again from the Bolivian
tree Aspidosperma pyrifolium in 1996 by Mitaine and coworkers, in which it was mislabeled as
“dehydroxyhaplocidine”.’® In this discovery, it was noted to make up ~0.1% of the alkaloid
mixture of the other isolated Aspidosperma and Aspidoalbidine alkaloids. It’s worth noting that
several of these plants have been attributed to the prementioned medicinal and biological activities

likely due to the presence of said alkaloids.*¢*®
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Figure 1.2 Fendleridine and Select Natural Products of the Aspidoalbidine Family
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1.3 Boger’s Total Synthesis
1.3.1 Retrosynthesis

Boger and coworkers published the first enantioselective total syntheses of (+)-Fendleridine
and (+)-Acetylaspidoalbidine in 2010, assigning the absolute configuration for the first time.*
Their synthesis of enantiopure 1 came from reductive manipulations of racemic xanthate 12, in
which the desired enantiomer was separated out by chiral HPLC and assigned via X-ray
crystallography before being carried on (Scheme 1.1). (£)-12 came from silyl ether (£)-13, which
is the product of his tandem [4+2]/[3+2] cycloaddition used in his past work®® (Figure 1.3) The
starting material 14 for the cycloaddition was coupled from 15 and 16, which each in turn would

come from starting materials 18 and 20 after a number of chemical transformations.

N,O-Ketal
Formation
p—1
(+)- Fendleridine (1) Chiral HPLC of (+)-12 (+)-13
[4+2]/[3+2]
cycloaddition
(@]
NH 0 c i N OTBS
— OTBS oupling
Ny o E + HO —— \ )sN
N = O _N
BN Co,Me N
COzMe
16 15 Ring 14
Oxadiazole Opening
Formation
(@)
NH, Indole NH, Sﬁﬁy;r
Protection o] 9 0]
\ p— \ p—
N N O
Bn H o
17 18 19 20

Scheme 1.1 Boger and Coworkers Retrosynthetic Analysis of (+)-Fendleridine
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1.3.2 [4+2}/[3+2] Cycloaddition

_ — _ o _
N
/@?‘ W\
_N2 \ o) 72 5
o R
X Rl
CO,Me
- N (£)-23

X \_/( RI
CO,Me

21
Figure 1.3 Boger’s Tandem [4+2]/[3+2] Cycloaddition

The mechanism behind Boger’s tandem cycloaddition is that, once heated up, the oxadiazole
moiety in 21 undergoes a [4+2] with the intramolecular olefin, creating racemic (+)-22. Extrusion
of nitrogen gas forms the 1,3 dipole ()-23 in situ, which then undergoes a [3+2] with the

unsaturation in the heterocycle, leading to the product (z)-24.
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1.3.3 Synthesis

0
NH
2 N)J\N/\\
cDI, N N
\ - \—/
N DCM/THF, N
Bn  0°Cto25°C, 97% N
Bn
17 25
e
N AcOH, THF,
HoN OMe 35°C
0
26
_N
A #N TsCl, TEA, N N %OM‘%
O_N =~— \ 0
N Y DCM,
CO,Me 0°C to 25°C, E
81% 2-steps n
16 B 27 B
0
MeOH, 9 on
Q K2COs, MeO
—_—
0°C
o o)
19 28
1)[I)T/|Ig’ ;Ef’cc" 3) LiOH, H,0,
; MeOH, THF,

2) BrMePPhs, n-Buli,

o 0 _
THF, -78°C to 25°C ¥ 22 C» 68% 4-steps

0
\ OTBS o
OTBS
% 16, EDCI, |,
N\ SN DMAP,
o} -
En DCM, 25°C,
CO,Me 74%
14 15

Scheme 1.2 Synthesis of Coupled Cycloaddition Precursor 14

Their synthesis began from 17 and 19 (Scheme 1.2), which were prepared from tryptamine
and 1,4-cyclohexanedione in 32° and 12 steps respectively. Coupling tryptamine 17 with CDI
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afforded urea 25 in 97%, which was then reacted with hydrazide 26 (formed in one step??) to form
crude 27. Dehydration with TsCl and TEA then afforded the requisite 16 in 81% over 2-steps.
Meanwhile, oxepane 19 could be subjected to methanolysis to yield 28, then silyl protection,
Wittig olefination, and saponification yielded carboxylic acid 15 in 68% yield over 4 steps.
Coupling of carboxylic acid 15 and oxadiazole compound 16 with EDCI afforded the compound
14 in 74%.

0]
OTBS
N
N g N —_—
N —N o-DCB,
Bn 180°C, 71%
COzMe
14
1) NH3, MeOH, 70°C 3) HF-pyr,
2) TFAA, pyr, diox, THF, 0°C,
0°C to 25°C 90% 3-steps
OM
N 3

1) Na-selectride,

S THF, 25°C
N X O/(SMG 2) NaH, THF, imid,
Bn o 0
CS,, Mel, 0°C to 25°C,
()12 78% 2-steps )
+ +)-
Chiral HPLC, (+)-29

(-)12 =— 50%

Scheme 1.3 Synthesis of Xanthate 12

Heating 14 in 0-DCB afforded a racemic mixture of their desired compound (£)-13 in 71%
(Scheme 1.3). Aminolysis followed by dehydration of the resulting amide and then silyl
deprotection to collapse the resultant alkoxide afforded the nitrile, alcohol, and hemiaminal
moieties present in (£)-29 in 90% over 3 steps. Diastereoselective reduction of the in-situ formed
ketone followed by xanthate formation afforded (+)-12, which was then separated at this late stage

via chiral HPLC to afford (-)-12 in 39% over 2-steps and one resolution.
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Ac,0, pyr,

DCM, 25°C, 81%

N —’//H
O)\ Me

(+)-Acetylaspidoalbidine (2),

24 total steps, 18 LLS (+)-Fendleridine (1)

Scheme 1.4 Boger’s Completion of (+)-Fendleridine (1) and (+)-Acetylaspidoalbidine (2)

(-)-12 was then taken forward, and Barton-McCombie conditions afforded amide (-)-30 in
77% yield (Scheme 1.4). Formation of the thioamide, subsequent reduction to the amine, and
Birch conditions afforded (+)-Fendleridine (1) in 68% over three steps. Typical acetylation
conditions then afforded (+)-Acetylaspidoalbidine (2) in 81% vyield thus completing their
syntheses of the two molecules. Overall, Boger’s synthesis included 24 total steps from
commercially available tryptamine 18 and 1,4-cyclohexanedione 20, 18 steps longest linear

sequence (LLS) and utilized late-stage chiral separation.
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1.4 Movassaghi’s Total Synthesis
1.4.1 Retrosynthesis

Movassaghi and coworkers followed up with their syntheses of (+)-Fendleridine (1) and (+)-
Acetylaspidoalbidine (2) in 2016.2 Retrosynthetically, the hemiaminal in 1 came from the alcohol
(-)-31, which was made racemically and enzymatically resolved at a late stage (Scheme 1.5). (¥)-
31 came from a ring-closing metathesis of allyl amide 32, which in turn came from the ester 33
after Friedel-Crafts type alkylations. This divinyl moiety was the product of the alkylation of
indole 35 and diene 34, which came from o-iodoaniline 36 and trans-crotonyl chloride 37

respectively after a number of chemical transformations.

N,O-Ketal N/_—O—\\g
Formation % OH RCM
jr— jr—
A
N
PMB
Enzymatic

Resolution of (+)-31

Friedel
Crafts

—

n—-C1oH210,C_~
A

PMB

35 34

Indole Diene
Formation Formation
| (0]
o "
Me
36 37

Alkylation "~C10H210267
D — AN
N

PMB
33

Scheme 1.5 Movassaghi and Coworkers Retrosynthetic Analysis of (+)-Fendleridine
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1.4.2 Synthesis

=
n—-C1H2;0,C—
@Il n-CqoH2102C_~ LDA, DMPU, PN A\
+ \<\ —_— \
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OMe \_~ , H20, % 3-
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38

1) G-I,
1,2-DCE, 80°C

2) Pd(OAc)s,
1,4-benzoquinone, HCIOy,,
MeCN, H,0, Tol, NaBHy,,

62% 2-steps

Scheme 1.6 Synthesis of Racemic Alcohol 31

Their synthesis began with indole 35 and diene 34, which were made from o-iodoaniline 36

and trans-crotonyl chloride 37 in 4% and 32 steps respectively (Scheme 1.6). Coupling of the two

using LDA and DMPU afforded the divinyl compound 33 in 43% yield. A Friedel-Crafts type

alkylation could be made through the indole C2-C3 unsaturation to attach dimethyl acetal 38 (made

in 2-steps?®) and subsequent hydrolysis and ring closure formed 32 in 60% over 3-steps. Grubbs

metathesis and a subsequent Wacker-Tsuji oxidation resulted in the racemic alcohol (£)-31 in 62%

over two steps.
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Scheme 1.7 Enzymatic Resolution of Racemic Alcohol 31

Their enzymatic resolution began with a screening of different enzymes and conditions, and
they concluded Amano PS Lipase afforded the best ee in regards to (-)-31 (Scheme 1.7).2 To this
end, they were able to get >98% ee of the desired enantiomer, however in order to increase the ee
the yield took a hit, resulting in undesirable yield (36% yield of the desired enantiomer).
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Scheme 1.8 Movassaghi’s Completion of (+)-Fendleridine & (+)-Acetylaspidoalbidine

Carrying forward (-)-31, reduction of the cis-olefin followed by p-nitrobenzoylation
afforded (+)-40 in 82% over 2-steps (Scheme 1.8). Reduction with tributyltin hydride and triflic
anhydride followed by DBU addition then resulted in the alcohol cyclizing to form the hemiaminal
ether, and deprotection of the PMB ether with thiophenol and triflic acid followed by TEA addition
resulted in (+)-Fendleridine (1) in 67% over 3-steps. Typical acetylation conditions then afforded
(+)-Acetylaspidoalbidine (2) in 88% yield thus completing their synthesis of the two molecules.
Overall, Movassaghi’s synthesis included 22 total steps from 0-iodoaniline 36 and trans-crotonyl

chloride 37, 17 steps longest linear sequence (LLS), and utilized late-stage enzymatic resolution.
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1.5 Results and Discussion
1.5.1 Retrosynthetic Analysis of (+)-Fendleridine and (+)-Acetylaspidoalbidine

Based upon the prior work by Boger and Movassaghi (Chapters 1.3 & 1.4), we envisioned
a more concise synthetic route towards the construction of the (+)-Fendleridine core,
circumventing the use of both late-stage chiral HPLC and enzymatic resolution. Our retrosynthetic
analysis is outlined in Scheme 1.9. The formation of our hemiaminal ether moiety would come
from trapping the iminium ion in 41 by the resultant alcohol of the deprotected silyl ether. The
iminium ion would come from a cascade reaction in which reduction of a nitrile group would result
in amine 42 and concomitantly cyclize twice to form the pentacyclic framework. The syn
relationship of the C2 and C12 substituents would come from the alkylation of the indoline 43.
The trans substituted indoline 43 would come from the 6zn-conrotatory photocyclization of
enaminone 44, whose C5 stereochemically defined chiral center would be constructed via Stoltz
Decarboxylative Allylation chemistry. Thus, our synthesis would begin from commercially

available enaminone 45.

Reduction
Cascade

(+)-Fendleridine (1, R = H)

(+)-Acetylaspidoalbidine (2, R = Ac) 41 42
Syn-Alkylation \U/
Stoltz
(o) asymmetric o = O/\
Allylation . 6m-cyclization &
: \ : N
Bn Bn OTBS
45 44

Scheme 1.9 Born & Ghosh Retrosynthesis of (+)-Fendleridine and (+)-Acetylaspidoalbidine.
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1.5.2 Initial Attempts at Desymmetrization of the Quaternary Center

Our initial attempt at the synthesis of (+)-1 and (+)-2 are shown in Scheme 1.10. Our
synthesis started with commercially available 45, which if needed could also be made on a
decagram scale in one step from very cheap starting materials (less than $1/gram)?*, but is also
commercially available in kilogram quantities. Photocyclization of the material followed by
alkylation produced the syn-alkylated material ()-46. Allylation at this point however
consistently resulted in diallylated product (£)-47, and multiple attempts to desymmetrize the
material proved difficult. Thus, another route depicted in Scheme 1.11 was undertaken.

o) NC. Q

\/
Cyclization, -
@\ Alkylation
e _
N

Ph Ph
45

(+)-47

Scheme 1.10 Attempted Functionalization of Indoline ()-47
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3° Alkylation
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Scheme 1.11 Attempted Oxidative Cleavage of 52 & 53

In this attempt, allylation of starting material 45 was undertaken, achieving the
monoallylated material (£)-49. Functionalization of this material via hydroboration-oxidation
followed by either protection of the alcohol as a silyl ether or oxidation and protection as a
dioxolane group gave 50 and 51 respectively. Photocyclization and syn-alkylation followed by
alkylation with cinnamyl bromide successfully formed the quaternary center in products 52 and
53, albeit in poor d.r. (~2:3). Attempts to perform ozonolysis or dihydroxylation followed by
oxidative cleavage to yield 54 or 55 proved unfruitful. It was at this point that we were inspired

by the efforts of Stoltz in his enantioselective Tsuji allylation modification.?®
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1.5.3 Construction of Quaternary Center for Stoltz Allylation

I\/\

OTBS

DA o N OTBS
allyl

©\ chloroformate, ©\ ) CSZCO3
THF, N DMF, 100 °C @\ j\

-708 °C EO 23 °Co ) 70%, 82% brsm
35 62%, 76% brsm% Ph 56 22 g scale (+)-5

Scheme 1.12 Alkylation of Tertiary Center in 56

Enaminone 35 was alkylated with allyl chloroformate using LDA at low temperature in
THF to afford the dicarbonyl species 56 in 62%, 76% BRSM, avoiding the production of any
dialkylated material (Scheme 1.12). Due to the alpha proton’s much lower pKa, Cs2COs3 was able
to perform the deprotonation of the difficult tertiary center by heating the reaction to 100°C in
DMF, and upon addition of iodo silyl ether 57, (x)-58 was produced in 70% yield, 82% BRSM on

a 22 gram scale. This species is now set up to undergo the Stoltz decarboxylative allylation.
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1.5.4 Stoltz Decarboxylative Allylation
1.5.4.1 Proposed Mechanism

The Stoltz Decarboxylative Enantioselective Allylation was first described in by Stoltz and
coworkers in 2004?°, as an expansion upon the seminal work done by Tsuji?® and Trost?’.
Mechanistic support for this transformation was supported in 2012 by Goddard and Stoltz?. Upon
heating, loss of CO; in alloxycarbonyl substrate (+)-58 will result in an n3-allyl palladium complex
with chelation of the chiral ligand (59, Figure 1.4). Approach of the enolate 60 drives the allyl
group to an n! complex, and thus the square planar Pd" intermediate 61 exists. Insertion of the
allyl moiety to the preferenced face of the enolate during reductive elimination is the reasoning

behind the resulting stereoselectivity, resulting in our desired compound (-)-44.

(S)-t-Bu-PHOX _ O
11} \ X 0

________________________ |
o O
' |\O> - O// N A
@‘ A TBSO__ 7,/
----------- Pd_ | . v%i\/@
A 0
Qo> Q N
59 ©\ OTBS @
N
Bn)
60 61
-CO, j
A\O 0] (o) K
A~ N A
O/\/\ o
PdL
N N
oTBS TBSO
Ph) L = (S)-t-Bu-PHOX o P
(+)-58 (-)-44

Figure 1.4 Proposed Mechanism of Our Stoltz Decarboxylative Enantioselective Allylation
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1.5.4.2 Reaction Optimization and Determination of ee

Pd(dba)s
(5 mol%)
OTBS  (s5)-tBu-PHOX o) K
(12.5 mol%)
©\ Solvent, : N
Temperature ) TBSO
Ph
Ph (+)-5 (-)-44
1. TBAF, THF
0°Cto 23 °C
©\ m 2 BzCl, DMAP
Bz EtsN, CH,Cl,
0°Cto23°C
62

96% (2-steps)

Scheme 1.13 Stoltz Decarboxylative Allylation Conditions and Transformation to 62 for
Determination of %ee

Based on this hypothesis, (£)-58 was subjected to Stoltz decarboxylation conditions, using
5 mol % tris(dibenzylidene acetone)dipalladium (0) as the catalyst and 12.5 mol % (S)-t-Bu-PHOX
as the chiral ligand (Scheme 1.13). A small screening of the solvent influence on the reaction is
shown in Table 1.1. Ifthe solvent wasn’t freshly degassed by bubbling argon through it for several
hours beforehand, it led to trace amount of product formed, recovering majority of starting material
along with the commonly seen dealkylated byproduct (first entry).?> MTBE also proved to be
insufficient in the transformation. THF, benzene, and toluene all provided near quantitative yields
of (-)-44 on a small scale. However, toluene was determined to give the best %ee in respect to 62,
and in the best yield on a multigram scale (last entry). 62 was made by deprotecting the silyl ether
and protecting it as a benzoate, which was needed as it resolved more easily via chiral HPLC in
order to determine the enantiomeric excess accurately. The yield of these two reactions were 96%
over 2-steps. This 91:9 e.r. is reflective of the scarce examples of enaminone asymmetric
allylations as reported by Stoltz and coworkers.®® Traces of these chiral HPLCS are shown in

Figure 1.5 through Figure 1.7.
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Table 1.1 Screening of Solvent Effect in the Enantioselective Allylation

70°C

40°C
70°C
70°C
70°C

12 h
12 h
30 min
30 min

30 min

Trace
Trace
97%
98%
88%

N/A
77%
81%
82%

2 Solvent not degassed. ® Reaction carried out on multigram scale.
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Figure 1.5 HPLC Trace of 62 Synthesized Racemically
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155 6mx—Conrotatory Photocyclization Mechanism

The 6m-photocyclization of N-phenyl enaminones to form indolines was pioneered by
Gramain and coworkers in the 1980’s and 90’s.313® Due to the presence of six pi electrons,
Woodward-Hofmann3 rules dictate a conrotatory mechanism, thus when 63 is introduced to 366
nm light the result is 1,3-dipole (£)-64 (Figure 1.8). This intermediate would then rapidly undergo
a hydride transfer to yield enantiomers (S,R)-65 and (R,S)-65. While this basic mechanism was
proposed, support as to whether the hydride transfer occurs via two consecutive [1,2]-transfers or
a concerted suprafacial [1,4]-transfer was debated. It wasn’t until very recently before our
publication in 2019 that this was investigated by Bach and coworkers®. Via deuteration of the
aniline ring, it’s proposed that if the reaction were to go via two [1,2]-hydride migrations, the
major product would be (x)-69. If it were to undergo the concerted [1,4]-migration, the major
product would be ()-70. When they performed the experiment with compound Boc-protected 71,
it was seen that (+)-73 was the major product of the reaction, thus supporting the concerted
suprafacial [1,4]-hydride migration.
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Preliminary Mechanism

o) 0
hv, 4 = 366 nm { H H
P

Hydride
Migration

[1,4] and [1,2]x2 Migration Rationale

o)
Tﬁj\ /Ej hv, % = 366 nm
ZSN CD,Cl,
|
R

66
o 0
D hv, A = 366 nm
I\ SN =
N CD,Cl, N D
| |
R R
66 (+)-67 (+)-70, 1,4-hydride shift

Expermintal Support for [1,4]

0
'|3\ N hv, A = 366 nm
Z>N CD,Cl,
|
Boc
71 (+)-72 (£)-73,

1,4-hydride shift

Figure 1.8 Mechanistic Support for the Photocyclization of N-Phenyl Enaminones
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1.5.6 Synthesis of Alcohol Diastereomers

Thus, we undertook the photocyclization of our enantioenriched product (-)-44. Initial
attempts to photocyclize the material utilizing a mercury lamp (450 W) in benzene as the solvent
provided trans-diastereomeric indolines 75 and 76 along with corresponding indole byproduct 77
as an inseparable mixture (Scheme 1.14). Attempts to inhibit the formation of indole byproduct 77
via means of antioxidant additives, solvent variation, and concentration either didn’t improve the
ratio or resulted in no reaction. Instead, it was found that carefully degassing the apparatus by
repeatedly evacuating and flushing the system with argon along with stopping the reaction before
complete consumption of starting material yielded indolines 75 and 76 as the major products along
with only trace indole 77. The origin of 77 comes from indolines 75 and 76’s proclivities to oxidize
to the indole byproduct.®3® Thus to eliminate further formation of this byproduct, we submitted
the diastereomers as a crude mixture for subsequent alkylation immediately. The crude mixture
of 75 and 76 was subjected to KHMDS and bromoacetonitrile to yield cis-diastereomers 78 and
79 in 63% yield over two steps as an inseparable mixture.3! These crude products were carried
forward and subjected to hydroboration oxidation conditions using in-situ formed
dicyclohexylborane to afford the alcohols 80 and 81 as a 1:1 mixture of diastereomers in 98%
overall yield. The alcohols as suspected were seperable via column chromatography thus

circumventing the use of late stage chiral HPLC and enzymatic resolution in our synthesis.
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0 r¢
@Nﬁ\
) OTBS
Ph

Hg Lamp, 450 W
benzene, 23 °C

) 77, trace
Ph

KHMDS, BrCH,CN

(63% 2-steps)
THF, 0 °Cto 23 °C

NG O SN\
OTBS + OTBS
)N H
Ph” 79
o500 | CY2BH. THF
(98%)| 5 °C 1o 23 °C
NG O F \—OH
oTBS
N H
PH) 81

Scheme 1.14 Synthesis of Seperable Alcohol Diastereomers 80 and 81
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1.5.7 Synthesis of Ketals for 2D NMR Studies

The alcohols 80 and 81 were characterized via *H and 3C NMR, however their absolute
identities initially remained a mystery pertaining to their C2 and C12 configuration. Initial 2D
NMR showed one plausible interaction supporting the identity of 81, however more support was
needed as the theorized interaction through space didn’t appear plausible, and the expected
interactions didn’t occur (Scheme 1.15). We hypothesized that constructing a more rigid bicyclic
system to constrain protons in space would promote the observations of the desired NOESY
interactions. To this end, we carried forth both reactions separately and tosylated the free alcohols,
leading to compounds 82 and 83 in 79% and 85% respectively. TBAF deprotection then resulted
in the free alcohol cyclizing onto the carbonyl, and the resultant alkoxide cyclizing onto the
tosylated carbon, creating the rigid pentacyclic ketals 84 and 85 in near quantitative yields. With
this rigidity set, we theorized that we would now observe the suspected interactions with the alpha
nitrile protons to the front or back rings. To our surprise we did not, and instead observed more
interactions with the sp? hybridized phenyl carbon. We theorize that due to the folding of the
molecules from the cis relationships of the C2 and C12 substituents, the ring is then brought in
close proximity with either the front THF ring (ketal 85, derived from alcohol 81) or the back THP
ring (ketal 84, derived from 80). Thus, our initial observation for the suspected absolute identity

of 81 was supported, and we assigned alcohol 80 as the desired diastereomer.
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Expected

TsCl, EtsN,
DMAP, CH,Cl,,
0°C to 23°C

(79%)

TBAF

THF, 23 °c | (99%)

Observed

Observed

DMAP, CH,Cl,,
0°C to 23°C

8
TsCl, EtsN,
(85%)

TBAF

THF, 23 °c | (99%)

Observed

Scheme 1.15 Synthesis of Ketals for Absolute Characterization of Alcohols 80 and 81
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1.5.8 Synthesis of Imine for Characterization Support

Based on our new stereochemical assignments, we theorized that if we were to carry
forward the undesired tosylate 83 over the next planned cascade step, the iminium ion wouldn’t
form due to the intermediate imine nitrogen of 86 not being in proximity to the tosylate carbon
(Scheme 1.16). However, with our desired tosylate 82 it would. This was supported by subjecting
undesired tosylate 83 to Raney Nickel under an H; pressurized atmosphere, resulting in imine 86
in 91% yield.

TsO\
(Y)
ne QB8
Cascade
OTBS
BnH 83
Cascade
TsO\
)
NG Oy 3 Ra-Ni 2800, H.
60 PSI,
OTBS
N MeOH
Bn g3 (91%)

Scheme 1.16 Corroboration of Stereochemical Assignments via Chemical Transformation
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1.5.9 Attempts at Full Cascade Reaction to Achieve (+)-Fendleridine

With the desired tosylate 82 in hand, we theorized that in one step we would be able to
achieve (+)-Fendleridine (1). We proposed that use of a catalyst under a pressurized H:
atmosphere would reduce the nitrile, concomitantly cyclize onto the ketone, and further cyclize to
form the iminium ion 41 (Scheme 1.17). From here, it’s been shown that some silyl groups are
prone to deprotection under hydrogenation conditions,*®3” and thus the resultant alcohol would
cyclize onto the iminium ion carbon to form the hemiaminal ether 87. Finally, the reduction of

the N-benzyl group could theoretically be accomplished in the same pot to achieve (+)-1.

TSO%N/—"}
( ;

//,'

Equiv: 10 mol % to stoichiometric
Catalysts: PtO,, Pd(OH),, Pd/C, Rh/Al,O4

OTs

Catalyst ’ OTBS Pressure: 15-600 psi H,
N % OTBS  Hy, pressure, N ,H Acids: AcOH, HCI
) 82 solvent, 23 °C ) 4 Solvent: EtOH, MeOH, EtOAc, IPA, etc

(+)-Fendleridine (1)

Scheme 1.17 Attempted Full Cascade from Tosylate 82 to (+)-1 and Interesting Byproduct 88.

Many attempts were made at this transformation. The use of palladium on carbon,
Pearlman’s and Adam’s catalyst, and rhodium on alumina were all varied in 10 mol % to
stoichiometric amounts of loading. Addition of acids to activate the catalysts in situ was also tried,
along with pressure screening from 1 atmosphere to 600 psi. Finally, solvent variation (EtOAc,
MeOH, IPA, etc) was tried to promote said hydrogenations. Unfortunately, it was observed that
the desired transformations didn’t occur, with either the starting material 82 unreacting or fully
degrading in some instances. Interestingly, the use of Adam’s catalyst at increased pressures
appeared to reduce the phenyl ring of the N-benzyl moiety down to a cyclohexyl before removal

of the silyl ether or full N-benzyl deprotection (Structure 88).
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1.5.10 Synthesis of (+)-Fendleridine and (+)-Acetylaspidoalbidine

With the above results observed, we elected to finish our synthesis of 1 in a stepwise
fashion (Scheme 1.18). Submission of the desired tosylate 82 to catalytic reduction provided the
crude iminium ion 41 as theorized. Subjecting this material to TBAF deprotection resulted in the
hemiaminal ether 87 in 62% over two steps. It’s worth noting that purification of this step was
initially difficult, as the hemiaminal ether appeared to degrade on the slightly acidic silica. Use of
alumina columns on this material and the subsequent natural products however afforded the
desired substrates cleanly. Finally, the debenzylation of 87 was attempted. It became apparent
that the material quickly degraded using traditional palladium catalysts and methods like those
described in Chapter 1.5.9. Therefore a 1-electron Birch reduction process was used and afforded
(+)-1in 70% yield. The difficulty in this final debenzylation step provides insight as to why our

initial full cascade reaction attempts were unfruitful.

TSO%N/—/\:\
( ;

/1y,

Ra-Ni 2800

H,, 60 PSI :
MeOH, 23 °C H
Jom

OTBS

TBAF, THF | (629 2-steps)
0°Cto23°C

~ Li, lig. NHy

" THF:-BuOH

(10:1), -78 °C
(70%)

(+)-Fendleridine (1)

Scheme 1.18 Synthesis of (+)-Fendleridine (1)
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Ac,0, pyridine,

DCM, 23°C, N H
1h, 99% )\Me
@)
(+)-Fendleridine (1) (+)-Acetylaspidoalbidine (2)

Scheme 1.19 Synthesis of (+)-Acetylaspidoalbidine (2)

Acetylation using standard conditions were carried out to yield (+)-Acetylaspidoalbidine
(2) in near quantitative yield (Scheme 1.19). A minor rotamer was observed as has been suggested
in the literature,? however, no variable temperature experiments had been done before to support
this claim. Thus, we heated our sample up to 55°C and *H NMR was taken, observing coalesced
peaks within the sample (Figure 1.9). Cooling the sample back to ambient temperature also

supported that no degradation/side reaction occurred, supporting the presence of this rotamer.
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Figure 1.9 Variable Temperature Experiments in the Support of (+)-2 and Minor Rotamer

1.5.11 Comparison with Prior Literature

With the synthesis completed, we underwent comparative NMR and rotational data. In
Table 1.2, our *H data matched up closely with that of the priorly reported. However, the indoline
proton appears to have been misassigned within Boger’s supporting information, and ours agrees

more with Movassaghi’s synthesis!?.
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Table 1.2 (+)-(1) *H NMR Comparison with Prior Literature (CDCls)

Assignment
N1
C2
C3

C4
C5

C6

C7

C8

C10

Cl1

C12
C13
C14

C15

C16

C17
C18
C19

C20

c21

Boger 600 MHz

5.90 (bs, 1H)
3.40 (dd, J=9.1,4.8
Hz, 1H)
1.92-1.66 (m, 2H)

1.92-1.66 (m, 1H) 1.35
(d, J = 13.1 Hz, 1H)

1.92-1.66 (m, 1H) 1.45
(dt, J = 13.6, 4.4 Hz,
1H)
1.92-1.66 (m, 1H) 1.52
(dd, J=7.7, 4.6 Hz,
1H)

2.79 (td, J = 11.5, 2.6
Hz, 1H) 2.65 (d, J =
11.4 Hz, 1H)

3.01(td, J=8.7,4.3
Hz, 1H) 2.92 (dt, J =
14.6, 7.3 Hz, 1H)

2.25 (ddd, J = 15.0, 9.1,
6.3 Hz, 1H) 1.92-1.66
(m, 1H)

7.46 (d, J = 7.8 Hz, 1H)
6.73 (t, J = 7.2 Hz, 1H)

7.01 (t, J = 7.8 Hz, 1H)
6.61 (d, J = 7.8 Hz, 1H)

1.92-1.66 (M, 1H) 1.25
(d, J=5.4 Hz, 1H)

4.01-3.98 (m, 2H)

Movassaghi 400 MHz,
25°C
3.50 (bs, 1H)
3.40(dd, J=8.9,5.1
Hz, 1H)
2.00-1.55 (m, 2H)

2.00-1.55 (m, 1H) 1.36

(d, J = 12.6 Hz, 1H)

2.00-1.55 (m, 1H) 1.46

(dt, J =13.6, 4.6 Hz,
1H)

2.00-1.55 (m, 1H) 1.52

(dt, J = 11.8, 3.3 Hz,
1H)

2.79 (t, J = 10.8 Hz,
1H) 2.65 (d, J = 10.3
Hz, 1H)

3.01 (ddd, J = 9.4, 8.1,
4.3 Hz, 1H) 2.93 (ddd,
J=10.1,8.2, 6.2 Hz,
1H)

2.25 (ddd, J = 13.3, 8.7,

5.9 Hz, 1H) 2.00-1.55
(m, 1H)

7.45 (d, J =75 Hz, 1H)
6.73 (app-t, J = 7.6 Hz,

1H)

7.01 (app-t, J = 7.5 Hz,

1H)

6.60 (d, J = 7.9 Hz, 1H)

2.00-1.55 (m, 1H) 1.25
(ddd, J=12.0,5.4, 1.8

Hz, 1H)
4.05-3.91 (m, 2H)
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This Work 800 MHz,

25°C
3.52 (bs, 1H)

3.40 (dd, J=95,4.8

Hz, 1H)
1.91-1.60 (m, 2H)

1.91-1.60 (m, 1H) 1.35

(d, J = 13.0 Hz, 1H)

1.91-1.60 (m, 1H) 1.45

(dt, J =13.8, 4.8 Hz,
1H)

1.91-1.60 (m, 1H)1.51

(dt, J = 12.1, 3.2 Hz,
1H)
2.79 (t, J = 11.4 Hz,
1H) 2.65 (d, J = 11.1
Hz, 1H),

3.00 (td, J=8.7, 4.1
Hz, 1H) 2.92 (dt, J =
15.6, 8.2 Hz, 1H)

2.24 (ddd, J = 13.4 8.7,
5.9 Hz, 1H) 1.91-1.60

(m, 1H)

7.45 (d, J = 7.5 Hz, 1H)
6.73 (t, J = 7.5 Hz, 1H)

7.01(t, J = 7.6 Hz, 1H)
6.60 (d, J = 7.7 Hz, 1H)

1.91-1.60 (m, 1H) 1.24

(dd, J=11.9, 5.5 Hz,
1H)
4.03 - 3.95 (m, 2H)



C2
C3
C4
C5
Cé
C7
C8
C10
C11
C12
C13
Cl4
C15
C16
C17
C18
C19
C20
c21

Table 1.3 (+)-(1) 3C NMR Comparison with Prior Literature (CDCls)

66.3
27.0
33.9
39.1
26.8
21.3
43.9
49.1
35.6
58.8
134.4
125.9
119.3
127.1
109.9
150.0
101.9
35.7
64.8

66.6
27.3
34.1
39.2
27.0
21.5
441
49.3
37.0
59.0
134.5
126.1
119.5
127.3
110.0
150.3
102.1
35.8
64.9

66.6
27.3
34.1
39.2
27.0
215
44.1
49.3
37.0
58.9
134.4
126.1
119.4
127.3
110.0
150.3
102.1
35.8
64.9
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0.3
0.3
0.2
0.1
0.2
0.2
0.2
0.2
14
0.1
0.0
0.2
0.1
0.2
0.1
0.3
0.2
0.1
0.1

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.1
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.0



Table 1.4 (+)-(2) *H NMR Comparison of Isolation and Boger (CDCls)

Assignment
C2
C3
C4
C5
C6

C7

C8

C10

Cl1

C12
C13
C14
C15
C16
C17
C18
C19

C20

C21

C22
C23

16

Zeches-Hanrot’s Isolation 300
MHz

3.85 (dd, J = 10.6, 5.8 Hz, 1H)

2.1-16

2.1-1.6, 1.45 (dt, J = 13.7, 3.5 Hz,

1H)

2.1-1.6 (m, 1H), 1.35 (br-d, J = 8.0

Hz, 1H)

1.55 (m, 1H)

2.8 (td, J = 8.5, 4.3 Hz, 1H), 2.6

(m, 1H)

3.0 (td, J = 8.5, 4.3 Hz, 1H), 2.9

(m, 1H)

2.1-1.6 (m, 1H)

8.1(dd, J = 7.7, 1.3 Hz, 1H)
7.1 (td, J = 7.7 Hz, 1H)
7.2 (td, J=7.7, 1.3 Hz, 1H)
7.6 (dd, J = 7.7, 1.3 Hz, 1H)

2.1-1.6 (m, 2H)

4.15 (t, J = 10.8 Hz, 1H), 4.05

(ddd, J = 10.8, 8.2, 6.0 Hz, 1H)

2.3 (s, 3H)

55

2)-
N H
O)’\Me 23

Boger 600 MHz
3.86 (dd, J=10.9, 5.1 Hz,
1H)
2.1-1.6

1.99-1.66 (m, 1H), 1.43 (dt, J
= 13.9, 3.3 Hz, 1H)

1.99-1.66 (m, 1H), 1.38 (br d,
J=11.4 Hz, 1H)

1.55 (dd, J = 12.1 Hz, 1H)

2.79 (t, J = 9.6 Hz, 1H), 2.65
(d, J = 10.8 Hz, 1H)

3.02 (td, J = 8.7, 4.2 Hz, 1H),
2.92 (dd, J = 15.4, 9.1 Hz,
1H)

2.13-2.06 (M, 1H)

8.14 (d, J = 8.0 Hz, 1H)
7.05 (t, J = 7.5 Hz, 1H)
7.19 (t, J = 7.7 Hz, 1H)
7.59 (d, J = 7.6 Hz, 1H)

1.99-1.66 (m, 2H)

4.16 (t, J = 8.5 Hz, 1H), 4.08
(dd, J = 8.5 Hz, 1H)

2.25 (s, 3H)



Table 1.5 (+)-(2) *H NMR Comparison of Movassaghi and Born (CDCls)

Assignment
C2
C3

C4
C5
C6

C7
C8

C10

Cl1

C12
C13
Cl4
C15
C16
C17
C18
C19

C20

C21

C22
C23

2)-
16 N //H
O)\NI

Movassaghi 400 MHz, 25°C
3.86 (dd, J=10.9, 5.1 Hz, 1H)
1.99-1.64 (m, 2H)

1.99-1.64 (m, 1H),
1.46-1.30 (m, 1H)

1.99-1.64 (m, 1H)
1.46-1.30 (m, 1H)

1.99-1.64 (m, 1H)

1.62-1.46 (m, 1H)
2.80 (t, J = 9.8 Hz, 1H)
2.65 (d, J = 10.9 Hz, 1H)

3.02 (td, J = 8.8, 4.2 Hz, 1H)
2.98-2.86 (m, 1H)

2.10 (ddd, J = 14.4, 9.1, 5.9 Hz,
1H) 1.99-1.64 (m, 1H)

7.60(d,J=7.7 Hz, 1H)
7.05 (app-td, J =7.4, 1.1 Hz, 1H)
7.19 (app-t, J = 7.8 Hz, 1H)
8.14 (d, J = 8.0 Hz, 1H)

1.99-1.64 (m, 1H)
1.30-1.18 (m, 1H)

4.17 (t, J = 8.6 Hz, 1H)
4.09 (dt, J = 11.1, 7.6 Hz, 1H)

2.26 (s, 3H)
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This Work 800 MHz, 25°C
3.86 (dd, J=11.0, 5.2 Hz, 1H)
1.96-1.70 (m, 2H)

1.96-1.70 (m, 1H)
1.43 (dt, J = 14.0, 3.9 Hz, 1H)

1.96-1.70 (m, 1H)
1.38 (d, J = 12.9 Hz, 1H)

1.96-1.70 (m, 1H)

1.55 (dt, J = 12.7, 3.6 Hz, 1H)
2.80 (td, J = 11.5, 2.8 Hz, 1H)
2.65 (d, J = 10.7 Hz, 1H),
3.02 (td, J = 8.8, 4.1 Hz, 1H)
2.93 (dd, J = 15.7, 9.0 Hz, 1H)

2.10 (ddd, J = 14.6, 9.1, 6.1 Hz,
1H)
1.96-1.70 (m, 1H)

7.60 (d, J = 7.7 Hz, 1H)
7.05 (t, J = 7.5 Hz, 1H)
7.19 (t, J = 7.7 Hz, 1H)
8.14 (d, J = 8.0 Hz, 1H)

1.96-1.70 (m, 1H)
1.27 (m, 1H).

4.16 (t, J = 8.6 Hz, 1H)
4.09 (dt, J = 10.5, 7.5 Hz, 1H)

2.26 (s, 3H)



Table 1.6 (+)-(2) 3C NMR Comparison of Boger & Born (CDCls)

C2 68.8 69.0 0.2
C3 25.3 25.5 0.2
C4 33.0 33.2 0.2
C5 39.6 39.8 0.2
C6 26.4 26.6 0.2
Cc7 21.0 21.2 0.2
C8 43.9 441 0.2
C10 48.9 49.1 0.2
C11 37.1 37.3 0.2
C12 58.2 58.4 0.2
C13 137.8 137.9 0.1
Cl4 124.8 124.9 0.1
C15 124.7 124.8 0.1
C16 127.3 127.5 0.2
C17 117.8 117.9 0.1
C18 141.1 141.2 0.1
C19 102.0 102.2 0.2
C20 34.6 34.9 0.3
c21 65.0 65.1 0.1
C22 168.1 168.2 0.1
C23 23.4 23.5 0.1
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Table 1.7 (+)-(2) 3C NMR Comparison of Movassaghi & Born (CDCls)

C2
C3
C4
C5
Cé
Cc7
C8
C10
C11
C12
C13
Cl4
C15
C16
C17
C18
C19
C20
c21
Cc22
C23

68.9
255
33.2
39.8
26.5
21.2
44.0
49.0
37.2
58.3
137.9
124.9
124.8
127.5
117.9
141.2
102.1
34.8
65.1
168.2
23.5

69.0
255
33.2
39.8
26.6
21.2
441
49.1
37.3
58.4
137.9
124.9
124.8
127.5
117.9
141.2
102.2
34.9
65.1
168.2
235

0.1
0.0
0.0
0.0
0.1
0.0
0.1
0.1
0.1
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.1
0.0
0.0
0.0
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67.0
24.3
33.4
39.6
26.7

44.0
48.9
36.9
57.2

126.1
124.3
127.1
1151

102.5
35.1
65.0

168.0
23.7

67.1
24.4
33.5
39.6
26.8
21.2
43.9
48.9
37.0
57.2
140.1
126.1
124.3
127.1
115.1
140.6
102.5
35.2
65.0
168.0
23.8

0.1
0.1
0.1
0.0
0.1
N/A
0.1
0.0
0.1
0.0
N/A
0.0
0.0
0.0
0.0
N/A
0.0
0.1
0.0
0.0
0.1



In Table 1.3 through Table 1.7, it’s shown again that our data matches closely with the
reported values. Of note, we are the first to fully characterize the minor rotamer found in (+)-2.
Pertaining to carbons C7, C13, & C18, previously reported data didn’t assign corresponding
signals. It is our belief the C7 minor rotamer signal overlays the major rotamer signal (8 21.2). As
for C13 and C17 we’ve assigned our own minor rotamer signals, likely not appearing in the
previously reported data due to lower S/N. With regards to the optical rotation found in our
synthesis [o]p?% + 30.2 (c, 0.15, CHClI3), it matches quite closely to that of the past two synthetic
samples by Boger and coworkers! [a]po?*: +38 (¢ = 0.2, CHClIs3), and White and Movassaghi? [a]p?*:
+39 (c = 0.18, CHClz). However, two known optical rotations are known to exist for naturally
isolated (+)-Acetylaspidoalbidine. [o]p: +1° (¢ 0.2, CHCI3) was found by Mitaine and coworkers,*®
as well as [a]p®®: + 46° (CHCIs) by Djerassi and coworkers.®
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1.6 Conclusion

In summary, we have accomplished a concise stereoselective total synthesis of (+)-
Fendleridine and (+)-Acetylaspidoalbidine. Our overall synthetic scheme is summarized in
Scheme 1.20. These syntheses were completed in 10 and 11-steps from commercially available
starting material, significantly cutting down the enantioselective synthetic routes proposed
previously®2. Highlights of this synthesis include a multi-gram scale Stoltz decarboxylative
enantioselective allylation, 6-mr conrotatory photocyclization of the enantioenriched
hexahydrocarbazolone ring system, and a Ra-Ni catalyzed cascade reaction to form the pentacyclic
iminium structure followed by collapse of a resultant alcohol to construct the hexacyclic
hemiaminal ether with 4 contiguous stereocenters. Synthesis of two diastereomeric alcohols
allowed for simple flash chromatographic separation of the isomers and circumvented the need for
late stage chiral HPLC! and enzymatic resolution.? Detailed 2D NMR and chemical
transformations were used to support the absolute identity of a key desired intermediate. VT NMR
was also used to identify the presence of a minor rotamer in (+)-2 and was fully characterized via
13C NMR for the first time. This synthesis provides convenient access to the Aspidoalbidine

family thus creating an efficient route towards the synthesis of these potentially therapeutic

alkaloids.

0 o ) ~OTBS

Asymmetric Photo-
©\ allylation ©\ cyclization
Cascade

N N Cyclization

Bn Bn

45 (+)-44 41 (+)-Fendleridine (2, R = H)

(+)-Acetylaspidoalbidine (3, R = Ac)

Scheme 1.20 Summarized Scheme for the Total Syntheses of (+)-1 and (+)-2
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1.7 Experimental Conditions
1.7.1 General Experimental Methods

All reactions were performed in oven-dried round-bottom flasks followed by flame-drying
in the case of moisture-sensitive reactions. The flasks were fitted with rubber septa and kept under
a positive pressure of argon. Cannula were used in the transfer of moisture-sensitive liquids.
Heated reactions were allowed to run using an oil bath on a hot plate equipped with a temperature
probe. Hydrogenations were carried out using a Parr shaking apparatus inside a thick-walled
nonreactant borosilicate glass vessel. Photochemical transformations were done using a Hanovia
450 W Hg lamp. TLC analysis was conducted using glass-backed thin-layer silica gel
chromatography plates (60 A, 250 pm thickness, F-254 indicator) or with glass-backed thin-layer
alumina N chromatography plates (250 um thickness, UV 254). Flash chromatography was done
using a 230-400 mesh, a 60 A pore diameter silica gel, or a with 80-200 mesh alumina. Organic
solutions were concentrated at 30-35 °C on rotary evaporators capable of achieving a minimum
pressure of ~30 Torr and further concentrated on a Hi-vacuum pump capable of achieving a
minimum pressure of ~4 Torr. 'H NMR spectra were recorded on 400, 500, and 800 MHz
spectrometers. 3C NMR spectra were recorded at 100, 125, and 200 MHz on the respective NMRs.
Chemical shifts are reported in parts per million and referenced to the deuterated residual solvent
peak (CDCI3, 7.26 ppm for *H and 77.16 ppm for **C). NMR data are reported as § value (chemical
shift), J-value (Hz), and integration, where s = singlet, bs = broad singlet, d = doublet, t = triplet,
g = quartet, p = quintet, m = multiplet, dd = doublet doublets, and so on. Optical rotations were
recorded on a digital polarimeter. Low-resolution mass spectra (LRMS) spectra were recorded
using a quadrupole LCMS under positive electrospray ionization (ESI+). High-resolution mass
spectrometry (HRMS) spectra were recorded at the Purdue University Department of Chemistry
Mass Spectrometry Center. These experiments were performed under ESI+ and positive
atmospheric pressure chemical ionization (APCI+) conditions using an Orbitrap XL Instrument.
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1.7.2 Experimental Procedures

=¥e

45

Enaminone 45.24% To a 500 mL one-neck round bottom flask equipped with a stir bar and
1,3-dicyclohexadiene (15 g, 133.8 mmol, 1.0 equiv), N-benzylaniline (26.97 g, 147.2 mmol, 1.1
equiv), and p-toluenesulfonic acid monohydrate (4.07 g, 21.4 mmol, 0.16 equiv) were added
sequentially. A Dean-Stark apparatus with a reflux condenser was then attached and the entire
vessel evacuated and flushed with Argon several times. Toluene (267 mL) was added and the
reaction heated at 160 °C for 40 h. After this period, the reaction was cooled, diluted with EtOAc,
washed with 1 M NaOH, brine, dried over Na2SO4, and concentrated. The crude mixture was
purified via column chromatography over silica gel using 100% EtOAc as the eluent. Enaminone
45 was obtained as brown oil (34.57 g, 93%) TLC: Silica Gel (100% EtOAc), Rf =0.31. 'H NMR
(400 MHz, CDCl3) & 7.36 — 7.15 (m, 8H), 7.11 (d, J = 7.1 Hz, 2H), 5.36 (s, 1H), 4.80 (s, 2H), 2.28
(dd, J = 14.2, 6.4 Hz, 4H), 1.88 (p, J = 6.4 Hz, 2H); *C{*H} NMR (101 MHz, CDCl3) & 197.6,
164.9, 144.4,136.3, 129.6, 128.6, 127.7, 127.5, 127.4, 126.8, 101.6, 56.6, 36.1, 28.6, 22.5; LRMS-

ESI (+) m/z 278.1 [M + H]".
(0] O
©\ b)l\o/\/
N
Bn

(+)-56

Ally Carbonate (+)-56. To a flame-dried 1L one-neck round bottom flask under Argon,
diisopropylamine (34.1 mL, 243 mmol, 2.5 equiv) in freshly distilled THF (144 mL) was added.
To this solution at 0 °C, n-BuLi (1.6 M in hexanes, 152 mL, 243 mmol, 2.5 equiv) was added and
the reaction was stirred for 50 min. In a separate flame-dried 1 L flask enaminone 45 (27 g, 97.2
mmol, 1 equiv) was dissolved in THF (125 mL) and the solution was cannulated to the yellow
solution of above LDA at —78 °C. The resulting mixture was stirred at —78°C for 1 h then allyl

chloroformate (13.4 mL, 126.4 mmol, 1.3 equiv) was added dropwise. The resulting reaction was
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allowed to warm slowly to 23 °C for 12 h. The reaction was quenched with saturated NH4Cl (250
mL), extracted with EtOAc (3x), washed with brine, dried over Na,SO4, and concentrated. The
crude mixture was purified via column chromatography over silica gel to provide allyl carbonate
(x)-56 as a viscous dark red oil (21.8 g, 62% yield), and unreacted starting material (4.9 g) was
recovered (76% yield, brsm). TLC: Silica Gel (50% EtOAc:Hexanes), Rf = 0.34. 'H NMR (400
MHz, CDCl3) 6 7.37 — 7.20 (m, 6H), 7.17 (d, J = 7.0 Hz, 2H), 7.11 (d, J = 7.0 Hz, 2H), 5.90 (ddt,
J=17.2,10.5, 5.6 Hz, 1H), 5.39 (s, 1H), 5.31 (dq, J = 17.2, 1.5 Hz, 1H), 5.19 (dq, J = 10.4, 1.2
Hz, 1H), 4.82 (s, 2H), 4.69 — 4.58 (m, 2H), 3.32 (dd, J = 8.7, 5.0 Hz, 1H), 2.57 — 2.46 (m, 1H),
2.36—2.23 (m, 2H), 2.17 — 2.06 (m, 1H); *C{*H} NMR (101 MHz, CDCl3) § 191.0, 170.7, 164.6,
144.0, 136.0, 132.0, 129.7, 128.7, 127.8, 127.7, 127.5, 126.9, 118.1, 100.5, 65.5, 56.7, 51.5, 26.6,
25.2; HRMS-ESI (+) m/z calcd for C23H23NO3 [M + H]™: 362.1751, found 362.1755.

OTBS

0]
Ly
N (0]
Bn
(+)-58

Silyl ether (£)-58. To a flame-dried 1L round bottom flask under Argon equipped with a
stir bar and reflux condenser, racemic 56 (21.8 g, 60.2 mmol, 1 equiv) in DMF (500 mL) was
added. To this solution, tert-butyl(2-iodoethoxy)dimethylsilane 57 (33.4 mL, 150.4 mmol, 2.5
equiv) followed by Cs>CO3 (39.2 g, 120.4 mmol, 2.0 equiv) was added. The resulting reaction was
heated in an oil bath to 100 °C for 32 h. After this period, the reaction was quenched with H>O and
brine (100 mL each). The resulting mixture was extracted with CH2Cl, washed with 5% aqueous
LiCl solution. The crude mixture was concentrated and purified via column chromatography over
silica gel using 25 - 55% EtOAc/Hexanes as the eluent to yield silyl ether (£)-58, (21.9 g, 70.1%
yield) as an orange amorphous solid. Unreacted starting material was recovered (3.2 g, 82 % yield,
brsm). TLC: Silica Gel (25% EtOAc:Hexanes), Rf = 0.2. 'H NMR (400 MHz, CDCl3) § 7.38 —
7.27 (m, 5H), 7.25 (d, J = 7.0 Hz, 1H), 7.18 (d, J = 6.7 Hz, 2H), 7.10 (d, J = 6.8 Hz, 2H), 5.89 (ddt,
J=17.2,10.7, 5.5 Hz, 1H), 5.36 (s, 1H), 5.29 (dq, J = 16.8, 1.4 Hz, 1H), 5.19 (dg, J = 10.5, 1.4
Hz, 1H), 4.81 (s, 2H), 4.61 (dtdd, J = 14.9, 13.4, 5.0, 1.5 Hz, 2H), 3.72 (t, J = 6.6 Hz, 2H), 2.60 —
2.26 (m, 4H), 1.98 (dq, J = 14.0, 7.4, 6.6 Hz, 2H), 0.85 (s, 9H), 0.02 (d, J = 2.7 Hz, 6H); 3C{*H}
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NMR (101 MHz, CDCls) 6 193.5, 172.2, 163.9, 144.2, 136.3, 132.2, 129.8, 128.8, 127.9, 127.8,
127.6,127.0, 118.0, 100.3, 65.5, 60.2, 56.7, 54.4, 36.5, 29.6, 26.0, 25.9, 18.3, -5.3; HRMS-ESI (+)
m/z calcd for C31H42NO4Si [M + H]*: 520.2878, found 520.2874.

QL
gln
(-)-44

Allyl (-)-44. To a flame-dried round bottom flask under Argon equipped with a stir bar
and reflux condenser, (S)-tBu-Phox (429.6 mg, 1.11 mmol, 12.5 mol%) and Pd.(dba)s (406 mg,
0.44 mmol, 5 mol %) were added. Deoxygenated toluene (61 mL) was added and the resulting
mixture was stirred at 23 °C for 30 min. A solution of silyl ether (£)-58 (4.61 g, 8.87 mmol, 1
equiv) in toluene (61 mL) was then slowly cannulated to the orange solution containing the catalyst
at 23 °C. The resulting reaction mixture was heated to 70 °C for 35 min. After this period, the
orange reaction mixture was cooled and then filtered over Celite®. The filter cake was washed
with CH2Cl..  The solvent was concentrated and the residue was purified via column
chromatography over silica gel using 15 — 20% EtOAc:Hexanes as the eluent to provide allylated
product (-)-44 (3.69 g, 88% vyield) as viscous brown oil. TLC: Silica Gel (15% EtOAc:Hexanes),
Rf=0.16. [a]o? -2.9 (¢ 0.068, CHCI3); *H NMR (500 MHz, CDCl3) § 7.37 — 7.27 (m, 5H), 7.24
(ml, 1H),7.19(d, J=7.2 Hz, 2H), 7.12 (d, J = 7.1 Hz, 2H), 5.82 — 5.70 (m, 1H), 5.29 (s, 1H), 5.04
(s,1H),5.02 (d, J=4.3 Hz, 1H), 4.82 (s, 2H), 3.72 (ddd, J = 10.1, 8.5, 6.2 Hz, 1H), 3.63 (ddd, J =
10.3, 8.7, 5.7 Hz, 1H), 2.42 (m, 2H), 2.30 (dt, J = 17.5, 5.7 Hz, 1H), 2.21 (dd, J = 13.9, 8.0 Hz,
1H), 1.87 —1.78 (m, 3H), 1.75—1.69 (m, 1H), 0.87 (s, 9H), 0.03 (s, 6H); B.C{*H} NMR (126 MHz,
CDCIs) 6 200.5, 163.2, 144.5, 136.7, 135.2, 129.8, 128.8, 128.0, 127.59, 127.55, 127.1, 117.6,
100.9, 59.9, 56.7, 44.5, 40.3, 37.9, 31.0, 26.1, 25.5, 18.4, -5.1, -5.2; HRMS-ESI (+) m/z calcd for
CaoH42NO2Si [M + H]*: 476.2979, found 476.2969.
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Benzoate 62. To a flame-dried round bottom flask under argon equipped with a stir bar
allyl derivative (-)-44 (21 mg, 0.04 mmol, 1.0 equiv) in freshly distilled THF (0.5 mL, 0.1 M) was
added. To this solution, TBAF (1.0 M in THF, 46 pL, 0.05 mmol, 1.05 equiv) was added dropwise
at 0 °C and the resulting mixture was stirred at 0 °C to 23 °C for 12 h. Reaction was then quenched
with H20 and brine (~0.5 mL each), extracted with EtOAc (3x), washed brine, dried Na2SOa, and
concentrated. The crude mixture was purified via silica gel column chromatography, using 65%
EtOAc:Hexanes as the eluent to provide the corresponding alcohol as an amorphous solid (16 mg,
100% yield). TLC: Silica (65% EtOAc:Hexanes), Rf = 0.50 (UV and PMA). *H NMR (400 MHz,
CDCl3) 6 7.40 — 7.19 (m, 6H), 7.19 (m, 2H), 7.13 (m, 2H), 5.72 (m, 1H), 5.34 (s, 1H), 5.09 (m,
1H), 5.06 (m, 1H), 4.84 (s, 2H), 3.86 (bs, 1H), 3.81 (ddd, J = 12.1, 8.2, 4.4 Hz, 1H), 3.64 (dt, J =
10.7, 4.9 Hz, 1H), 2.46 — 2.29 (m, 4H), 1.84 — 1.67 (m, 4H). C{*H} NMR (101 MHz, CDCls) §
202.6, 164.4,144.2,136.3, 134.2, 129.9, 128.9, 127.9 (2C), 127.7, 127.1, 118.4, 100.5, 58.9, 56.9,
45.0, 38.9, 37.9, 32.0, 25.4. LRMS-ESI (+) m/z 362.1[M + H]".

To a flame-dried round bottom flask under Argon, equipped with a stir bar, above alcohol
(15 mg, 41 pmol, 1.0 equiv) in CH2Cl> (0.5 mL) was added. To this solution at 0 °C, DMAP (1.0
mg, 8 umol, 0.2 equiv), triethylamine (8.4 mg, 12 pL, 0.08 mmol, 2.0 equiv), and benzoyl chloride
(7 mg, 6 pL, 0.05 mmol, 1.2 equiv) were added. The resulting reaction mixture was stirred at 0 °C
to 23 °C for 2.5 h. Reaction was then quenched with H2O and brine (~0.5 mL each), extracted with
CH:CI> (3x), washed brine, dried Na2SO4, and concentrated. The crude mixture was purified via
column chromatography over silica gel to provide benzoate 62 (18.5 mg, 96% yield) as an oil.
TLC: Silica (30% EtOAc:Hexanes), Rf =0.32 (UV and PMA) H NMR (400 MHz, CDCls) § 8.01
(d, J=7.1Hz, 2H), 7.54 (t, J = 7.4 Hz, 1H), 7.41 (t, J = 7.7 Hz, 2H), 7.35 (t, J = 7.5 Hz, 2H), 7.31
—7.22 (m, 4H), 7.18 (d, J = 6.8 Hz, 2H), 7.12 (d, J = 7.6 Hz, 2H), 5.85 — 5.75 (m, 1H), 5.34 (s,
1H), 5.09 (s, 1H), 5.06 (d, J = 4.4 Hz, 1H), 4.81 (s, 2H), 4.44 — 4.34 (m, 2H), 2.48 — 2.28 (m, 4H),
2.23 - 2.16 (m, 1H), 1.93 — 1.85 (m, 3H). 3C{'H} NMR (101 MHz, CDCls) & 199.78, 166.71,
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163.20, 144.34, 136.49, 134.45, 132.92, 130.51, 129.82, 129.69, 128.86, 128.44, 127.97, 127.70,
127.60, 127.02, 118.25, 100.73, 62.13, 56.71, 44.42, 40.41, 33.79, 30.44, 25.32. LRMS-ESI (+)
m/z 466.2 [M + H]".

Indolines 75 and 76. To a flame-dried round bottom flask under Argon fitted with a reflux
condenser and stir bar, allylated (-)-44 (1.55 g, 3.26 mmol, 1.0 equiv) was added. Deoxygenated
Benzene (163 mL) was added and the resulting mixture was flushed under Argon multiple times.
Photocyclization reaction then was carried out with a 450 W Hg lamp for 1.5 h. After this period,
the reaction was concentrated under reduced pressure in the dark. The resulting crude product was

immediately subjected to next step.

Ne O N\

OTBS

Nitriles 78 and 79. To the above mixture, freshly-distilled THF (21.7 mL), and KHMDS
(0.7 M in toluene, 5.12 mL, 3.58 mmol, 1.1 equiv) were added sequentially at 23 °C (solution went
from orange gold to dark brown). The reaction cooled to 0 °C and after 10 min, BrCH>CN (238
pL, 3.42 mmol, 1.05 equiv) was added dropwise. The resulting mixture was stirred for 40 min at
0 °C. After this period, the reaction was quenched with saturated NH4Cl (15 mL). Reaction
extracted with EtOAc (3x), the combined extracts were washed brine, dried with Na>SOa, and
concentrated. The crude mixture was purified via column chromatography over silica gel using
5% EtOAc:Hexanes as the eluent to provide nitriles 78 and 79 as an inseparable mixture as an oil
(1.05 g, 63% over two steps). TLC: Silica Gel (15% EtOAc:Hexanes), Rf = 0.44. 'H NMR (500
MHz, CDCls3) 6 7.40 — 7.28 (m, 5H), 7.13 (t, J = 7.0 Hz, 1H), 6.93 (d, J = 7.6 Hz, 1H), 6.66 (t, J =
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8.7 Hz, 1H), 6.49 (d, J = 7.9 Hz, 1H), 5.76 (m, 0.5H), 5.54 (m, 0.5H), 5.08 (m, 1H), 5.00 (d, J =
10.1 Hz, 0.5H), 4.87 (d, J = 17.0 Hz, 0.5H), 4.53 (d, J = 12.4 Hz, 1H), 4.32 (d, J = 12.4 Hz, 1H),
3.95 (m, 1H), 3.68 (t, J = 7.1 Hz, 1H), 3.50 — 3.45 (m, 0.5H), 3.42 — 3.38 (m, 0.5H) 3.07 (d, J =
10.4 Hz, 1H), 2.59 — 2.52 (m, 1.5H), 2.28 (dd, J = 11.1, 6.38, Hz, 0.5H), 2.09 — 2.05 (m, 0.5H),
2.02 —1.96 (m, 1H), 1.91 — 1.45 (m, 5.5H), 0.89 (s, 5H), 0.83 (s, 4H), 0.06 (d, J = 4.1 Hz, 3H), -
0.04 (d, J = 9.4 Hz, 3H). *C{*H} NMR (126 MHz, CDCls) § 210.9, 210.5, 150.1, 149.9, 137.7,
137.7,133.9, 132.6, 130.5, 130.4, 128.9, 127.7, 127.5, 127.03, 126.97, 124.0, 123.8, 118.9, 118.8,
118.5, 118.3, 117.69, 117.67, 107.7, 68.99, 68.97, 59.6, 59.0, 58.2, 57.9, 49.7, 49.6, 49.5, 43.2,
41.0, 40.3, 39.3, 31.7, 27.2, 26.7, 26.6, 26.1, 26.0, 25.4, 22.8, 22.3, 22.2, 18.4, 18.3, 14.2, -5.2, -
5.3; HRMS-ESI (+) m/z calcd for C32Ha3N202Si [M + H]*: 515.3088, found 515.3095.

NG OL © N—oH
OTBS
N H
Ph/J o1

Alcohols 80 and 81. To a flame-dried round bottom flask under Argon equipped with a
stir bar cyclohexene (1.4 mL, 13.9 mmol, 6.5 equiv) was added to freshly distilled THF (6 mL)
was added at 0°C. To this solution at 0 °C, borane dimethyl sulfide complex (neat, 607 pL, 6.4
mmol, 3.0 equiv) added dropwise. A thick white slurry started to form after 1 min. Additional
amounts of THF (1 mL) was added and the reaction was continued to stir at 0 °C for 1 h. After this
period, a solution of 78 and 79 (1.10 g, 2.1 mmol, 1.0 equiv), in THF (5 mL) was cannulated in at
0 °C and the resulting reaction was warmed slowly to 23 °C for 2.5 h. The reaction was quenched
with slow addition of NaBO3*4H20 (3.3 g, 21.3 mmol, 10 equiv) and H>O (7 mL, 0.3M), and the
resulting reaction mixture was continued to stir for 12 h. The reaction was diluted in brine,
extracted with EtOAc (3x), dried with Na,SQO4, and concentrated. The crude mixture was purified
via column chromatography over silica gel using 40% EtOAc:Hexanes as the eluent to provide
alcohol diastereomers 80 and 81 (1.12 g, 98% combined yield) which were separated. TLC: Silica
Gel (40% EtOAc:Hexanes), Rf = 0.52 and 0.38 (lower spot desired diastereomer).
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Alcohol 80. [a]p? -144 (c 0.08, CHCI3); *H NMR (500 MHz, CDCl3) & 7.39 — 7.28 (m,
5H), 7.12 (td, J = 7.7, 1.3 Hz, 1H), 6.91 (dd, J = 7.5, 1.2 Hz, 1H), 6.66 (td, J = 7.5, 0.9 Hz, 1H),
6.48 (d, J =7.9 Hz, 1H), 4.52 (d, J = 15.4 Hz, 1H), 4.30 (d, J = 15.4 Hz, 1H), 3.93 (m, 1H), 3.62
(m, 2H), 3.47 (m, 1H), 3.39 (m, 1H), 3.08 (d, J = 16.3 Hz, 1H), 2.52 (d, J = 16.3 Hz, 1H), 1.87 -
1.76 (m, 4H), 1.69 — 1.59 (m, 3H), 1.55 (m, 1H), 1.51 — 1.40 (m, 2H), 0.81 (s, 9H), -0.06 (d, J =
9.4 Hz, 6H); *C{*H} NMR (126 MHz, CDCl3) § 211.4, 149.8, 137.7, 130.4, 129.0, 127.8, 127.5,
127.3, 123.8, 118.6, 117.9, 107.9, 69.0, 63.3, 59.0, 58.1, 49.6, 49.4, 40.3, 32.5, 27.6, 27.3, 26.6,
26.0, 22.1, 18.3, -5.3; HRMS-ESI (+) m/z calcd for C32H44N20sSiNa [M + Na]*: 555.3013, found
555.30009.

NG O § N—oH
oTBS

N H
Ph/J 81

Alcohol 81. *H NMR (500 MHz, CDCls) & 7.39 — 7.28 (m, 5H), 7.12 (td, J = 7.7, 1.3 Hz,
1H), 6.90 (dd, J = 7.5, 1.2 Hz, 1H), 6.64 (td, J = 7.5, 1.0 Hz, 1H), 6.49 (d, J = 7.8 Hz, 1H), 4.53
(d, J = 15.5 Hz, 1H), 4.31 (d, J = 15.5 Hz, 1H), 3.95 (dd, J = 7.1, 4.3 Hz, 1H), 3.65 (m, 2H), 3.35
(m, 2H), 3.04 (d, J = 16.4 Hz, 1H), 2.56 (d, J = 16.4 Hz, 1H), 2.04 (m, 1H), 1.88 — 1.65 (m, 5H),
1.44 — 1.35 (m, 1H), 1.34 — 1.29 (m, 2H), 1.25 (m, 1H), 0.88 (s, 9H), 0.05 (d, J = 3.9 Hz, 6H);
13C{'H} NMR (126 MHz, CDCls) § 210.6, 150.0, 137.6, 130.6, 129.0, 127.8, 127.6, 127.1, 123.6,
118.1, 117.8, 107.9, 69.1, 62.9, 59.6, 58.0, 49.6, 49.4, 38.7, 35.0, 28.4, 26.9, 26.7, 26.1, 22.5, 18.4,
-5.2: LRMS-ESI (+) m/z 533.3 [M + H]".
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Tosylate 82. To a flame-dried round bottom under Argon flask equipped with a stir bar,
TsCI (50.1 mg, 0.26 mmol, 2.0 equiv) and DMAP (1.6 mg, 0.01 mmol, 10 mol %) in 0.3 mL
CH:CI, were added at 0°C. To this solution, alcohol 80 (70 mg, 0.13 mmol, 1.0 equiv) in CH2Cl>
(0.3 mL), followed by triethylamine addition (20.1 pL, 0.14 mmol, 1.1 equiv) was added.
Additional amounts of TsCl and trimethylamine (0.5 and 0.4 equiv, respectively) were further
added. The resulting reaction was warmed to 23 °C, quenched with saturated NaHCO3, (5 mL)
extracted with CH2Cl> (3x), washed with brine, dried Na;SO4, and concentrated. The crude
mixture was purified via column chromatography over silica gel using 10 - 15% EtOAc:Hexanes
as the eluent to provide tosylate 82 as an oil (71.4 mg, 79% yield). TLC: Silica Gel (20%
EtOAc:Hexanes), Rf = 0.31. [a]p?’ -101.20 (¢ 0.171, CHCIs); *H NMR (500 MHz, CDCl3) § 7.78
(d, J=8.3 Hz, 2H), 7.39 — 7.28 (m, 7H), 7.12 (td, J = 7.7, 1.3 Hz, 1H), 6.87 (dd, J = 7.5, 1.2 Hz,
1H), 6.65 (td, J = 7.5, 1.0 Hz, 1H), 6.47 (d, J = 7.9 Hz, 1H), 4.51 (d, J = 15.4 Hz, 1H), 4.28 (d, J
=15.4 Hz, 1H), 4.00 (m, 2H), 3.89 (dd, J = 7.4, 4.5 Hz, 1H), 3.46 — 3.40 (m, 1H), 3.38 — 3.31 (m,
2H), 3.03 (d, J = 16.3 Hz, 1H), 2.48 (d, J = 16.3 Hz, 1H), 2.44 (s, 3H), 1.84 — 1.77 (m, 2H), 1.77
—1.65 (m, 3H), 1.58 — 1.47 (m, 4H), 1.40 (ddd, J = 14.0, 8.3, 5.7 Hz, 1H), 0.80 (s, 9H), -0.07 (d,
J = 9.0 Hz, 6H); *C{*H} NMR (126 MHz, CDCls)  210.9, 149.6, 144.9, 137.6, 133.1, 130.5,
130.0, 129.0, 128.1, 127.8, 127.5, 127.2, 123.7, 118.6, 117.8, 107.9, 71.0, 68.9, 58.8, 58.1, 49.5,
49.3, 40.0, 32.3, 27.3, 26.4, 26.0, 24.0, 22.0, 21.8, 18.3, -5.3; HRMS-ESI (+) m/z calcd for
C39H51N205SSi [M + H]*: 687.3283, found 687.3276.
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Tosylate 83. Same experimental as in the transformation of 80 to 82. The crude mixture
was isolated via column chromatography over silica gel using 15-20% EtOAc:Hexanes as the
eluent to provide tosylate 83 as yellow oil (463.2 mg, 85% vyield). TLC: Silica (20%
EtOAc:Hexanes), Rf = 0.29. H NMR (400 MHz, CDCls) § 7.68 (d, J = 8.3 Hz, 2H), 7.40 — 7.28
(m, 7H), 7.11 (td, J = 7.7, 1.3 Hz, 1H), 6.80 (dd, J = 7.6, 1.3 Hz, 1H), 6.58 (td, J = 7.4, 0.9 Hz,
1H), 6.49 (d, J = 7.9 Hz, 1H), 4.52 (d, J = 15.5 Hz, 1H), 4.30 (d, J = 15.5 Hz, 1H), 3.97 — 3.87 (m,
1H), 3.76 (m, 1H), 3.67 (m, 1H), 3.59 (td, J = 6.8, 1.5 Hz, 2H), 3.00 (d, J = 16.3 Hz, 1H), 2.53 (d,
J =16.4 Hz, 1H), 2.45 (s, 3H), 1.95 (m, 1H), 1.84 — 1.65 (m, 4H), 1.61 (m, 1H), 1.54 — 1.44 (m,
1H), 1.44 — 1.32 (m, 1H), 1.27 (td, J = 12.7, 4.5 Hz, 2H), 1.09 (td, J = 13.1, 3.4 Hz, 1H), 0.86 (s,
9H), 0.02 (d, J = 2.6 Hz, 6H); *C{"H} NMR (101 MHz, CDCls) & 210.4, 150.1, 144.8, 137.6,
133.1,130.7,129.9, 129.0, 128.0, 127.8, 127.6, 126.8, 123.4, 118.3, 117.7, 107.9, 70.4, 69.0, 59.5,
58.0,49.7,49.1, 38.4, 34.7, 28.3, 26.7, 26.1, 23.4, 22.5, 21.8, 18.4, -5.2; LRMS-ESI (+) m/z 687.3
[M + H]".

Ketal (+)-84. To a flame-dried round bottom flask under Argon equipped with a stir bar,
tosylate 82 (27 mg, 39 pumol, 1.0 equiv) was dissolved in freshly distilled THF (0.4 mL, 0.1 M).
To this solution at 23 °C, TBAF (1.0 M in THF, 47 pL, 47umol, 1.2 equiv) was added dropwise
and the reaction mixture was stirred for 12 h. Reaction was then quenched with H>O and brine
(~0.5 mL each), extracted with EtOAc (3x), washed brine, dried Na,SO4, and concentrated. The
crude mixture was purified via column chromatography over silica gel using 15% EtOAc:Hexanes

as the eluent to provide ketal 84 (15.7 mg, 99% yield) as a white amorphous solid. TLC: Silica
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(20% EtOAc:Hexanes), Rf = 0.34. [0]p?® +45.13 (¢ 0..203, CHCIl3); *H NMR (400 MHz,
Chloroform-d) § 7.34 — 7.24 (m, 6H), 7.07 (td, J = 7.7, 1.3 Hz, 1H), 6.62 (td, J = 7.4, 1.0 Hz, 1H),
6.34 (d, J = 8.3 Hz, 1H), 4.45 (d, J = 16.0 Hz, 1H), 4.35 (d, J = 16.0 Hz, 1H), 4.09 (ddd, J = 10.8,
8.4, 6.2 Hz, 1H), 3.91 (td, J = 8.6, 1.1 Hz, 1H), 3.77 (m, 2H), 3.68 (m, 1H), 2.95 (d, J = 16.6 Hz,
1H), 2.80 (d, J = 16.6 Hz, 1H), 2.02 (tt, J = 13.6, 3.5 Hz, 1H), 1.81 — 1.58 (m, 6H), 1.54 — 1.36 (m,
3H); *C{*H} NMR (101 MHz, Chloroform-d) § 152.1, 138.9, 129.9, 129.5, 128.7, 127.4, 127.2,
125.9, 119.3, 117.2, 108.8, 105.9, 68.3, 67.3, 61.3, 54.9, 50.9, 41.4, 38.6, 36.5, 31.3, 28.0, 24.9,
21.3; HRMS-APCI (+) m/z calcd for C2sH20N202 [M + H]*: 401.2223, found 401.2220.

Ketal (-)-85. To a flame-dried round bottom flask under Argon equipped with a stir bar,
compound 83 (30 mg, 44 umol, 1.0 equiv) in freshly distilled THF (0.44 mL, 0.1 M) was added.
To this solution at 23 °C, TBAF (1.0 M in THF, 52 uL, 52 umol, 1.2 equiv) was added and the
resulting reaction was stirred for 12 h. Reaction was then quenched with H2O (0.5 mL), extracted
with EtOAc (3x), washed brine, dried Na2SOs, and concentrated. The crude mixture was purified
via column chromatography over silica gel using 20% EtOAc:Hexanes as the eluent to provide
ketal 85 (17.5 mg, quantitative yield) as amorphous white solid. TLC: Silica (20%
EtOAc:Hexanes), Rf = 0.30. [a]p?° -68.82 (c 0.364, CHCl3); 'H NMR (500 MHz, CDCl3) § 7.53
(dd, J = 7.5, 1.3 Hz, 1H), 7.37 — 7.30 (m, 4H), 7.26 (m, 1H), 7.05 (td, J = 7.7, 1.4 Hz, 1H), 6.58
(td, J=7.5, 1.0 Hz, 1H), 6.30 (dd, J = 7.9, 0.9 Hz, 1H), 4.47 (d, J = 15.9 Hz, 1H), 4.39 (d, J = 15.9
Hz, 1H), 4.17 (ddd, J = 10.6, 8.7, 4.9 Hz, 1H), 3.98 (ddd, J = 12.0, 9.8, 1.9 Hz, 1H), 3.93 (ddd, J
= 9.6, 8.6, 7.5 Hz, 1H), 3.75 (ddd, J = 12.3, 10.4, 6.9 Hz, 1H), 3.66 (d, J = 3.7 Hz, 1H), 2.98 (d, J
=16.6 Hz, 1H), 2.93 (d, J = 16.5 Hz, 1H), 2.51 (ddd, J = 13.5, 10.6, 7.5 Hz, 1H), 1.99 — 1.89 (m,
1H), 1.83 (ddd, J = 14.0, 9.6, 4.9 Hz, 1H), 1.73 — 1.63 (m, 2H), 1.58 — 1.45 (m, 3H), 1.38 — 1.34
(m, 1H), 1.23 — 1.15 (m, 1H); C{*H} NMR (126 MHz, CDCl3) & 152.4, 138.9, 129.4, 128.7,
128.4,127.5,127.2,126.5,119.2,116.7, 109.4, 105.2, 67.8, 67.0, 58.6, 53.1, 50.4, 43.3, 38.2, 35.1,
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28.4, 27.8, 23.8, 19.0; HRMS-APCI (+) m/z calcd for C26H29N202 [M + H]": 401.2223, found
401.2219.

OTBS
N H

) 86

Imine 86. To a Parr Reactor vessel under argon was added 2800 Ra-Ni (1.21 g, 300 wt %).
A solution of tosylate 83 (403 mg, 0.59 mmol, 1.0 equiv) in MeOH (22 mL, 27 mM) was then
cannulated in. The mixture was shaken in a Parr™ apparatus under hydrogen at 60 Psi pressure

Ph

for 46 h. After this period, the resulting white solution mixture was filtered through Celite® and
filter-cake was washed with MeOH and CHCl (15 mL each). Solvents were evaporated to yield
imine 86 (359.5 mg, 90.8% vyield). TLC: Silica (30% EtOAc:Hexanes), Rf = 0.46. *H NMR (500
MHz, CDCl3) 6 7.68 (d, J = 8.3 Hz, 2H), 7.36 — 7.27 (m, 7H), 7.03 (td, J = 7.7, 1.3 Hz, 1H), 6.63
(dd, J = 7.3, 1.2 Hz, 1H), 6.48 (t, J = 5.9 Hz, 1H), 6.40 (d, J = 7.9 Hz, 1H), 4.48 (d, J = 15.5 Hz,
1H), 4.24 (d, J = 15.5 Hz, 1H), 3.91 (dd, J = 15.4, 8.5 Hz, 1H), 3.80 (m, 1H), 3.74 (m, 1H), 3.68
(m, 1H), 3.62 (td, J = 7.2, 3.0 Hz, 2H), 3.47 (t, J = 5.7 Hz, 1H), 2.45 (s, 3H), 2.19 (dt, J = 12.2, 6.6
Hz, 1H), 1.91 (m, 1H), 1.80 (dt, J = 13.9, 6.7 Hz, 1H), 1.69 (m, 2H), 1.57 (m, 2H), 1.46 (m, 2H),
1.16 (td, J = 13.0, 5.3 Hz, 1H), 1.04 (td, J = 13.1, 3.2 Hz, 1H), 0.85 (s, 9H), 0.01 (d, J = 1.9 Hz,
7H); BC{*H} NMR (126 MHz, CDCl3) 5 180.8, 149.2, 144.5, 138.4, 133.2, 132.4, 129.8, 128.7,
128.7,127.9,127.4,127.3,122.0, 117.4, 107.2, 71.6, 71.0, 61.0, 59.4, 56.9, 49.2, 43.5, 41.8, 38.6,
32.6,31.4,26.0, 23.7, 22.5, 21.7, 18.3, -5.3; LRMS-ESI (+) m/z 673.3 [M + H]".

OTBS

N H
Ph) 41
Iminium 41. To a Parr reactor vessel under Argon was added 2800 Ra-Ni (51 mg, 300

wt %). A solution of tosylate 82 (17 mg, 25 pmol, 1.0 equiv) in MeOH (1 mL, 27 mM) was then
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cannulated in the flask. The mixture was shaken in a Parr™ apparatus under hydrogen at 60 Psi
pressure for 21 h. After this period, the resulting white solution mixture was filtered through
Celite® and filter-cake was washed with MeOH and CH.Cl, (10 mL each). Solvents were
evaporated and the crude iminium salt 41 was used directly for the next reaction. LRMS-ESI (+)
m/z 501.3 [M]".

1-Benzyl Fendleridine 87.1 To a flame-dried flask under Argon equipped with a stir bar,
above crude iminium salt 41 was dissolved in freshly distilled THF (0.3 mL, 0.1 M) and TBAF (1
M in THF, 30 uL, 0.03 mmol, 1.2 equiv) was added and the resulting reaction mixture was stirred
for 12 h. Reaction was then quenched with H.O (~.5 mL), extracted with EtOAc (3x), washed with
brine, dried with Na,SOs4, and concentrated. The crude mixture was purified via column
chromatography over silica gel using 70% - 80% EtOAc:Hexanes as the eluent to provide benzyl
derivative 87 (5.9 mg, 62% yield over 2 steps) as an off-white amorphous solid. TLC: Alumina
(5% EtOAc:Hexanes), Rf = 0.50. [a]p?® +3.0 (c 0.155, CHClIs); *H NMR (400 MHz, CDCl3) §
7.36 (dd, J = 7.4, 1.3 Hz, 1H), 7.29 — 7.15 (m, 5H), 6.94 (td, J = 7.6, 1.3 Hz, 1H), 6.59 (td, J = 7.4,
1.1 Hz, 1H), 6.27 (dd, J = 7.8, 1.0 Hz, 1H), 4.34 (d, J = 15.4 Hz, 1H), 4.06 (d, J = 15.4 Hz, 1H),
3.89-3.75(m, 2H), 3.22 (dd, J = 7.6, 4.1 Hz, 1H), 2.91 — 2.82 (m, 2H), 2.74 — 2.64 (m, 1H), 2.59
—2.51 (m, 1H), 2.14 (ddd, J = 13.2, 8.9, 6.6 Hz, 1H), 1.98 — 1.84 (m, 2H), 1.77 (dd, J = 21.1, 10.6
Hz, 1H), 1.64 — 1.50 (m, 3H), 1.50 — 1.38 (m, 3H), 1.29 — 1.19 (m, 2H); ¥C{*H} NMR (101 MHz,
CDCI3) 8 151.2, 139.0, 135.0, 128.6, 127.7, 127.5, 127.1, 125.9, 117.9, 106.5, 101.9, 71.5, 64.9,
57.9, 49.6, 49.2, 44.1, 38.6, 38.3, 36.9, 34.7, 27.4, 21.64, 21.56; HRMS-ESI (+) m/z calcd for
C26H31N20 [M + H]*: 387.2431, found 387.2429.
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(+)-Fendleridine 1.1 A flame-dried round bottom flask under Argon was equipped with a
stir bar and cold-finger condenser with dry ice and acetone. NHz was allowed to condense into the
flask (1 mL) and the cold finger condenser was removed and a septum with an Argon balloon
quickly replaced it. To this, small chunks of freshly cut Li (30 mg, 167 equiv) washed with hexanes
were added. The solution turned dark blue. Benzyl derivative 87 (10 mg, 0.03 mmol, 1 equiv) in a
mixture (10:1) of THF and t-BuOH (0.5 mL) was added and the reaction was allowed to stir for 2
h. Reaction was quenched with solid NH4Cl (~100 mg, 72.3 eq) and cooling bath was removed
and the reaction was warmed to 23 °C. Reaction diluted with EtOAc (1 mL), filtered through cotton
plug with CH2Cl, and EtOAc (5 mL each), and concentrated. The crude mixture was purified via
column chromatography over alumina using 5% EtOAc:Hexanes as the eluent to provide synthetic
(+)-fendleridine (1) as off-white amorphous solid (5.3 mg, 70%). TLC: Alumina (5%
EtOAc:Hexanes), Rf = 0.13. [0]p?® +53.7 (¢ 0.177, CHCI3); *H NMR (800 MHz, CDCls) § 7.45
(d, J=7.5Hz, 1H), 7.01 (t, J = 7.6 Hz, 1H), 6.73 (t, J = 7.5 Hz, 1H), 6.60 (d, J = 7.7 Hz, 1H), 4.03
—3.95 (m, 2H), 3.52 (bs, 1H), 3.40 (dd, J = 9.5, 4.8 Hz, 1H), 3.00 (td, J = 8.7, 4.1 Hz, 1H), 2.92
(dt, J=15.6, Hz, 1H), 2.79 (t, J = 11.4 Hz, 1H), 2.65 (d, J = 11.1 Hz, 1H), 2.24 (ddd, J = 13.4 8.7,
5.9 Hz, 1H), 1.92 — 1.83 (m, 2H), 1.81 (td, J = 12.9, 4.0 Hz, 1H), 1.78 = 1.71 (m, 2H), 1.71 — 1.59
(m, 2H), 1.51 (dt, J = 12.1, 3.2 Hz, 1H), 1.45 (dt, J = 13.8, 4.8 Hz, 1H), 1.35 (d, J = 13.0 Hz, 1H),
1.24 (dd, J = 11.9, 5.5 Hz, 1H); ¥3C{*H} NMR (201 MHz, CDCl3) § 150.3, 134.4, 127.3, 126.1,
119.4, 110.0, 102.1, 66.6, 64.9, 58.9, 49.3, 44.1, 39.2, 37.0, 35.8, 34.1, 27.3, 27.0, 21.5; HRMS-
ESI (+) m/z calcd for C19H25N20 [M + H]*: 297.1961, found 297.1964.
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(+) — Acetylaspidoalbidine 2.1 To a flame-dried round bottom flask under Argon
equipped with a stir bar, synthetic (+)-Fendleridine 1 (7.9 mg, 0.027 mmol, 1.0 equiv) was
dissolved in CH2Cl> (1 mL), was added. Pyridine (11 uL, 0.13 mmol, 5.0 equiv) and acetic
anhydride (7.5 pL, 0.08 mmol, 3.0 equiv) were added sequentially. Reaction was quenched with
saturated NaHCOs (~ 0.1 mL), extracted 3x with CH2Cly, dried Na>SOg4, and concentrated. The
crude mixture was purified via column chromatography using 15 - 20% EtOAc:Hexanes as the
eluent to provide products (+)-Acetylaspidoalbine 2 (rotamers) as white amorphous solid (9 mg,
quantitative yield). TLC: Alumina (5% EtOAc:Hexanes), Rf = 0.08. [a]p?® +30.2 (c 0.145,
CHCIls3); *H NMR (800 MHz, CDCls) § 8.14 (d, J = 8.0 Hz, 1H), 7.67 (d, J = 3.5 Hz, 0.3H) 7.60
(d, J=7.7 Hz, 1H, minor rotamer), 7.19 (t, J = 7.7 Hz, 1H), 7.05 (t, J = 7.5 Hz, 1H), 4.42 (dd, J =
9.12, 4.16 Hz, minor rotamer), 4.16 (t, J = 8.6 Hz, 1H), 4.09 (dt, J = 10.5, 7.5 Hz, 1H), 3.86 (dd, J
=11.0, 5.2 Hz, 1H), 3.02 (td, J = 8.8, 4.1 Hz, 1H), 2.93 (dd, J = 15.7, 9.0 Hz, 1H), 2.80 (td, J =
11.5, 2.8 Hz, 1H), 2.65 (d, J = 10.7 Hz, 1H), 2.39 (s, 0.6H, minor rotamer), 2.26 (s, 2.1H), 2.10
(ddd, J=14.6,9.1, 6.1 Hz, 1H), 2.07 — 2.00 (m, 1H), 1.93 (m, 1H), 1.86 (m, 1H), 1.83 — 1.66 (m,
4H), 1.55 (dt, J=12.7, 3.6 Hz, 0.8H), 1.50 (t, J = 13.9 Hz, .2 H, minor rotamer), 1.43 (dt, J = 14.0,
3.9 Hz, 1H), 1.38 (d, J = 12.9 Hz, 1H), 1.27 (m, 1H); C{*H} NMR (201 MHz, CDCls major
rotamer) 6 168.2, 141.2, 137.9, 127.5, 124.9, 124.8, 117.9, 102.2, 69.0, 65.1, 58.4, 49.1, 44.1, 39.8,
37.3,34.9, 33.2, 26.6, 25.5, 23.5, 21.2; 3C{*H} NMR (201 MHz, CDCl3 minor rotamer) & 168.0,
140.6, 140.1, 127.1, 126.1, 124.3, 115.1, 102.5, 67.1, 65.0, 57.2, 48.9, 43.9, 39.6, 37.0, 35.2, 33.5,
26.8, 24.4, 23.8, 21.2; HRMS-ESI (+) m/z calcd for C21H27N202 [M + H]*: 339.2067, found
339.2064.

75



1.7.3 Spectral Data
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Figure 1.10 *H-NMR (400 MHz, CDCl3) of Enaminone 45

T T T T
0.0 -05 -1.0 -1

o o - a
i E 8 ) 2 5 g 2
3 & H g £ £ 8 3
[ NS ol
210 200 190 180 170 160 150 140 110 100 90 80 60 50 40 30 20 10 0
1 (ppm)

Figure 1.11 *C-NMR (100 MHz, CDCls) of Enaminone 45
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CHAPTER 2. A NOVEL COPPER-CATALYZED CROSS COUPLING
AND ITS APPLICATION IN THE SYNTHESIS OF SPLICEOSTATIN
DERIVATIVES

We developed and optimized a model substrate reaction in which we were able to cross
couple an organostannyl furan with allyl bromide using catalytic amounts of Cul under ambient
conditions. We then show the application of this reaction in our synthesis of the Spliceostatin and
Thailanstatin (FR901464 family) THP amine core (Figure 2.1, highlighted in red). During this
synthesis we also optimized the cheletropic formation of a sulfolene group to use as a novel diene
protecting group utilizing non-toxic methods. Finally, we were able to undergo an optimized 4-
step one-column asymmetric sequence in 60% overall yield and after two more transformations
yield the formal synthesis intermediate containing 4 stereocenters as the sole isomer as detected
via*H NMR. Discussion of the prior use of Cu-only catalyzed Stille reactions and their mechanism

as well as brief discussion on the biological significance of Spliceostatins is also described within.

%
o O SnBuj
Me”™ \ /
Sulfolene
89 Cu-catalyzed I/\O M Formation
+ - = O o © [ —
. — - .
Me Cross Coupling Me \ / = 4-step
asymmetric
Br NG 91 sequence
R = OMe, R'=Me, Spliceostatin A (93)
90 R = OH, R' = Me, FR901464 (94)

R = CH,CO,H, R'=H, Thailanstatin A (95)

Figure 2.1 Synthesis of the Spliceostatin and Thailanstatin Tetrahydropyranyl Amine Core
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2.1 Introduction

The first examples of the Stille Coupling were shown by the groups of Eaborn®® and Kosugi-
Migita.*>** However, the major contributions and mechanistic insight provided by Stille in 19784
provide reasoning for the reaction adopting his namesake (Figure 2.2). The foundation put forth
by this seminal work is widely accepted to have laid the groundwork for palladium-catalyzed
cross-coupling reactions, of which he would have likely shared the 2010 Nobel Prize had it not
been for his untimely death at the age of 59.43#4 The Stille cross-coupling is a widely used reaction
in organic synthesis in both academia and industry, due to its broad substrate scope & ease of use.*®
Traditionally, palladium catalysts are used in the reaction. However due to the costly nature of

palladium, copper catalysts have been put forth as a desirable alternative.

Pd(PPh3),

Reductive Oxidative
Elimination Addition

R & R' = Aryl, Alkyl

0O 0]

R “Pd(PPh;),R' R “Pd(PPh;),Cl

Transmetalation

/)

CISnBus R'SnBu,

Figure 2.2 Catalytic Cycle Proposed in Stille’s Seminal Work
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2.2 The Copper Effect in the Stille Cross Coupling

The “Copper Effect” in the Stille coupling is a well-documented phenomenon in which
copper can help improve the efficiency of otherwise sluggish palladium-catalyzed Stille
reactions.*¢4" Select results from the seminal work in this area by Liebeskind and coworkers are
shown in Table 2.1 below. Double the stoichiometric amount of Cul in ratio to the Pd catalyst
resulted in over a 100-fold increase in rate and higher yields (entries 1 & 2). Use of less strongly
chelating ligands also increased the rate dramatically (entries 3-5). It was theorized that the copper

effect itself is intimately dependent on the solvent and ligands used in the Pd'" transitional step.

Table 2.1 Selected Results from Liebeskind “Copper Effect” Work

Entry Ligand Pd:L:Cul  10° kobs (min!)  HPLC Yield

1 PPh; 1:4:0 2.66 85
2 PPh; 1:4:2 303 >95
3 FsCs-PPh; 1:4:2 401 >95
4 AsPhs 1:4:0 7,210 >95
5 AsPhs 1:4:2 9,640 >95

A blank experiment from this work shown in Figure 2.3 shows use of only 5 mol % Cul at
extremely elevated temperatures resulted in the desired coupling, albeit in poor yield. From this,
it was proposed that a copper/tin transmetallation may be occurring, thus it was theorized that

copper alone may be able to catalyze the reaction in lieu of palladium.*

[ 5 mol% Cul O
+
NMP, High Temp
MeO Bu3Sn MeO

98
96 97 5% @ 100°C
27% @ 140°C

Figure 2.3 Liebeskind’s Example of a Copper-only Catalyzed Stille Coupling
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2.2.1 Prior Examples of Copper-only Catalyzed Stille Couplings

There are numerous instances throughout the literature reporting Cu-only catalyzed Stille
cross-couplings. However, all either require stoichiometric amounts of copper, higher reaction
temperatures or harsher conditions, or show difficulty with regioselectivity when the option
presents itself (some results are shown in Espinet and coworkers’ 2015 ACS Catalysis review*).
A brief review of each of the key papers are presented below in chronological order.

In Piers and Wong’s 1993 JOC publication,”® they reported on the intramolecular
cyclizations of organostannanes using CuCl to form bicyclic systems, stating that in some cases
the reactions proceeded more quickly and cleanly than their Pd(0)-catalyzed counterparts. The
limitations to this work were that they used stoichiometric (>2.0 equivalents) of the copper salts
heating the reactions to >60°C in most cases, along with all reactions being solely intramolecular.

In Falck and coworkers’ 1995 JACs publication,* the authors were able to perform the
coupling of sp® centers through the use of catalytic amounts of CuCN (8 mol %). The limitations
to this work include the use of sealed tube reactions and heat (typically >60°C, sometimes up to
110°C), as well as regioselectivity issues, and limited substrate scope as the reactions weren’t
inclined to be as efficient without use of a heteroatom such as a thioester to chelate to the tin and
copper centers during the catalytic cycle (Figure 2.4). It’s also worth noting that in one case they
were able to get the reaction to proceed via use of no catalyst at all, although they state fresh
glassware was used and no trace Pd/Cu was likely present, prompting skepticism on what was

catalyzing their reaction.

R.__O__R R. O_ R
\( \ﬂ/ Cu—X \( \ﬂ/
BusSn=—3S E S
Transmetallation Coupling
R._O_R
X—SnBus YU E-X
Cu=—3S

R = Alkyl, Aryl, R' = Acyl, Aryl, E = Allyl, Aryl, Acyl

Figure 2.4 Falck and coworkers’ Proposed Catalytic Cycle
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In Takeda and coworkers’ 1995 Chem Letters publication,*® the authors were able to show
the intermolecular coupling of vinyl groups through the use of Cul. Limitations to this work
include stoichiometric amounts of Cul being used (0.5-1.0), along with DMSO being indispensable
as a cosolvent, and regioselectivity issues being strongly present. It’s worth noting that in this
paper they used Na>CO3 as a suppressant to help suppress the formation of the protodestannylated
byproduct.

In Liebeskind and coworkers’ follow-up 1996 JACs publication,> the authors showed the
use of copper (1) thiophenecarboxylate (CuTC) to couple aryl and styryl compounds at room
temperature. The limitations to this work include stoichiometric amounts of copper needed (1.5
equivalents), and that NMP was indispensable as a solvent. It’s also worth noting they propose
the catalytic cycle for the Sn/Cu transmetallation from their seminal work in this publication,
similar to that of Figure 2.4.

In Kang and coworkers’ 1997 JOC publication,> the authors showed the use of catalytic
amounts of Cul (10 mol %) in coupling of aryl and vinyl substrates. The limitations to this work
included the use of high temperatures (90-120°C) as well as NMP again being indispensable as
the solvent. It’s also worth noting that within this publication they screened different additives
and found that NaCl addition presumably drives the reaction forward as it eliminates reversibility
in the transmetallation step (discussed in Chapter 2.2.2). They also showed that MgBr; instead of
Cul worked nearly as efficiently as a catalyst, providing thought that heat may be playing a larger
role in the mechanism in this case.

In Nudelman and coworkers’ 1999 Synlett publication,>® the authors showed the use of
catalytic amounts of CuCl (10 mol %) in the coupling of furyl and allyl substrates. The limitations
to this work include the indispensable use of NMP/DMF as the solvents, HMPA as a cosolvent
(which is known heavily for its toxicity) and needing to heat the reactions to 90°C to achieve their
desired transformations.

In Burton and coworkers’ 2005 Organic Letters publication,> the authors showed the use
of catalytic amounts of Cul (10 mol %) in the coupling of vinyl organostannanes and acyl chlorides.
The limitations to this work include substrate scope as apparent fluorinated compounds with vinyl
esters cis to the stannane were needed, with carbonyl chelation onto the copper center occurring
similarly to that of Falck’s work.*® Also, no typical vinyl or allyl couplings were shown. It’s worth

noting that within this publication, a supposed organocopper intermediate formed in equilibrium
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from the organostannane using a stoichiometric amount of Cul and was measured via °F NMR
and compared to one that was made via means of zincate formation and subsequent copper
displacement (Figure 2.5). As the spectral data matched, it then became the first reported instance
in which the Cu/Sn transmetallation put forth by Liebeskind and coworkers*® was supported
mechanistically.

F F Cul R F
Bu3Sn>:$*OEt BusSnl Cu>:%*OEt
o] 0
99 100
19F NMR Match
F F F F F F F F
_ |2, _ Zn, __ Cul __
Bu3Sn ~_ OEt . [ OEt uE 230 | 1Zn OEt| .40,  Clx_ OEt
O Etzo, 23 C, O 9’30/0 ’ O O
0,
99 86% 101 102 100

Figure 2.5 Burton and coworkers’ Mechanistic Support for the Sn/Cu Transmetallation

2.2.2 Proposed Catalytic Cycle

The simplified mechanism put forth for the Pd-catalyzed Stille is shown below (Figure 2.6),
yet it is worth noting that more extensive studies have been done to support whether the mechanism
occurs via cyclic or open intermediates.®® Alongside it is the “Copper Effect” proposed
cocatalyzed cycle, in which copper is able to undergo the transmetallation with tin as supported,>*
and it’s then theorized that the transmetallation of the palladium catalyst with the resultant
organocuprate is much more facile than that of the palladium with organostannane, thus the rates
of the reactions increase. Notably, copper salts have been reported to act as ligand scavengers,
mitigating the retardation of free phosphines on the palladium center such as the case is with
Pd(PPhs)s, and thus a possible dual role of copper salts is observed.*
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RZ_R'] RZ_R'I
L,Pd°® L,Pd°

Reductive Oxidative Reductive Oxidative
Elimination Addition Elimination Addition
R R R! R
Nl / I N i / I
L,Pd L,Pd L,Pd L,Pd
/ N / AN
R2 X R2
Transmetalation Transmetalation
XSnBus R2SnBuj XCu RCu

XSnBus R2SnBug

Figure 2.6 Traditional Catalytic Cycles for the Stille Coupling and the Copper-cocatalyzed Stille
Coupling

The first instance of mechanistic insight into the copper-only catalyzed Stille cross
coupling was done in a 2010 Organometallics publication by Lin and coworkers,>® in which they
performed DFT calculations with CuTC catalysts in stoichiometric amounts and observed the
proposed energies. What they found was that S-coordination from the TC ligand wasn’t essential,
and that solvent ligation (in this case NMP) plays a very important role as the catalyst likely adopts
a square-planar solvent-assisted intermediate. As supported by some prior DFT calculations,® the
Cu(l) catalyst is likely undergoing oxidative addition to Cu(l1l), then reductive elimination to turn
over the catalyst. The existence of Cu(lll) intermediates is supported in the literature, both
theoretically®® and experimentally.>® Based on these results, a proposed catalytic cycle is shown

in Figure 2.7. Of note, in the case of the addition of a chloride/fluoride additive,*"*26 an off-cycle
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transmetallation of the organotin halide and the respective lithium/sodium/potassium/ammonium
salt can form a species that will drop out of the catalytic cycle, thus theoretically pushing forward
the reaction via removal of the transmetallative reversible step. As opposed to the traditional Stille
cycle, the oxidative addition and transmetallation steps are reversed in order. This is due to the
likely Cu(l11) square planar species not wanting to undergo transmetallation, and instead the Cu(l)

organocuprate undergoing an oxidative addition instead acting as a Gilman-type intermediate.5*

2__pi1
R R LnCUIX RZSHBU3

Coupled Product
Formation NaCl or LiCl,
KF or TBAF

XSnBuy ———> FSnBuj or CISnBug

Reductive Crash out of solution

Transmetalation

Elimination
R'l
o L L.Cu'—R?
Rc—Cu"-X
I
Organocuprate
Square | Oxidative ganocup

Planar formation

Intermediate Addition

R'X

Figure 2.7 Proposed Catalytic Cycle for the Copper-Catalyzed Stille Reaction.

On a final note, one could also propose that instead of a Cu(l1l) center forming at all, once
the organocuprate forms it could undergo simple Sn2 or SN2’ chemistry with the halide to do the
alkylation instead (Figure 2.8). While this may be the case in some instances (more likely when
stoichiometric amounts of copper salts are used), it could be ruled out by the presence of a
homocoupled byproduct.’? If this byproduct is seen, it would be supported that a Cu(lll)

intermediate is forming, as this is the only pathway in which this byproduct would form.
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Cu(l)-only Mechanism

o~

R?—cCulL, X-R! — R2—R!
" Akylation Only Alkylated
Product
Cu(lll) Mechanistic Byproduct
R R?
X—R! | BuzSn—R? |
RZ_CulL » RZ_Culll_X - R2_Cu|||_R1 — R2_R2
Oxidative I|_ Ligand ﬂ Reductive |, 4

Addition n Substitution/ n Elimination P

Isomerization Byproduct

Figure 2.8 Presence of Homocoupled Product and Reasoning behind Mechanistic Differentiation

2.3 Model Substrate Optimization

Inspired by the above literature, we decided to investigate our own model substrate study
on this reaction. For simplicity, we elected to use the organostannane 89 and allyl bromide 103 as
they’re both cheap or readily available (Scheme 2.1). With the substrates selected, we would then

undergo variation of the copper(l) source, additives, and solvent choice to influence the reaction.

o,/\O Pz cu®® ,/\O
o) + NS u O o)
SnBuj Br /
Me \ // Me \ /
Additive
89 103 Solvent 104
HO\/\
o OH [ TMEDA [
(0] (0] 0O 0) i (0] 0O 0)
PTSA<H,0 n-Buli, SnBujg
Me”  \ me” T\ / me” T\ /
PhH, 150°C, THF, -78°C to rt
105 92% 13 g scale 106 70%, 61% 32 g scale 89

Scheme 2.1 Choice of Model Substrate Reaction and Synthesis of Organostannane 89

89 can be made in two steps from 2-acetyl furan 105, a highly commercially available
natural product due to its likely formation during the Maillard reaction,®® and its presence in

numerous foods such as roasted sesame seeds,®* fried beef,®® and sweet corn products.®® Synthesis
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of the required organostannane began with protection of the carbonyl group as a dioxolane 106,
which could be achieved on a 13-gram scale using ethylene glycol in 92% yield. Gram scale
stannylation could be done on the furan using TMEDA and n-BuL.i to yield the required stannane
in 70% yield. We were also pleased to see that we were able to get 61% yield when affording 32
grams of product 89 in a single pass-through. Purification of this reaction using 10% K>COs:silica
as the stationary phase®’ also cleanly produced the organostannane 89 with no co-elution of the
XSnBus salts and could be stored for months without degradation.

We then undertook our optimization of this reaction as shown in Table 2.2. Initial results
were very promising as we were able to observe the formation of allyl dioxolane 104 in 73% yield
with the use of 0.5 equivalents of copper catalyst and 0.1 equivalents of sodium carbonate as the
additive (in order to suppress protodestannylation) in a DMSO:THF solvent mixture. However,
the result was in a 5:1 ratio of the desired product to the undesired protodestannylated byproduct
106 (entry 1). It’s worth noting that we were able to achieve this transformation at ambient
temperatures without the need of any external heat added to the reaction. Flame-drying the copper
catalyst beforehand and then cannulating the entire reaction to said pot only slightly increased the
yield to 77% however dramatically increased the ratio of 104 to 106 to >20:1 (entry 2). A possible
explanation for this is that removal of any water or adventitious acid present in the catalyst flask
furthermore helps the additive suppress the formation of the undesired byproduct. Screening of
CUuCN, CuBr, and CuBre<DMS led to poorer yields and ratios (entries 3-5), and use of CUOAc and
Cu(MeCN)4BF4 led to the mixture of the dioxolane product 104 as well as some deprotected ketone
product 107, likely due to the counter-acid in solution (entries 6-7). Finally, use of CuCl was

found to give the best conversion of this reaction on the 0.5 equivalent scale (entry 8).
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Table 2.2 Model Substrate Optimization

//\ AIIyI Bromlde
(0] o 0
MeWSﬂBU:s Additive XQ/\/ )X\Q/\/ m
Solvent

89

% Yield Ratio

. "
Entry Catalyst (mol %) Additive Solvent 104(107) 104:106?

1 Cul (50) Na,COs DMSO:THF3:1 73 5:1
2b Cul (50) Na,CO; DMSO:THF3:1 77 >20:1
3 CUCN (50) Na,COs DMSO:THF3:1 38 10:1
4 CuBr (50) Na,CO; DMSO:THF3:1 33 20:1
5 CuBr-DMS (50)  Na;,COs DMSO:THF3:1 53 5:1
6 CUOAC(50) Na,CO; DMSO:THF 3:1  77(14) 5:1
7 C”(M‘Zgo';')4BF4 Na,COs DMSO:THF3:1 17(37)  10:1
8 CuCl (50) NaCOs DMSO:THF3:1 82 >20:1
9 Cul (50) NazCOs DMF 84 10:1
10 CuCl (50) Na2COs DMF 01 ND
11 CuOAc (50) NazCOs DMF 73 ND
12 CuOAc (50) Na2COs DMF 0(86)° ND
13 CuBrDMS (50)  Na;COs DMF 79 ND
14 Cu(MeCN):BF4(5) Na;COs DMF 87 >20:1
15 None None DMF 0, RSM ND
16 CuCl (5) None DMF 79 >10:1
17 Cucl (5) Cs2C0s DMF 83 >20:1
18 Cucl (5) Li,COs DMF 85 >15:1
19 CuOAc (5) Cs2C0s DMF 8(80)  >20:1
20 (CuOTf)PhH (5) Cs2COs DMF 0(79) ND
21 Cu20 (5) Cs2CO0s DMF 78 ND
22 CuTC (5) Cs2CO0s DMF 43 4:1
d Cs2COg, .
23 Cul (5) e DMF 70(6) 5:1
d Cs2COg, .
24 Cul (5) QSO DMF 32(33) 3:2
25 Cucl (5) NazCOs DMF 89 >10:1
26 Cul (5) Na2COs DMF 89 >20:1
27 cul (5) Cs2C0s DMF 90° >20:1

3Ratio determined via NMR  PFlame-dried copper added last
°Reaction let run for several days  9Cul 2.5 mol %, not added until later  ®Gram Scale

We were then pleased to find that the reaction gave higher yields when done in DMF as

opposed to the DMSO:THF mixture (entries 9-10). Controlling reaction time with CuOAc let us
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yield either solely our dioxolane product 104 (entry 11) or the deprotected ketone 107 (entry 12).
It’s worth noting that when solely 107 was formed, protodestannylated product 106 appeared to
deprotect more slowly and thus could be recovered and reused in the synthesis above (Scheme
2.1). CuBr<DMS also gave increased yield in DMF (entry 13). We were then very pleased to
observe that copper(l) catalysts were able to turnover in 5 mol % (entry 14), and further
corroborated this by performing a control experiment with no catalyst nor additive in which we
were able to fully recover the starting material (entry 15). To the best of our knowledge, this marks
the first reported instance of an allylative copper-mediated Stille coupling using catalytic amounts
of copper coupling under ambient conditions. As for why the copper (I) salts are able to catalyze
this reaction it’s likely due to the much lower barrier energies that are present with the sp?
hybridized centers, as opposed to that of other sp® couplings. The effect of the additives on
protodestannylation was then tested (entries 16-18) and it was found that Cs.CO3z was superior to
the other carbonates presumably for its increased solubility in DMF. At these catalytic loadings,
we were able to see that both CuOAc and (CuOTf)2ePhH gave good yields of the deprotected
product 107 (entries 19-20). Cu20 gave fair yield of the dioxolane product 104, however CuTC
gave poor yields rather unexpectedly®°3% (entries 21-22). Use of NaSbFs and AgSbFs as
additives with no catalyst initially present led to no formation of product, however adding 2.5 mol
% Cul after 24 hours of stirring led to mediocre yields 104 and 107 and low ratios of 104:106
(entries 23 and 24) furthermore corroborating the use for the presence of the catalyst. Ultimately
the two best catalysts were compared, and it was observed that Cul resulted in better suppression
of the formation of 106 compared to that of CuCl. (entries 25 and 26, Na,COs used as opposed to
Cs,CO;3 for comparison of 104:106 ratio via *H NMR). We were then able to apply our derived
optimal conditions on a gram scale to afford 104 as the sole product detectable via *H NMR (entry
27). Purification of all these products were easily done using the procedure from Harrowven and
coworkers.5’

With these model substrate conditions optimized, we looked towards an application of this
work. Due to our groups great interest in the synthesis of SF3B1 inhibitors as cancer therapeutics,
we elected to use this methodology in the formal synthesis of FR901464 analogues.
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2.4 Biological Activity of SF3B1 Inhibitors

Spliceosome is a megadalton complex of intracellular machinery within eukaryotic cells that
is responsible for removal of introns and ligation of the flanking exons, or “splicing” of pre-mRNA
into mature mRNA.%8% A very common analogy is that of a film editor that receives the full reel
of film (the pre-mRNA), removes the bloopers & cuts out the extended footage (the introns) and
sends off the final cut of the film to the editor (the mature mRNA). This process is vital to the
gene expression of all living cells, including metastatic cells. Many cancer-associated genes
involved with splicing are seen to have mutagenic alterations within.”®"? In fact, several human
genetic diseases are linked to aberrant splicing.”® As cancer cells show very high metabolic rates
in correlation to splicing, inhibition of this cellular process could halt the growth of tumor cells
and thus be viewed as a potential cancer therapy. It is because of these extremely high metabolic
rates that spliceosome inhibitor levels can be attenuated enough to not affect normal cells.”* A
simplified graphic for the cycle of spliceosome is shown in Figure 2.9. The pre-mRNA has
flanking exons at the 5° and 3’ splicing sites (ss). Within the pre-mRNA is an adenosine base that
is seen as the branch point (BP) in which the intron will cyclize onto itself. This point is recognized
by that of the exonic splicing enhancers (ESE’s) that help provide accurate recognition of said
adenosine via its proximity to the polypyrimidine tract, a sequence of pyrimidines near the 3’ ss
of the intron.”™ Along with the ~200 associated proteins that help catalyze spliceosome, there are
5 uridine-rich small nuclear ribonucleoproteins (SnRNPs) that also help catalyze the process.
Incorporation of the U1 snRNP onto the 5’ ss forms complex E. U2 then attaches at the previously
described branch point to form complex A, causing the helix to bulge out allowing for the
subsequent intramolecular cyclization. The “tri-snRNP” composed of U4, U5, and U6 then
incorporates to form complex B, which has a precatalytic and catalytic forms. Once U1 and U4
are able to dissociate, the activated form (complex B*) undergoes the first phosphodiester chemical
step cleaving the bond at the 5’ ss and transferring it to the 2’ OH at the branch point through help
of U2, forming complex C. The second step is then undergone cleaving the 3’ ss and joining it to
the free 3> OH created from the first reaction, linking the two exons together (complex P). At this
point, the mature mMRNA then dissociates and goes on to provide its role in protein synthesis and
cell replication, while the remaining snRNPs dissociate from the intron and go back into the

CyCIE .72,76778
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Figure 2.9 The Spliceosome Cycle

Spliceostatins and Thailanstatins (Figure 2.10) are subclass of the FR901464 family of
molecules, of which the parent molecule was isolated from the fermentation broth of the bacterium
Pseudomonas sp. No. 2663 by Fujisawa Pharmaceutical Co. in 1996.7°8! This class of molecules,
along with two other families (the pladienolides and GEX1 inhibitors) have been found to potently
inhibit spliceosome, supported by leaked unspliced pre-mRNA observed in the cytoplasm. HelLa
cell extract has become a common way to test for these inhibitors efficacy.”® While no exact
mechanism of action/active site is known, it has been found that in particular these compounds
appear to be binding the SF3B1, a subset of the U2 snRNP, causing it to undergo a conformational
change. This inhibition appears to affect the cycle at several different key steps, due to the
importance of U2 and its role in the formation and stabilization of complex A, formation of
complex B and C, and so on. During several different structure-activity relationship (SAR) studies,
inactive analogues of these compounds have been made that interestingly are not only impotent
but restore splicing in the cell after prior doping with the active inhibitors. It was found that cells
doped with Spliceostatin A 93 could be rescued by the inactive analogues iPB 111 and iHB 112,
cells doped with Pladienolide B 109 could be rescued by the inactive analogues iISSA 108 and iHB
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112, and cells doped with Herboxidiene 110 could be rescued by the inactive analogues iISSA 108

and iPB 111. Therefore it’s likely that all three inhibitor families interact with the same active
site.”” This is further supported by a point group mutation (R1074H) within SF3B1 that causes all

the inhibitors to lose their respective efficacy, alluding to a possible active site/key interaction.”
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Figure 2.10 Spliceosome Inhibitors and their Inactive Analogues
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2.5 Prior Syntheses of the Common Pharmacophore Tetrahydropyranal Amine
2.5.1 SAR Studies and the Significance of the THP-Diene Moieties

Owing to their insufficient quantities isolated from nature and its innate potency, the
FR901464 family quickly became a synthetic target for chemists. Since the preliminary synthesis
by Jacobsen and coworkers®? (41 chemical steps, 22 LLS), the synthetic community has put forth
great effort to improve said synthesis.®2% SAR studies has emerged as a forefront to try and
increase the potency of the analogues made as well as chemically define the active site within
SF3B1. Of these extensive studies, a small excerpt shows that any change in the tetranydropyranal
(THP) ring and/or the diene results in loss of activity of said analogues (Figure 2.11),’® thus this
common pharmacophore 117 seen in Spliceostatins and Thailanstatins is needed.

Decrease in Activity:

>1000 fold >1000 fold ~ 100-1000 fold ~ 10-100 fold
Me

o L ¢ 00

g)\o g)\o Me a)\o Me % ~O~ "Me

113 114 115 116

118 119
>1000 fold >1000 fold

Figure 2.11 SAR Studies of the Common Pharmacophore 117 in FR901464 Analogues
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2.5.2 Ghosh and Chen’s 2013 Synthesis

In 2013 Ghosh and Chen put forth a synthesis that accomplished the construction of
Spliceostatin A in 10 linear steps, cutting the preliminary synthesis in half.8” Their retrosynthetic
analysis of the natural products is shown in Scheme 2.2. Of note during this synthesis they

synthesized the tetrahydropyranal amine 92, highlighted in red.

008,

Me Me

Spliceostatin A, 93 (R=Me)
FR901464, 94 (R = H)

Cross-
Metathesis

o)
/\(\IIMe Me Me

Amide
Coupling

Me Me

¥° N B A
\ (@)
= N Me (0]
Y /\r\ 0~ "Me
122 Me 92 123
Cross- Reductive
Metathesis || Amination
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HO &Klshl
b
Me \ /
124 125

Scheme 2.2 Ghosh and Chen’s Retrosynthetic Analysis of Spliceostatin A and FR901464
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Retrosynthetically, they envisioned a final cross-metathesis that would couple the vinyl of
ring A to the diene linker of ring B. From here, the epoxide 120 could come from aldehyde 122
after a number of transformations. Amide 121 would come from the coupling of carboxylic acid
123 and THP amine 92, which in turn would come from ester 126 and ketone 125 respectively.
Carbonyl 125 would come from the stereochemically defined alcohol 124 after an Achmatowicz
followed by a Kishi reduction. In relation to the SAR studies and how THP amine 92 has been
shown to be a desired intermediate in the synthesis of all FR901464 analogues, Ghosh’s 2013

synthesis of THP amine 92 is described below.

)-CBS
—
-10° c the, M€\
94% 124
t'BUOzH, DCM. 0°C
VO(acac),, ’
Et,SiH 0
@) 3 ’
/\/(\//l: i /\/f\//E
= 0~ "Me
~ O "Me peom, -4s0c, OH
128 63% 2-steps 127

Scheme 2.3 Ghosh and Chen’s Synthesis of Enone 128

The synthesis started off with acetyl allyl furan 107, a material that is not commercially
available anymore as of this writing (however, a synthesis of it was proposed in our model
substrate optimization, Chapter 2.3). CBS reduction of 107 resulted in stereochemically defined
alcohol 124 in 94% yield 93% ee (Scheme 2.3). This material was then subjected to an
Achmatowicz rearrangement using vanadyl acetylacetonate and the crude hemiacetal 127 was then
reduced via a Kishi reduction using triethyl silane and TFA, resulting in the desired enone 128 in

63% over 2-steps.
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Scheme 2.4 Ghosh and Chen’s Synthesis of 3-methyl Ketone 132

Enone 128 was then subjected to a stereoselective 1,4-addition to yield p-methyl ketone
125 in 92% vyield, >25:1 dr via *H NMR analysis (Scheme 2.4). Meanwhile, isoprenol 129 was
tosylated in near quantitative yield to afford tosylate 130. Tosylate 130 was then coupled with B-
methyl ketone 125 via Grubb’s metathesis to afford olefin 131, then subjected to B-elimination via

use of potassium tert-butoxide and high heat in DMSO affording diene 132 in 41% yield over 2-

steps.
Me 0O NH4OAC, Me NH2 Me ‘\\NH2
NaBH,CN, .
e 0~ “Me MeOH = Y~ 0~ "Me = Y~ 0~ "Me
Me 0°Cte 23°C Me Me
132 0 92 6:1 133

Scheme 2.5 Ghosh and Chen’s Synthesis of THP amine 92

Subjection of diene 132 to Borch reduction conditions then resulted in a 6:1 mixture of
desired epimer 92 to undesired 133, which could not be separated chromatographically and was
carried on without further purification (Scheme 2.5). While this synthesis provides quick access
to the THP amine core, it isn’t without its limitations. These include a starting material that isn’t
commercially available anymore as well as a CBS reduction that requires 0.5 equivalents of the
catalyst. The Achmatowicz rearrangement uses VVO(acac)., which while it is relatively cheap,
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much cheaper and greener methods for the rearrangement now present themselves.®” Grubb’s
metathesis with use of the expensive G-Il catalyst is used in the overall route twice, and a low
yielding 2-step sequence is present very early on with the metathesis followed by p-elimination.
Finally, poor dr at the final Borch reduction step is present and as stated the epimers aren’t isolable.

To this end we envision a more concise route to 92.

2.5.3 Ghosh and Veitchegger’s 2018 Synthesis

THP amine core 92 was also synthesized by Ghosh and coworkers again in 2018.%% The
retrosynthetic analysis for this synthesis is shown in Scheme 2.6. It was envisioned that THP
amine 92 would come from the Borch reduction and similar methods working backward to alcohol
134. This material would come from aldehyde 135 after multiple Wittig olefinations. In turn,
aldehyde 135 would come from a Claisen rearrangement of material originating from tri-O-acetyl-

D-glucal 136, a commercially available starting material.

Me NH2  Borcn A~ wOH
Reduction
i 0" TMe ——= ANF o~ “Me

Me 92 Me 134
Wittig
Olefinations
§Ac Claisen % WOR
fj;op‘c Rearrangement /\/(j\/
T—————— OR
OAc = ()
o (@)
136 135

Scheme 2.6 Ghosh and Veitchegger’s Retrosynthetic Analysis of THP amine 92

120



1) K2COs,

MeOH, 23°C
OA 2) t-Bu,Si(OTf),
c Py, DMF
(oo o @KL
OAc
o) )Hg(OAc

136 CH,=CHOEt, 65°C,
54% 3-steps

Tol,

Sealed Tube,
190°C,

95%

1) Ph3PC(CH3)CHO,

O. Tol, 110°C O
AN siEBu), e L@g(t-su)z
o~ o © 2) PhyCHaBr, o O

Me t-BuOK, THF,
139 OOC tO 23001 138
76% 2-steps

Scheme 2.7 Ghosh and Veitchegger’s Synthesis of Diene 136

Their synthesis began with the commercially available tri-O-acetyl-D-glucal 136 (Scheme
2.7). They underwent a known 3-step procedure®® consisting of saponification of the triacetate,
protection of the resultant 1,3-diol, and vinylation of the secondary alcohol to form 137 in 54%
over 3-steps. A Claisen rearrangement could then be undergone within a sealed tube to obtain
aldehyde 138 in 95% vyield. With this aldehyde installed two subsequent Wittig olefinations
resulted in the formation of the desired diene 139 in 76% yield over 2-steps.
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Scheme 2.8 Ghosh and Veitchegger’s Synthesis of f-methyl Ketone 132

From here, deprotection of the silyl ether resulted in the diol which could then by
selectively protected with Trisyl chloride to provide the secondary alcohol 140 in 88% yield over
2-steps (Scheme 2.8).2° LAH reduction would reduce the sulfonate off to leave the
stereochemically defined methyl enol, and subsequent DMP oxidation resulted in the enone 141
in 71% yield over 2-steps. Selective 1,4-conjugate addition with use of in-situ formed Gilman’s
reagent resulted in B-methyl ketone 132 in 85% vyield.

NH,4OAc,
Me O  NaBH(OAc),, Me NH, Me NH,
TFA N
Z N 0~ “Me s 0~ “Me s 0~ “Me
Me THF, 23°C, Me Me
132 63% 92 8.5:1 133

Scheme 2.9 Ghosh and Veitchegger’s Synthesis of THP amine 92

Borch-like reduction conditions now yielded the THP amine 92 and its epimer 133 in a
slightly improved dr (8.5:1 via 'H NMR) in 63% yield (Scheme 2.9).2%° This completed their
synthesis of the intermediate 92. The key points of this synthesis include that it can be made from
cheap starting material, however the number of overall steps to 92 is thus increased. Double Wittig

olefination of the material is not ideal and thus a way to install the diene in a more facile manner
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is desired. Any improvements on the stereoselectivity of the reductive amination step is also

desired.
Since these syntheses several FR901464 derivates have been made by the Ghosh group

including the use of said THP amine, and it’s presence is highly consistent in the literature 838486~
8.9 Therefore, more concise efforts in the synthesis of THP amine 92 is always needed, and herein
we report our synthesis of this core using our newly optimized copper catalyzed cross-coupling

conditions.
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2.6 Results and Discussion
2.6.1 Initial Attempt

Prior to the development of our copper-catalyzed Stille coupling conditions (Chapter 2.3),
an initial route was planned towards an improved synthesis of THP amine 92, based on a derivation
of our 2013 work (Scheme 2.10).%’

Me NHz Borch and 0
. =
Gilman
i (0] Me — N 0 Me
Me Me
141

THP Amine Core, 92

Achmatowicz
and Kishi
Deprotection
OH
Me o O_ 0O and Noyori Me o} :
=
WMe — WMe
143 142
Lithiated
Coupling
o o) Me
+
X
\ Me \)\/\Br
105 144

Scheme 2.10 Ghosh and Born’s Attempted Retrosynthetic Analysis of THP Amine 92

It was planned that the THP amine core 92 would come from the enone after reductive
amination and 1,4-Gilman addition. The enone diene 141 would come from the stereochemically
defined alcohol 142 after Achmatowicz and Kishi reductions. Alcohol 142 would come from the
dioxolane diene 143, which in turn would come from the coupling partners 105 and 144. This
route would eliminate the use of the low yielding metathesis and B-elimination steps, as well as

provide a chance to improve on the stereoselectivity and employment of greener reagents over the
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final steps. Notably, this route would also provide the use of 2-acetyl furan 105 as the starting

material, of which we’ve discussed its significance in Chapter 2.3.

/\\ Me BuLi Me
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105 144 143, impure
Deprotection,
l Reduction,
l Achmatowicz
Z (0] A HQXK = o = 0
- XY
= N 0~ "Me Z Y YD 8 Me = N OHO Me
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(0]
_ .

NN 0" e
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Scheme 2.11 Ghosh and Born’s Initial Attempt at Enone 141

Our initial synthesis began with the construction of dioxolane 105 and diene bromide 144
(See Chapters 2.3 and 2.6.3.1 for syntheses). Lithiated coupling of these two resulted in an
optimized yield of 40% of dioxolane diene 143 as a mixture of isomers (Scheme 2.11). This yield
wasn’t ideal, but material was carried forward. After deprotection, reduction, and Achmatowicz
rearrangement the resultant hemiacetal 145 was formed. Subjection of this to Kishi reduction
however didn’t result in the desired pathway A to form enone diene 141. Instead, what was
observed was that solely triene diene 147 formed instead. This likely is derived from the B-
elimination that can take place to quench the in situ formed oxocarbenium ion (pathway B) forming
an extended conjugation, instead of the 1,2-addition of the hydride to the electrophilic carbon in
146. A modification of this route was needed to circumvent both the low yielding lithiated
coupling at the beginning of the synthesis as well as protection of the diene moiety to prevent the

extended conjugation that drives said B-elimination.
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2.6.2 Retrosynthetic Analysis of the Tetrahydropyranyl Amine
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Scheme 2.12 Ghosh and Born’s Retrosynthetic Analysis of THP amine 92

We envisioned our new retrosynthesis of THP amine 92 based on these insights. Thus,

amine 92 would come from the same 1,4 addition of a Gilman reagent and subsequent Borch-like

reduction from the enone diene 141. This material would come from the required Achmatowicz

and Kishi reductions on the diene-protected substrate 148, to help circumvent the formation of the

triene byproduct. Sulfolene ketone 148 would be the product of a 4+1 cheletropic reaction that

will be discussed (Chapter 2.6.3.5), and dioxolane diene 143 would come from the copper-

catalyzed coupling of stannane 89 and bromide 144 of which we’ve thoroughly optimized. These
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coupling partners would come from the cheap commercially available starting materials 105 and

149.

2.6.3 Copper-Catalyzed Cross Coupling

2.6.3.1 Synthesis of the Diene Bromide Coupling Partner

Me O M”F'?F‘jr';ié Me O
e I,

O 3=n \)\)J\
WJ\OEt | N0
THF, -45°C
149 150

LAH,
Et,0,
0°C to 50°C
Me PBr3, Me

W W
B OH
| Et,0, 0°C, 78%

144 3-steps, multigram 151

Scheme 2.13 Synthesis of Diene Bromide 144

For the synthesis of the diene bromide coupling partner, commercially available aldehyde
149 could be Wittig olefinated to form diene ester 150 (Scheme 2.13). Reduction of this ester to
the alcohol 151 using LAH and subsequent bromination of the material using tribromophosphine
afforded diene bromide 144 in 78% yield over 3-steps on a multigram scale and could be used

without further purification.
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2.6.3.2 Characterization of the y-Alkylated Byproduct

Initial attempts towards the synthesis of (E)-143 using our model substrate copper-coupling
conditions resulted in a mixture of isomers as shown by the *H NMR excerpt in Figure 2.12. The
mixture consisted of the E & Z isomers of 143 (initially assigned, NOESY characterization
confirmation in Scheme 2.17), unknown isomer X, and the protodestannylated byproduct 106
(Scheme 2.14). Characterization for identity of X was made by carrying forward the crude mixture
and deprotecting the dioxolanes down to the respective ketones (E/Z)-152, Y (correlating isomer
of X), & 105. The isomers were not isolable via silica column chromatography, however 2-
acetylfuran 105 was recovered and reused in the synthesis. Y & (E/Z)-152 were then carried
forward over the sulfolene formation step of which will be discussed later (Chapter 2.6.3.5). At
this point it was observed that the E & Z isomers of 152 were converted to sulfolene 148, whilst Y
was left unreacted. Isomer Y was thus isolable and characterized to be 153 as shown, therefore

retrosynthetically the structure of X as divinyl 154 was elucidated.

106

E-143

X Z-143
L Bl

r T T T T T T T T T T T T T T T T T T T T T T T T
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Figure 2.12 *H NMR Excerpt of Unoptimized Copper-Coupling
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Scheme 2.14 Isolation and Characterization of Coeluting Isomer

To maximize the efficiency of this transformation, repression of the formation of the
protodestannylated and isomeric materials was needed. We therefore sought to propose a pathway

for the formation of these isomers and subsequently suppress it in due course.

2.6.3.3 Mechanistic Proposal for Suppression of Isomers

We then proposed a mechanism for the formation of the described isomers based on the
priorly supported catalytic cycle (Figure 2.7). As w-allylcopper(l11) intermediates in Sn2 and Sn2’
reactions have been shown to be present in the literature,®® it’s likely that after undergoing
oxidative addition our Cu(lll) intermediate, with no strong ligands present, forms an n?* allyl
complexation that can lead to both the cis-isomerized and the y-alkylated products in an off-cycle
pathway (Scheme 2.15). Due to our extended conjugation, it could also go n°, although no strong

support for this is known as of yet.
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Scheme 2.15 Proposed Mechanistic Pathway for the Formation of the Undesired Isomers

Based on this hypothesis, we put forth a proposal to minimize the formation of the
undesired isomers. Our proposal is that based upon careful selection of solvent, ligation could
take place putting the catalyst in the square planar state resulting in less isomerization at the
reductive elimination step®%°8%2 (Scheme 2.16). In other words the Cu (III) n3 allyl complexation

won’t form leading to y-alkylated nor Z-isomerized products 154 & (Z)-143.
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Scheme 2.16 Proposed Mechanistic Pathway for the Suppression of the Undesired Isomers
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2.6.3.4 Optimization of the Cross Coupling

Table 2.3 Optimization of the Coupling for the Formation of (E)-143

%

O

89

Entry mol % Cul

1 50
2 50
3 50
4 20
5 5
6 1¢
.

8

9

10

11 5f
12 5
13 5
14 5
15 5
16 5
17 5
18 5
19 5

4Determined by HNMR

Me

BFW

144
Cul

Additive (0.1 eq)

(0]
SnB
Mew NBU3  Solvent (0.1 M)

Additive

Na>CO3
Na>CO3
NaHCOs3
Na>CO3
Cs2CO3°
Na2CO3
Cs2C0O3
NaHCOs3
Cs2CO3
Cs2C0O3
Cs2C0O3
Cs2.CO3
Cs2CO3
Cs2CO3°

Cs2CO3®, TBAF
Cs,CO3°, CsF
Cs>CO3°, LiCl
Cs2C03®, NaCl

Cs2CO3°

b>0.1equiv carbonate used

OI/\O 0 Me OI/\O 0 b Me
Me \ “N=  Me \ =
(E)-143 154
OI/\O 0 — OI/\O 0

(2)-143 106
Soent (40 R 1400
DMSO:THF(3:1) 84 10:1:1:1
NMP 0 N/A
DMSO:THF(3:1) 77 20:1:1:2
DMSO:THF(3:1) 76 20:3:1:1
THF:H,0 (3:1) 27 >20:1:1:20
DMF 48 10:4:3:5
DMF 57¢ 10:8:4:4
DMF 73 20:4:1:11
DMF 72 5:2:1:2
DMF¢ 72 10:3:2:4
DMF 77 10:4:1:4
DMSO:THF(3:1) 69¢ >20:8:2:1
THF 63(87) >20:1:1:2
DMF:THF (1:3) 90 >20:1:1:4
DMF:.THF (1:1) 65 20:7:6:4
DMF:MeCN (1:1)  76(90) 10:4:2:1
MeCN:THF (1:1) 37 20:3:3:16
MeCN 89 >20:1:1:2
MeCN 85" >20:1:1:1

132

°CuCl used



dGram scale, yield of ketone over two steps, no purification after coupling ~ ®freshly bubbled
solv
fCul added last  %ketone product formed "decagram scale, yield of ketone over two steps

With this mechanistic insight in mind, we began our optimization of the copper coupling
(Table 2.3). Initial attempt to couple 89 and 144 using 50 mol % Cul, 0.1 equivalents Na,COs, in
a DMSO:THF mixture resulted in 84% yield of a mixture of the trans, cis, gamma alkylated, and
protodestannylated products as discussed before (entry 1). NMP was then attempted as it is a
common solvent choice used in Stille couplings due to its likely catalyst ligation¢°53% |n our
attempt however, it provided no conversion at all (entry 2). Either use of sodium bicarbonate as
the suppressant or lower catalytic loading resulted in decreased yield but increased ratio of the
desired product as seen in entries 3 and 4. Replacement of DMSO with water as the cosolvent had
a detrimental effect, yielding a low amount of the mixture of products as well as a roughly 1:1
ratio of the desired product (E)-143 to the protodestannylated material 106 (entry 5). It was at this
point that we had begun our model substrate optimization as seen in Chapter 2.3 and thus we
elected to use DMF as the solvent in hopes of improving the proposed ligation. 1 mol % catalyst
loading led to poorer yields of 143 or the ketone 152 after further transformations (entries 6 & 7).
NaHCOz again as the additive appeared less suppressive than Cs,COs, and freshly bubbling the
solvent beforehand only very slightly increased the desired ratios (entries 8-10). Changing the
order of addition as done in the prior optimization led to a slight increase in yield again but similar
ratios of the products (entry 11). Use of the DMSO:THF solvent system at this stage resulted in
coupling followed by dioxolane deprotection but a decrease in the ratio of E/Z-isomers (entry 12),
while solely THF was found to work well as a solvent resulting in great ratios of the isomers
however the reaction wouldn’t go to completion (entry 13).

Based on these results a mixture of DMF and THF (3:1) was then tested and allowed for
the reaction to go to 90% yield in great ratios of the isomers, albeit the ratio of (E)-143 to the
protodestannylated 106 was 5:1, even with additional carbonate added (entry 14). A similar
solvent mixture was tried again employing the use of TBAF as an additive to drive forward the
reaction,*”® (see Chapter 2.2.2 for discussion) however it resulted in poorer yields and ratios
(entry 15). In asimilar fashion CsF was used in a DMF:MeCN mixture and the reaction was found
to not go to completion after 6 days and resulted in a poor ratio of isomers and moderate yield

(entry 16). LIiCl was then tested in a mixture of MeCN:THF and gave even lower yields (entry
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17). Based upon these solvent mixtures affording detrimental yields, solely MeCN as the solvent
was screened with the use of NaCl as the additive (entry 18). We were pleased to find that once
the reaction was complete via TLC analysis simply concentrating down the reaction mixture under
reduced pressure and purifying it using Harrowven’s procedure®’ allowed for 89% isolated yield
of the sole desired isomer (E)-143 on a multigram scale as the major product. It was then observed
that MeCN without any additive gave the best yields and ratios for the formation of (E)-143, and
we were able to deprotect the dioxolane to yield ketone (E)-152 over 2-steps in 85% yield starting
with nearly a gram of 89 (entry 19 and Scheme 2.17), and the reaction conditions were reproducible
on a decagram scale. With ketone 152 in hand, we were able to characterize that we did indeed
have the trans-isomer in hand via use of 2D NMR. Comparatively, our confirmation for the cis-
152 was done by carrying forward one of our crude unoptimized copper-couplings over the same
deprotection step. While Z-152 was not isolable from the rest of the mixture, NOESY interactions

of the suspected isomer’s key signals were still present, corroborating its stereochemistry.

[\ 0
o P o Me PTSA-H,0 o Me
—
Me™ \ J = T nM& [ =
Acetone, 23°C,
(E)-143 85% 2-steps (E)-152
N A4
0 o Ha Ha Me 0 o HaHa' ¢
MQW v A
(E)-152 HLHC (2)-152 Moo~

Scheme 2.17 Synthesis of Ketone 152 and NOESY Confirmation of trans and cis-lsomers

A comparison of the 'H NMRs of the products under non-optimized and optimized
conditions are shown below in Figure 2.13. As it can be seen, the isomers suppression is virtually
non-existent. The only peak seen outside of the desired product is that of the protodestannylated
material 106 and is only observed due to that peak correlating to an integration of two protons (as

opposed to the peaks on either side of it correlating to one proton in the product).
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Figure 2.13 'H NMR Comparison of Product Mixture Before and After Optimization
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2.6.3.5 Mechanistic Experiments for the Optimized Copper-Coupling

To further corroborate the robustness of copper in these transformations and support the
presence of the Cu(lll) intermediate, three more experiments were done (Scheme 2.18). To rule
out that the mechanism occurs via a radical pathway, the common radical scavenger TEMPO was
added to the optimized conditions (first entry) and it was seen that the reaction still occurred
yielding 68% dioxolane 143 and 20% ketone 152. An experiment with solely a palladium (0)
catalyst was then set up (second entry) and it was seen that very complex mixtures with trace
amounts of the desired products were produced, instead yielding the homocoupled byproduct 161
as the major product in 21% yield. Attempting to set up this same reaction, this time adding Cul
last to try and invoke the “Copper Effect” still yielded these same complex mixtures, with 161 as
the major product again in 34% yield. The presence of this homocoupled product (discussed
priorly in Figure 2.8) is also observed in several of our prior optimization reactions in trace
amounts when using only Cu(l). This byproduct along with the radical experiment support that
the reaction occurs via the Cu(lll) intermediate, and shows the substantial use of cheap copper
salts as the catalysts and provide great alternatives as opposed to traditional Pd-catalysts in this

transformation.

OI/\O o) Me
5 mol % Cul, MGW
’/\o Me 10 mol % TEMPO
143, 689
OWSHBU; BrW CSzCOg, o y +/o
Me > Me
MeCN, rt 0 _
89 144 Me” T\ =
152, 20%
5 mol % Pd,(dba)s,
[ o Me Cs,COs4, ol/\ 0

OWSnBuS*' BrW - 0 / Me
Me

MeCN, rt M N ) 950

89 144 (then Cul) 161, (-,
21% (34%)

Scheme 2.18 Mechanistic Experiments for the Copper-Catalyzed Reactions
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2.6.4 Sulfolene’s Use as a Novel Protecting Group for Dienes

2.6.4.1 Circumventing Enone Triene Formation

With the coupled diene 143 now in hand, we turned our attention towards the synthesis of
enone 141 shown in our prior work.8® To help fight the resulting conjugation of the enone triene
byproduct 147 (Scheme 2.19), we decided to protect the diene 143 via a cheletropic reaction. After
a few planned steps this would result in the intermediate oxocarbenium ion 162, that should now
favor the 1,2 addition during the Kishi reduction as opposed to the B-elimination, resulting in enone

163, which could then be deprotected via a retro 4+1 forming the desired enone 141.

® H Me B-elim Me
$O\- ,\eé Me (‘)\\( = = —_— Mej//\of\/\/
s = =
7| o o 147
[ H Me 146
O o NP
Me \ /
H Me
NN ® 1,2-addn Me
143 \
A Me (0] - M
fOfeCled X 4\ N — e (o) ( A\
7 X
0 HO )
162 163
Me retro 4+1
Me (0] N
=
O 141

Scheme 2.19 Proposed Route to Circumvent Formation of Enone Triene 147
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Figure 2.14 Sulfur Dioxide Formation and Subsequent 4+1

Inspired by the literature on pericyclic reactions,'%* we elected to use sulfolene as our novel
protecting group due to its ability to undergo a retro 4+1 with heat, attributing to its facile removal
when needed. Traditional formation of sulfolenes however are done by bubbling toxic SO gas
through a solution, making it difficult and dangerous to handle. Recently Larionov and
coworkers'®? were able to circumvent this through the use NazS,0s as an easy to handle solid to
form the gas in situ upon heating and addition to water. A mechanism for the formation of the
SO2 gas is shown in Figure 2.14, in which two equivalents of the gas are made from every
equivalent of the solid used. Isomerization of a diene 164 under heat will occur to form the s-cis

isomer 165 that’s geometrically available to undergo said 4+1, forming the desired sulfolene 166.
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2.6.4.2 Optimization of the Sulfolene Formation

To this end, we optimized the 4+1 reaction with our diene substrates 143 and 152 (Table
2.4). Starting off the optimization, we explored the use 143 as the starting material, with HFIP
and water as the solvent system, sealing the reaction and heating it to 100°C as shown in the
literature.'%2 While they reported good to great yields (60-90%), we found very poor conversion
with our substrate (entry 1). Diluting the reaction and using the ketone 152 instead decreased the
yields (entry 2). We then screened using crude product 143 of the prior copper-catalyzed reaction
and found those yields to be insufficient as well (entries 3-5). Thus we explored using pure
dioxolane furyl diene 143 as the starting material for the reaction and observed that varying the
SO2 source, concentration, nor equivalences of the reagents used had a significant impact on the
yield (entries 6-12). Instead, we tried the reactions with the ketone furyl diene 152 as the starting
material. Again, similar trends were seen, even with varying the temperature as well, and it was
observed that running the reaction at ambient temperature using HCI to try and promote the

cheletropic reaction instead degraded the starting material (Entries 13-23).

Table 2.4 Optimization of Sulfolene Formation

OI/\O o Me (@] o Me Reagents, } 0 (‘)é;O
Me% or Me% Solvent, Me \_/
Temperature, Mo X
143 152 sealed tube 148
. % Yield
Entry SM Temp Reagents (equiv) Solvent (M) (BRSM)

1 143 100 Na2S20s (5) HFIP:H20 (4:1) 0.4 M 21

2 152 100 Na2S20s (5) HFIP:H,0 (4:1) 0.2 M 6

3 143* 100 Na2S20s (5) KHSO4 (2) MeOH/H20 (4:1) 0.4 M 7-18

4 1432 100 NazS20s (5) KHSO4 (2) MeOH/H20 (4:1) 0.28 M 8

5 143% 100 Na2S20s (5) KHSO4 (2) MeOH/H20 (4:1) 0.1 M 11-17
6 143 100  NazS;0s (4.6) KHSO4 (2.8) MeOH/H20 (4:1) 0.1 M 29

7 143 100 Na2S20s (5) KHSO4 (2) MeOH/H20 (4:1) 0.4 M 13-48
8 143 100 Na>S205 (5) KHSO4 (3) MeOH/H.0 (4:1) 0.4 M 6

9 143 100 NaS20s5 (5) KHSO:4 (2) MeOH/H20 (4:1) 0.1 M 36
10 143 100 Na2S20s (6) KHSO4 (3) MeOH/H20 (4:1) 0.2 M 20
11 143 100 Na>S»0s5 (10) KHSO4 (4) MeOH/H.0 (4:1) 0.4 M 20
12 143 100 NaHSOs (5) KHSO4 (2) MeOH/H20 (4:1) 0.4 M 10
13 152 50 NaS20s5 (5) KHSOq4 (2) MeOH/H20 (4:1) 0.4 M 14
14 152 80 Na2S20s (5) KHSO4 (2) MeOH/H20 (4:1) 0.4 M 32
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Table 2.4 Continued

Entry SM Temp Reagents (equiv) Solvent (M) z/gRYSI?\I/IC;
15 152 80 Na2S20s (5) KHSO4 (2) MeOH/H,0 (1:1) 0.4 M 18
16 152 100 Na2S20s (7) KHSO: (2) MeOH/H20 (4:1) 0.3 M 24
17 152 100 Na2S205 (10) KHSO4 (2) MeOH/H,0 (4:1) 0.2 M 22
18 152 100 NaHSOs (5) KHSOg4 (2) MeOH/H,0 (4:1) 0.4 M 19
19 152 100 NaHSOs (5) KHSOs4 (2) MeOH/H0 (4:1) 0.2 M 18
20 152 100 NaHSOs (10) KHSO4 (2) MeOH/H,0 (4:1) 0.2 M 38(58)
21 152 23 Na2S20s (5) KHSO: (2) MeCN/HCI (1:1) 0.05 M trace
22 152 23 NazS20s (5) KHSOs (2) THF/HCI (1:1) 0.05 M RSM (52%)
23 152 23 NazS,05 (10) KHSO4 (2) THF/H20 (1:1) 0.4 M trace
24 152 100 Na2S20s (5) KHSO: (2) MeCN/H20 (1:1) 0.2 M 24(32)
25 152 100 NaHSOs (5) KHSO4 (2) MeCN/H20 (1:1) 0.2 M trace
26 152 100 Na2S20s (5) KHSO: (2) EtOH/H20 (1:1) 0.2 M 7
27 152 100 Na2S20s (5) KHSO4 (2) THF/H20 (1:1) 0.2 M 10(22)
28 152 100 Na2S20s (5) KHSO: (2) IPA/H0 (1:1) 0.2 M 29(79)
29 152 100 Na2S20s (5) KHSO4 (2) Acetone/H.0 (1:1) 0.2 M 7(13)
30 152 100 Na2S20s (5) KHSO4 (2) n-propanol/Hz0 (1:1) 0.2 M 29(44)
31 152 100 Na2S20s (5) KHSOq (2) 1,4-Diox/H.0 (1:1) 0.2 M 40(60)
32 152 100 Na2S20s (5) KHSO4 (2) 1,4-Diox/H20 (1:1) 0.4 M 31(40)
33 152 100 Na>S205 (10) KHSO4 (2) 1,4-Diox/H20 (1:1) 0.2 M 29(40)
34 152 80 Na2S20s (5) KHSO4 (2) 1,4-Diox/H20 (1:1) 0.2 M 15(89)
35 152 120 Na2S20s (5) KHSOq (2) 1,4-Diox/H.0 (1:1) 0.2 M 27(40)
36 152 100 NaHSOs (5) KHSOs4 (2) 1,4-Diox/H.0 (1:1) 0.2 M 30(95)
37 152 100 NaHSOs (10) KHSO:4 (4) 1,4-Diox/H20 (1:1) 0.2 M 53(89)
38 152 100 NaHSOs (15) KHSO:4 (6) 1,4-Diox/H.0 (1:1) 0.2 M 62(99)
39 143 100 NaHSOs (15) KHSO:4 (6) 1,4-Diox/H20 (1:1) 0.2 M 60(71)
40 143 100 NaHSOs (20) KHSO:4 (8) 1,4-Diox/H.0 (1:1) 0.2 M 61(79)

dCarried forward crude from coupling

Finally, variance in organic co-solvent was done and more significant changes were seen

(entries 21-31). EtOH gave very little conversion. Acetone, THF, and n-propanol also resulted in

poorer yields of 148, although we were able to recover some unreacted ketone 152. Isopropanol

and 1,4-Dioxane were both observed to allow for further recovery of 152, and therefore 1,4-

Dioxane was chosen as the co-solvent due to its inherent slightly higher yield of sulfolene 148

(entry 31). Attempts to concentrate the reaction, increase the equivalences of sodium metabisulfite

used, or raise and lower the reaction temperature showed decreased efficiency of the reaction

(entries 32-35). We were pleased to find that changing the SO> source to that of sodium bisulfite

(NaHSOs3) showed great yields based on recovered starting material, slowly increasing the base
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yield of ketone 148 as equivalences of the reagents were increased (entries 36-38). Finally, it was
shown that no need for a prior deprotection of the coupled product (E)-143 was needed, and the
deprotection/protection steps could be done in one reaction pot to yield sulfolene 148 in 61% yield,
79% BRSM (entries 39 and 40).

2.6.5 Four-Step Asymmetric Sequence and Optimization

With the sulfolene formation now accomplished, we turned our attention toward the
synthesis of enone 141. We found that we were able to circumvent the use of 0.5 equivalents of
CBS as shown in prior syntheses®” and instead use 1 mol % of Noyori catalyst with in situ formed
H. gas'® to asymmetrically reduce the ketone in 148, which resulted quantitatively in the alcohol
167. The catalytic cycle for this transformation is shown in Figure 2.15. RuCI[(R,R)-
TsDPEN](mesitylene) | first undergoes solvation and loss of its chlorine ligand to form it’s
16e" cationic species I, which upon dissociation of the solvent and incorporation of hydrogen gas
it forms reversibly the n2-Hz complex 111. The H gas is formed via deprotonation of formic acid
with triethylamine which leads to spontaneous decarboxylation. Finally, deprotonation of 111 with
the chloride anion in a reversible fashion leads to the active catalytic hydride species 1V, which
upon coordination to our substrate 148 via hydrogen-bond formation of the free secondary amine
and carbonyl will lead to selective reduction from the si face,% and upon HCI incorporation will

reform our catalyst | and the chiral product 167.
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Figure 2.15 Catalytic Cycle for the Noyori Asymmetric Hydrogenation

During our synthesis, it was found that 167 degraded to uncharacterizable byproducts upon
isolation in a manner of hours. The crude product was thus carried forward into the Achmatowicz
step, resulting in the hemiketal 168 (Table 2.5). Of note, we were able to circumvent the use of
VO(acac): as well at this point and use a much greener and commercially available method.®” This
hemiketal material, as expected, was not isolable and the crude product immediately was used

again in the next step. After carrying out the Kishi reduction and then removing the sulfolene via
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a retro 4+1 to reform the diene in 141, we noticed that a small amount of 147 was still forming in
a 10:1 ratio, in 28% yield over the 4 steps (entry 1). As for why a small amount of triene still
forms, results yet remain unclear. It’s likely that the sulfolene group appears to be deprotecting a
small amount during this multistep sequence, and then undergoing the B-elimination as before. To
improve on the ratio and overall yield of this sequence, we carried out another small optimization,
this time of the Kishi reduction step. We lowered the equivalents of the Lewis acid and Et3SiH,
obtaining enone 141 as the sole product via NMR and in similar yield (entry 2). Warming the
reaction to 0°C resulted in full degradation of the starting material, and use of a Brgnsted acid at -
45°C in lieu of a Lewis Acid resulted in 33% yield but a 2:1 mixture of 141:147 (entries 3 and 4).
Letting the reaction warm only slightly as well as increasing the number of equivalents of Et3SiH
decreased the yield, however maintained the great selectivity (entry 5). At this point, it was
decided to do a head to head comparison of the Brgnsted and Lewis acids and let the reaction run
for several hours at -78°C. It was seen that TFA resulted in only enone triene 147 forming, whilst
BFs+Et20 achieved the transformation in great yield (60%) of 141 over 4 steps and good ratio
(>10:1, entries 6 & 7).
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Table 2.5 Four Step Sequence and Optimization of the Kishi Reduction
RuCI[(R,R)-TsDPEN]

. HO
0 O\ o (mesitylene), o Q\ 0 KBr, Oxone,
W 2
Me \ 57~  HCOH, TEA, Me)\@/IS) NaHCOs,
x 167 Me™

148 Me CH,Cl,, 30°C THF:H,0,

(4:1), 0°C

e Lewis/Bronsted Acid, o) Toluene,

Mej//\ojojf;o Et,SiH, MGW 150°C
_ — 7 — 60%
o) Me CH,Cl,, temperature o) Me (4 steps)
168 169
Hq Me Me
Mej//a\(jb/\/\/ Me:'//\oj/\/\/
&
077 077
141 147
Entry Acid (eq) EtsSiH (eq) Temp Yield (4 steps) Ratio 141:1472
1 BF:.Et20 (2), (2.5) -78°C 28% 10:1
2 BFs.Et.O (1.2), (1.2) -78°C 24% >20:1
3 BF.Et20 (3), (3) -78°Cto 0°C degraded ND
4 TFA (15), (10) -45°C 33% 2:1

5) BF.Et20 (5), (5) -60°C to -45°C 20% >20:1
6 TFA (2), (6) -78°CP ND 1:>20
7 BF3.Et20 (2), (6) -78°CP 60% >10:1

aRatio determined via *H NMR

As only one diastereomer was detectable via *H NMR, a proposed transition state for this
observation is presented in Figure 2.16. Attack of the hydride to the bottom face (170) results in
the more stable half chair in which the bulky sulfolene moiety rests pseudo-equatorial (172)
Approach of the reductant to the top face as shown in 171 is hindered due to the up-facing methyl
group, and would result in a pseudo-axial sulfolene moiety (173). We were able to support the cis
relationship via 2D NMR correlation of Ha and Hy in enone 174, and determine its ee to be >98%
via chiral HPLC coming from the desymmetrization at the Noyori reduction step (Figure 2.17).

To the best of the authors knowledge this is the first instance of sulfolene’s use as a diene protecting

group.
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2.6.6 Synthesis of Tetrahydropyranyl Amine

With the construction of enone 141 now completed we’ve synthesized the common
intermediate from our prior work,®® and we’re two steps away from the THP amine 92. In previous
work it was shown that Gilman formation using CuBreDMS gave a 10:1 diastereomeric ratio. We
were able to improve on this by using flame-dried Cul, forming the Gilman reagent at 0°C, then
cannulating 141 to this solution at -78°C. This resulted in 91% yield of the desired product as the
sole isomer as detected by *H NMR (Scheme 2.20). The stereoselectivity in the Michael addition
is the result of chelation by the Gilman reagent to the top face inserting the methyl group in an
axial fashion (intermediate 175), which would otherwise be unfavored.®®% An excerpt of the
spectral comparison of this isomer to another *H NMR showing a 2:3 dr ratio (undesired epimer

the major product) of the same molecule is shown in Figure 2.18.

Me_ _Me Favored

Me MeLi, Li”  Cunl.g (axial) Me
Me © s Cul, | Mey_ O P
[
07 F THF, -78°C, o Mo
141 91%,
>20:1 dr 132

equatorial 175 |

Scheme 2.20 Synthesis of B-methyl Ketone 132 and Proposed Intermediate
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With the B-methyl ketone in hand the last step to undergo is the stereoselective reductive
amination. In the past we’ve shown this reduction to occur in 63% yield and up to an 8.5:1 dr.
This stereoselectivity likely comes from the iminium ion being attacked from the equatorial
position as opposed to the axial attack as the methyl group on the top blocks the face (176, Scheme
2.21)1% \We were able to improve upon this by cooling the reaction to 0°C and letting it warm

slowly to ambient temperature, resulting in one isomer detectable via NMR and in 82% yield.

S axial attack
H-BR; (Unfavored)

- f .

Me  NH,OAc, TFA, | HN e Me Me
Mej//\o;(\/\/ NaBH(OAc), w Me__O N
J— — I

—
o M THF, 82%, |ReB~H H,N Me

e
132 >20:1dr 176 92

— equatorial attack =
(Favored)

Scheme 2.21 Synthesis of the Tetrahydropyranal Amine 92
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2.7 Conclusion

In conclusion, we developed a novel copper-catalyzed Stille cross-coupling reaction
between a stannyl furan and allyl bromides. This reaction is the first shown to be able to occur in
the absence of palladium with catalytic (5 mol %) amounts of copper salts under ambient
conditions and without the need for any external ligands or otherwise intramolecular chelation to
undergo the transformation. We were able to apply this coupling in a multigram scale in our new
concise formal synthesis of FR901464 derivatives. During said synthesis, we optimized the
coupling in order to significantly improve the stereo- and regioselectivity, created and optimized
the use of a novel diene protecting group to avoid the formation of an undesired triene moiety,
constructed and optimized an asymmetric 4-step one column sequence, and improved upon prior
steps to increase the stereoselectivity in the synthesis of the THP amine core. This core’s
stereochemistry and connectivity has been shown to be vital via past SAR studies and has been
used several times in the synthesis of FR901464 analogues, achieving the final compounds in only
two to three more linear steps (Figure 2.19).83848-8890 Npotaply, the 4 chiral centers present in the
THP amine are all constructed from that of the extremely prevalent natural product 2-acetyl furan,

found in a grand variety of foods.%® 66107
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Cyclopropane Spliceostatin A derivative, FR901464, (R = H); Spliceostatin A, (R = Me)
Org. Lett., 2018, 20, 7293 Org. Lett., 2013, 19, 5088
2 stepsl\ /2 & 3 steps
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Me 92
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Thailanstatin A methyl ester Spliceostatin E,
J. Org. Chem., 2018, 83, 5187 Org. Lett., 2014, 16, 6200

Figure 2.19 THP Amine’s Presence in the Literature
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2.8 Experimental Conditions
2.8.1 General Experimental Methods

All chemical and reagents were purchased from commercial suppliers and used without
further purification unless otherwise noted. Tetrahydrofuran was distilled from Na/Benzophenone
prior to use. All reactions were performed in oven-dried round-bottom flasks followed by flame-
drying under vacuum in the case of moisture-sensitive reactions. The flasks were fitted with rubber
septa and kept under a positive pressure of argon. Cannula were used in the transfer of moisture-
sensitive liquids. Heated reactions were ran using an oil bath on a hot plate equipped with a
temperature probe. TLC analysis was conducted using glass-backed thin-layer silica gel
chromatography plates (60 A, 250 um thickness, F-254 indicator). Flash chromatography was done
using a 230400 mesh, a 60 A pore diameter silica gel. Organic solutions were concentrated at
30—35 °C on rotary evaporators capable of achieving a minimum pressure of ~25 Torr and further
concentrated on a Hi-vacuum pump capable of achieving a minimum pressure of ~4 Torr. H
NMR spectra were recorded on 400, 500, and 800 MHz spectrometers. *3C NMR spectra were
recorded at 100, 125, and 200 MHz on the respective NMRs. Chemical shifts are reported in parts
per million and referenced to the deuterated residual solvent peak (CDCls, 7.26 ppm for *H and
77.16 ppm for 3C). NMR data are reported as & value (chemical shift), J-value (Hz), and
integration, where s = singlet, bs = broad singlet, d = doublet, t = triplet, g = quartet, p = quintet,
m = multiplet, dd = doublet doublets, and so on. Optical rotations were recorded on a digital
polarimeter. Low resolution mass spectra (LRMS) spectra were recorded using a quadrupole
LCMS under positive electrospray ionization (ESI+). High-resolution mass spectrometry (HRMS)
spectra were recorded at the Purdue University Department of Chemistry Mass Spectrometry
Center. These experiments were performed under ESI+ and positive atmospheric pressure

chemical ionization (APCI+) conditions using an Orbitrap XL Instrument.
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2.8.2 Experimental Procedures

Furyl Dioxolane 106.1%® To a one-neck oven dried 500 mL round bottom flask equipped
with a Dean-Stark apparatus and reflux condenser 2-acetyl furan 105 (10 g, 91 mmol, 1.0 equiv)
was added followed by benzene (PhH, 181 mL, 0.5 M). To this, ethylene glycol (7.6 mL, 136
mmol, 1.5 equiv) and p-Toluenesulfonic acid monohydrate (PTSA*H20, 863 mg, 4.5 mmol, 5
mol %) were added sequentially and the reaction was refluxed at 150°C in order to remove water.
Reaction mixture turned gold after several hours, and overnight developed a dark maroon color.
Once reaction appeared to be complete via TLC analysis (75 hours), flask was cooled to ambient
temperature, quenched 1 M NaOH (200 mL), extracted with ethyl acetate three times, dried with
Na>S0s, and concentrated under reduced pressure. The crude mixture was purified via silica
column chromatography using 10% ethyl acetate:hexanes as the eluent. Furyl dioxolane 106 was
isolated as a brown liquid (12.8 g, 92%). TLC: silica gel (10% ethyl acetate:hexanes) R¢ = 0.39.
!H NMR (400 MHz, CDCls3) § 7.37 (t, J = 1.3 Hz, 1H), 6.32-6.30 (m, 2H), 4.07 — 3.99 (m, 4H),
1.74 (s, 3H). BC{*H} NMR (100 MHz, CDCls) § 154.6, 142.5, 110.0, 106.6, 104.9, 65.3, 24.5.

%

© O__snBu,
Me \ /

89

Furyl Organostannyl Dioxolane 89. To a two-neck oven dried 1 L round bottom flask furyl
dioxolane 106 (12.9 g, 117 mmol, 1.0 equiv) was dissolved in freshly distilled tetrahydrofuran
(THF, 195 mL) followed by tetramethylethylenediamine (TMEDA, 40 mL, 269 mmol, 2.3 equiv)
and cooled to -78°C. n-Butyl Lithium (1.6 M in hexanes, 95 mL, 152 mmol, 1.3 equiv) was added
slowly, changing the color of the reaction from gold to orange then dark green. The flask was let
warm to a range of -40°C to -20°C for a duration 2.5 hours. At this time the flask was cooled back
to -78°C. In a separate flask tributyltin chloride (CISnBus, 41.3 mL, 152 mmol, 1.3 equiv) in

freshly distilled THF (195 mL) was cooled to -78°C as well and cannulated into the reaction flask
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at the same temperature. Receiving flask went from brown with a golden fringe to orange. The
reaction was let warm slowly to ambient temperature over the course of 20 hours. The dark orange
solution was quenched with saturated NaHCO3 (300 mL), extracted with diethyl ether three times,
washed with brine, dried over Na>xSO4, and concentrated under reduced pressure. The crude
material was purified via column chromatography using Harrowven and coworkers procedure®’
(10% K>COag:silica stationary phase), and with a 2-10% ethyl acetate:hexanes gradient. Furyl
organostannyl dioxolane 89 was isolated as a brown oil (31.9 g, 61%). TLC: silica gel (20% ethyl
acetate:hexanes) Rf = 0.47 H NMR (500 MHz, CDCls) § 6.44 (d, J = 3.1 Hz, 1H), 6.30 (d, J =
3.1 Hz, 1H), 4.06 — 4.00 (m, 4H), 1.75 (s, 3H), 1.59 — 1.53 (m, 6H), 1.35 — 1.30 (m, 6H), 1.14 —
1.00 (m, 6H), 0.89 (t, J = 7.3 Hz, 9H). BC{*H} NMR (200 MHz, CDCls) § 161.2, 159.2, 121.7,
106.3, 105.1, 65.2, 29.1, 27.3, 24.4, 13.8, 10.3.
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General Procedure for Cu-Catalyzed Cross Coupling of model substrate*

,/\O Allyl Br?l)rmde ,/\O o ,/\O
o) (0] SnBu —>CU o) (0] + o + 0 0]
3 Additive = Me \ =
Me N\ / Me \ / Me N\ //
Solvent
89 104 107 106

To a two-neck oven dried round bottom flask containing furyl organostannyl dioxolane 89
(1.0 equiv) and solvent (0.1 molar), additive (0.1 equiv) and Cu' catalyst (5 — 50 mol %) was added.
Allyl bromide (2.0 equiv) was then added neat. Once reaction appears complete via TLC analysis
(3-120 hours depending on desired product and scale of reaction), saturated KF (0.1 Molar) was
added and let stir for a few minutes. The quenched reaction was then diluted with ethyl acetate,
extracted three times with said solvent, washed with brine/saturated LiCl, dried with Na>SO4, and
concentrated under reduced pressure. The crude material was then passed through a 10%
K.COs:Silica plug,®” using 10% ethyl acetate:hexanes as the eluent. Allyl furyl dioxolane 104 and
protodestannylated byproduct 106 coeluted and thus ratios were calculated via *H NMR. Allyl
furyl ketone 107 was isolable, if formed. The same stationary phase for the plug could be used
several times before needing to be replaced due to decreased flow & blockage. *In the case a
change of addition was indicated, 89 was dissolved in the solvent followed by the additive and the
bromide. In a separate flask Cul was then flame-dried under vacuum to form a canary yellow
color, then cooled under Argon and the reaction flask was cannulated to the copper flask and let

stir. Equivalences, workup, and purification all remained the same.

O,/\O 9]
v N
104

Allyl Furyl Dioxolane 104. TLC: silica gel (10% ethyl acetate:hexanes) R = 0.40 H
NMR (400 MHz, CDCl3) § 6.21 (d, J = 3.1 Hz, 1H), 5.97 — 5.87 (m, 2H), 5.16 — 5.08 (m, 2H),
4.05-3.98 (m, 4H), 3.38 (dg, J = 6.6, 1.4 Hz, 2H), 1.72 (s, 3H). BC{*H} NMR (100 MHz, CDCls)
0 154.1,153.1, 133.8, 117.1, 107.3, 105.9, 104.9, 65.2, 32.8, 24.5. LRMS-ESI (+) m/z: 195.1 [M
+ HJ]".
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Allyl Furyl Ketone 107. TLC: silica gel (10% ethyl acetate:hexanes) Rf = 0.24 'H NMR
(400 MHz, CDCl3) 6 7.11 (d, J = 3.5 Hz, 1H), 6.19 (d, J = 3.5 Hz, 1H), 5.93 (ddt, J = 16.8, 10.1,
6.7 Hz, 1H), 5.22 — 5.16 (m, 2H), 3.47 (d, J = 6.7 Hz, 2H), 2.43 (s, 3H). *C{*H} NMR (100 MHz,
CDCI3) 6 186.4, 159.6, 151.9, 132.4, 119.2, 118.3, 108.8, 33.0, 25.9. LRMS-ESI (+) m/z: 151.1
[M + H]*.
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Diene Ester 150.1%° To a two-neck oven dried 500 mL round bottom flask MePPhsBr (8.4
g, 23.5 mmol, 1.07 equiv) was added with a stirbar and stirred under vacuum while heating the
flask to 110°C overnight. The flask was cooled under Argon then freshly distilled tetrahydrofuran
(THF, 157 mL, 0.14 M) was added followed by n-butyllithium (n-BuLi, 1.6 M in hexanes, 15 mL,
24 mmol, 1.1 equiv) at -78°C. Solution went from white slurry to golden. Flask was then allowed
to warm to 0°C over the course of an hour, and then re-cooled to -45°C and Ethyl-3-methyl-4-
oxocronate 149 (3 mL, 22 mmol, 1.0 equiv) was added slowly. Reaction went from golden orange
to pink. After two hours, reaction was pulled from -45°C bath and quenched H20 (150 mL), turning
purple. The crude mixture was extracted three times with diethyl ether, then concentrated under
reduced pressure on ice due to product volatility. The crude mixture was purified via a short silica
plug with 5% diethyl ether:hexanes as the eluent. Diene ester 150 was isolated as a clear liquid.
The product was taken on without any further purification. TLC: silica gel (10% ethyl
acetate:hexanes) Rf = 0.24 H NMR (400 MHz, CDCls3) § 6.40 (ddd, J = 17.4, 10.6, 0.8 Hz, 1H),
5.79 (s, 1H), 5.61 (d, J = 17.4 Hz, 1H), 5.38 (d, J = 10.6 Hz, 1H), 4.18 (g, J = 7.1 Hz, 2H), 2.27
(d, J=1.2 Hz, 3H), 1.28 (t, J = 7.2 Hz, 3H). ¥C{*H} NMR (126 MHz, CDCl3) § 167.1, 152.1,
140.3, 120.2, 119.5, 60.0, 14.5, 13.2.

Me

HOW

151

Diene Alcohol 151. To a two-neck oven dried 500 mL round bottom flask lithium
aluminum hydride (LAH, 1 g, 27 mmol, 1.5 equiv) was added to diethyl ether (135 mL). In a
separate flask, diene ester 150 (2.5 g, 18 mmol, 1.0 equiv) was dissolved in diethyl ether (Et20, 43
mL) and cannulated to the flask containing LAH at 0°C. The reaction was removed from the ice
bath, equipped with a reflux condenser, and heated to reflux (50°C) for 2 hours. The reaction was
then cooled to 0°C again, quenched with ice and cold water slowly (100 mL) then 10% H>SO4

(100 mL). Reaction was then extracted with diethyl ether three times, dried over Na>SOs, and
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concentrated under reduced pressure on ice to yield diene alcohol 151 as a colorless liquid (1.7 g,
97% yield, 78% over two steps). TLC: silica gel (10% ethyl acetate:hexanes) Rs = 0.09 'H NMR
(500 MHz, Chloroform-d) & 6.39 (ddd, J = 17.4, 10.7, 0.7 Hz, 1H), 5.68 (t, J = 7.0 Hz, 1H), 5.22
(d, J=17.4 Hz, 1H), 5.07 (d, J = 10.7 Hz, 1H), 4.30 (d, J = 6.8 Hz, 2H), 1.79 (d, J = 1.1 Hz, 3H),
1.33 (bs, 1H). BC{*H} NMR (125 MHz, CDCls) § 140.8, 136.5, 130.5, 113.3, 59.5, 12.0.

BFW

144

Diene Bromide 144. To a one-neck oven dried 250 mL round bottom flask diene alcohol
151 was dissolved in diethyl ether (Et.O, 94 mL, 0.27 M) and cooled to 0°C. Tribromophosphine
(1.3 mL, 13.9 mmol, 0.55 equiv) was added (fuming occurred) and the reaction was let stir for 1.5
hours at 0°C. Reaction was then quenched with brine (100 mL), brought to ambient temperature,
and extracted with ether three times. The organic layer was dried over Na,SO4 and concentrated
under reduced pressure on ice. The crude material was then diluted with cold hexanes and filtered
through a cotton plug to remove majority of the phosphine oxide, and concentrated again under
reduced pressure on ice to yield diene bromide 144 as a yellow liquid (4 g, >99%), and was used
without further purification. TLC: silica gel (10% ethyl acetate:hexanes) Rs = 0.66, clearly
degrading on silica. *H NMR (400 MHz, CDCls) § 6.38 (ddd, J = 17.4, 10.7, 0.7 Hz, 1H), 5.78 (t,
J=8.9Hz 1H),5.30(d, J=17.4Hz, 1H),5.12 (d, J =10.7 Hz, 1H), 4.13 (d, J = 8.6 Hz, 2H), 1.85
(d, J = 1.3 Hz, 3H). ®C{*H} NMR (100 MHz, CDCl3) § 140.2, 139.9, 126.8, 114.9, 29.0, 11.6.
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Formation of Dioxolane Diene

Y% Me nBuLi Y%
o o. + /\)\/ ., O o Me
A~
Mem Br THF, 0°C to 23°C Mem/%@
106 144 (E/Z)-143

Initial attempts: To a two-neck oven dried 10 mL round bottom flask Furyl dioxolane 106
(81 mg, 0.53 mmol, 1.0 equiv) was dissolved in freshly distilled tetrahydrofuran (THF, 2.5 mL).
To this, n-butyllithium (n-BuLi , 1.6 M, 0.5 mL, 0.79 mmol, 1.5 equiv) was added at 0°C. The
reaction turned teal, then greener and finally yellow as it warmed to ambient temperature. After
50 minutes the reaction was cooled back to 0°C and a solution of diene bromide 144 (127 mg, 0.79
mmol, 1.5 equiv) in 2.5 mL THF was cannulated in. After 2.5 hours, the reaction was quenched
with saturated NH4CI (5 mL), extracted three times with ethyl acetate, washed with brine, dried
with NaSO4, and concentrated under reduced pressure. The crude material was purified via silica
column chromatography using 3-5% ethyl acetate:hexanes as the gradient. Dioxolane furyl diene

143 was isolated as a clear yellow liquid (54 mg, 44% yield, mixture of isomers).

0 e Cs,CO4, NaCl 0 M
0 24Vs, 0 e
MGWSHBUJ BrW " \O N
MeCN, 23°C
89 144 (E)-143

Optimized Copper Coupling: To a two-neck oven dried 500 mL round bottom flask
stannane 89 (7.34 g, 16.6 mmol, 1.0 equiv) was dissolved in acetonitrile (MeCN, 125 mL). To
this, Cs2CO3 (1.0 g, 3.3 mmol, 0.2 equiv) was added. Diene bromide 144 (4.0 g, 25 mmol, 1.5
equiv) in 41 mL MeCN was then cannulated to the reaction mixture, then copper (I) iodide (Cul ,
158 mg, 0.8 mmol, 5 mol %) and NaCl (1.0 g, 18 mmol, 1.1 equiv) was added and reaction let stir.
After the reaction appeared complete via TLC analysis (24-96 hours depending scale of reaction),
it was concentrated down under reduced pressure. The crude material was purified via column
chromatography using Harrowven and coworkers procedure®” (10% K2COs:silica stationary
phase), and with a 1-20% ethyl acetate:hexanes gradient. Dioxolane furyl diene (E)-143 was
isolated as yellow liquid (3.42 g, 88% yield).
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Dioxolane Furyl Diene 143. TLC: silica gel (10% ethyl acetate:hexanes) R¢ = 0.39 *H
NMR (400 MHz, CDCl3) § 6.41 (ddd, J = 17.4, 10.7, 0.7 Hz, 1H), 6.20 (d, J = 3.1 Hz, 1H), 5.89
(dt,J=3.1,1.0 Hz, 1H), 5.64 (t, J = 7.3 Hz, 1H), 5.16 (d, J = 17.4 Hz, 1H), 5.00 (d, J = 10.7 Hz,
1H), 4.05 — 4.00 (m, 4H), 3.48 (d, J = 7.4 Hz, 2H), 1.80 (d, J = 1.1 Hz, 3H), 1.72 (s, 3H). ’C
NMR (100 MHz, CDCls) 6 154.3, 153.0, 141.1, 136.1, 127.0, 111.9, 107.3, 105.5, 104.8, 65.2,
27.4,24.4,11.9. HRMS-APCI (+) m/z: calcd for C14H1903 [M + H]", 235.1329; found, 235.1332.

\Me o
Me O \O OJ
o
© 161

Furyl Dioxolane Dimer 161. TLC: silica gel (10% ethyl acetate:hexanes) R = 0.09 'H
NMR (400 MHz, CDCl3) § 6.48 (d, J = 3.3 Hz, 1H), 6.36 (d, J = 3.3 Hz, 1H), 4.08 — 4.01 (m, 4H),
1.76 (s, 3H). BC{*H} NMR (100 MHz, CDCls) § 153.85, 146.28, 108.40, 105.74, 104.81, 65.29,
24.57. LRMS-ESI (+) m/z: 307.1 [M + H]*.
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MeCN, 23°C acetone, 23°C
89 144 152

2-Step Copper Coupling and Deprotection: To a two-neck oven dried 100 mL round
bottom flask furyl organostannyl dioxolane 89 (970 mg, 2.2 mmol, 1.0 equiv) was dissolved in
acetonitrile (MeCN, 15 mL). To this, Cs2COs3 (143 mg, 0.4 mmol, 0.2 equiv) was added. Diene
bromide 144 (705 mg, 4.4 mmol, 2.0 equiv) in 7 mL MeCN was then cannulated to the reaction
mixture, then copper (1) iodide (Cul, 21 mg, 0.1 mmol, 5 mol %) was added and reaction let stir.
After the reaction appeared complete via TLC analysis (24-96 hours depending on scale of
reaction), it was concentrated down under reduced pressure, taken back up in ethyl acetate (20
mL), brine (10 mL), and water (10 mL). It was extracted three times with ethyl acetate, then the
organic layers were washed with brine, dried with Na>SOas, and concentrated under reduced
pressure. The crude material was purified via column chromatography using Harrowven and
coworkers procedure®” (10% K,COs:silica stationary phase), and with 10% ethyl acetate:hexanes
as the eluent. The fractions containing dioxolane furyl diene (E)-143 were concentrated under
reduced pressure and carried on to the next step (479 mg, 94%).

To a one-neck oven-dried 50 mL round bottom flask dioxolane furyl diene (E)-143 (479
mg, 2.0 mmol, 1.0 equiv) was dissolved in acetone (25 mL, 0.08 M), and p-Toluenesulfonic acid
monohydrate (430 mg, 2.2 mmol, 1.1 equiv) was added. Reaction went from yellow to a greenish-
gold color. After the reaction appeared complete via TLC analysis (2 hours), it was concentrated
down under reduced pressure and purified via silica column chromatography using 5% ethyl
acetate:hexanes as the eluent. Ketone furyl diene 152 was isolated as a yellow oil (349 mg, 90%,

85% over two steps).

Q 0 Me
MGW
(E)-152

Ketone Furyl Diene (E)-152. TLC: silica gel (20% ethyl acetate:hexanes) Rt = 0.24 'H
NMR (400 MHz, CDCl3) & 7.09 (d, J = 3.5 Hz, 1H), 6.39 (ddd, J = 17.4, 10.7, 0.7 Hz, 1H), 6.15
(dt, J=3.5,1.0 Hz, 1H), 5.63 (dddd, J=7.4, 6.8, 1.4, 0.7 Hz, 1H), 5.18 (d, J = 17.2 Hz, 1H), 5.02
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(d, J=10.7 Hz, 1H), 3.55 (d, J = 7.4 Hz, 2H), 2.42 (s, 3H), 1.80 (s, 3H). *C{*H} NMR (100 MHz,
CDCI3) 6 186.2, 159.8, 151.8, 140.7, 137.0, 125.2, 119.2, 112.6, 108.5, 27.7, 25.8, 12.0. HRMS-
ESI (+) m/z: calcd for C12H1402Na [M + Na]*, 213.0886; found, 213.0885

W
Me \ = Me
(2)-152

Ketone Furyl Diene (Z)-152. Part of mixture of isomers, only *H NMR shifts could be
determined. TLC: silica gel (20% ethyl acetate:hexanes) R = 0.24 *H NMR (400 MHz, CDCls)
67.12-7.09 (m, 1H), 6.76 (ddd, J =17.2, 10.8, 0.9 Hz, 1H), 6.17-6.15 (m, 1H), 5.54 (t, J = 7.6 Hz,
1H), 5.35—5.28 (m, 1H), 5.22 — 5.15 (m, 1H), 3.62-3.58 (m, 2H), 2.49 (s, 3H), 1.88 (d, J = 1.3 Hz,
3H). LRMS-ESI (+) m/z: 191.1 [M + H]".
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General Procedure for 1+4 chelatropic sulfolene formation of 143 and 152

(o]
O[/\O o Me (@) o Me Reagents, 0 (‘)é/o
Me \ // AN O MG)W Solvent, Me \_/
Temperature, Me X
143 152 sealed tube 148

A thick-walled sealed tube reaction vessel was fitted with a stir bar and septa. The
apparatus was flame-dried under vacuum then cooled under argon. Solvents were pre-bubbled
with argon for at least ten minutes beforehand, and then starting material (either dioxolane furyl
diene 143 or ketone furyl diene 152, 1.0 equiv) in a one-neck oven dried round bottom flask was
dissolved in the freshly bubbled solvent (0.1-0.4 Molar) and cannulated to the sealed tube. The
reagents (2-15 equiv, KHSO4 added first if used) were then added to the reaction vessel and the
tube was sealed and heated to the desired temperature. After 24 hours, the vessel was cooled down
to 0°C and opened. If TLC analysis showed reaction still in progress it was resealed and heated
back up until reaction either complete or if TLC analysis showed no further progression. Reaction
would then be diluted with ethyl acetate (0.1 M) and H>O (0.1M) and extracted with ethyl acetate
four times. Organic layers were then washed with brine, dried with Na>SQO4, and concentrated
under reduced pressure. The crude material was purified via silica gel column chromatography
using 10-70% ethyl acetate:hexanes as the gradient to recover any unreacted ketone furyl diene
152 and sulfolene ketone 148 as clear yellow oils. Sulfolene ketone 148 would solidify to a yellow
white solid (6-62%, 6->99% BRSM) once concentrated under reduced pressure with diethyl ether

three times iteratively.

(0] o o
&=0
Me \ / S
~
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148

Sulfolene Ketone 148. TLC: silica gel (60% ethyl acetate:hexanes) Rs = 0.24 'H NMR
(400 MHz, CDCl3) 8 7.11 (d, J = 3.5 Hz, 1H), 6.45 (dt, J = 3.5, 0.8 Hz, 1H), 5.70 (tt, J = 3.1, 1.6
Hz, 1H), 3.94 — 3.85 (m, 1H), 3.77 — 3.61 (m, 2H), 3.35 — 3.19 (m, 2H), 2.43 (s, 3H), 1.85 - 1.83
(m, 3H). BC{*H} NMR (100 MHz, CDCl3) & 186.2, 155.5, 152.2, 137.6, 119.1, 118.4, 111.2,
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65.5, 55.9, 26.9, 26.0, 18.2. HRMS-ESI (+) m/z: calcd for C12H1404SNa [M + Na]*, 277.0505;
found, 277.0502

Divinyl Ketone 153. See chapter 2.6.3.2 and 2.6.3.3 for discussion on the formation,
isolation, and characterization of this substrate. TLC: silica gel (20% ethyl acetate:hexanes) Rs =
0.24. 'H NMR (800 MHz, CDCl3) & 7.11 (d, J = 3.5 Hz, 1H), 6.22 (d, J = 3.5 Hz, 1H), 6.04 (dd,
J=17.4,10.5 Hz, 2H), 5.18 (d, J = 10.5 Hz, 2H), 5.04 (d, J = 17.4 Hz, 2H), 2.44 (s, 3H), 1.54 (s,
3H). BC{*H} NMR (200 MHz, CDCl3) § 186.7, 163.8, 152.3, 141.6, 118.3, 114.7, 108.6, 46.1,
26.0, 23.5. LRMS-ESI (+) m/z: 191.1 [M + H]*.
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Sulfolene Alcohol 167. To a one-neck oven dried 10 mL round bottom flask equipped
with a reflux condenser ketone sulfolene 148 (80 mg, 0.31 mmol, 1.0 equiv) was dissolved in
dichloromethane (DCM, 3.1 mL, 0.1 M). Triethylamine (TEA, 329 uL, 2.4 mmol, 7.5 equiv) and
formic acid (HCO2H, 89uL, 2.4 mmol, 7.5 equiv) were added sequentially and evolution of H> gas
was observed. [N-[(1R,2R)-2-(Amino-kN)-1,2- diphenylethyl]-4-methylbenzenesulfonamidato-
kN]chloro [(1,2,3,4,5,6-1)-1,3,5-trimethylbenzene]-ruthenium (RuCI[(R,R)-
TsDPEN](mesitylene), 2 mg, 0.003 mmol, 1 mol %) was added last, and the reaction was heated
to reflux (30°C). After reaction appeared complete TLC analysis (24-48 hours), solution was
cooled and concentrated down under reduced pressure and passed through 10% K.COs:Silica plug,
using 65% ethyl acetate:hexanes as the eluent. Solution was concentrated down under reduced
pressure again, and the crude material taken on immediately to the next reaction.*

*Note: When doing any transfers of the crude mixture ethyl acetate was found to be a
necessity. If crude came into contact with dichloromethane or deuterated chloroform for the NMR
analysis it appeared to degrade very quickly afterwards before next reaction could be set up. NMR
data was able to be quickly taken a single time however sample degraded before material could be
recovered and used in next step (Figure 2.49 and Figure 2.50). The use of a 10% K>COs:Silica
plug appeared to less degrade 167 as opposed to tradition silica and celite plugs. HRMS data was
able to be taken as well. TLC: silica gel (60% ethyl acetate:hexanes) Rf = 0.22. H NMR (400
MHz, CDClz) 6 6.16 — 6.12 (m, 2H), 5.66 (bs, 1H), 4.81 (q, J = 6.6 Hz, 1H), 3.82 (t, J = 6.4 Hz,
1H), 3.72 — 3.58 (m, 2H), 3.29 -3.07 (m, 2H), 2.14 (bs, 1H), 1.79 (bs, 3H), 1.50 (d, J = 6.6 Hz,
3H). BC{*H} NMR (100 MHz, CDCls) & (157.1, 157.0), (149.7, 149.6), 138.4, 118.0, (108.7,
108.7), (106.3, 106.2), (65.9, 65.8), (63.7, 63.6), 55.7, 26.9, (21.4, 21.3), 18.3. HRMS-ESI (+)
m/z: calcd for C12H1604SNa [M + Na]*, 279.0662; found, 279.0665

165



141

Enone Diene 141. To a one-neck oven dried 10 mL round bottom flask crude alcohol
sulfolene 167 (80.6 mg assumed, 0.31 mmol, 1.0 equiv) was dissolved in a tetrahydrofuran:H>O
mixture (2.5 mL:0.6mL, 0.1M) and cooled to 0°C. Potassium bromide (KBr, 3.7 mg, 0.03 mmol,
0.1 equiv), sodium bicarbonate (NaHCOs3, 13 mg, 0.16 mmol, 0.5 equiv), and oxone (213 mg, 0.35
mmol, 1.1 equiv) were added sequentially and the reaction let stir at 0°C for 1.5 hours. After the
reaction was observed to be complete via TLC analysis, it was quenched with saturated NaHCOs3
(3 mL), extracted three times with ethyl acetate, washed with brine, dried with Na>,SO4, and
concentrated under reduced pressure. The crude material was taken on immediately to the next
reaction. TLC: silica gel (60% ethyl acetate:hexanes) Rs = 0.30.

To aone-neck oven dried 10 mL round bottom flask crude hemiacetal (42.8 mg, 0.16 mmol,
1.0 equiv) was dissolved in dichloromethane (DCM, 1.6 mL, 0.1M) and cooled to -78°C. To this,
triethylsilane (EtsSiH, 151 pL, 0.94 mmol, 6.0 equiv), and boron trifluoride etherate (BF3*Et20,
39 pL, 0.31 mmol, 2.0 equiv) were added sequentially, and let stir at this temperature for at least
7 hours. The reaction would turn a dark orange gold or orange pink color. The reaction was then
pulled from the -78°C bath and quenched slowly with the addition of saturated NaHCO3 (2 mL,
bubbled violently). The organic layer was then extracted with DCM five times, dried Na;SOs, and
concentrated under reduced pressure. The crude material was taken on immediately to the next
reaction. TLC*: silica gel (60% ethyl acetate:hexanes) R = 0.54. *NOTE: TLC analysis during
reaction appears to not be reliable as it shows full conversion almost immediately, but if worked
up TLC of crude material then shows starting material (almost no conversion). This is likely due
to reaction occurring in spotter as transferred from flask to spotting on TLC. It was found that
letting the reaction run for several hours instead and then working it up showed full conversion via
crude TLC.

To a one-neck oven dried 50 mL round bottom flask equipped with a reflux condenser the
crude sulfolene enone (40 mg assumed, 0.16 mmol, 1.0 equiv) was dissolved in toluene (15.7 mL,
0.01 M) and heated to reflux (150°C). After reaction appeared complete via TLC analysis (3
hours), flask was cooled to ambient temperature and concentrated under reduced pressure. The
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crude material was then purified via 10% K»COs:silica chromatography®’ using 1-10% ethyl
acetate:hexanes as the gradient. Enone diene 141 was isolated as a yellow oil (18 mg, 60% over
four steps, >10:1 ratio of 141:147, >98% ee). TLC: silica gel (10% ethyl acetate:hexanes) Rf =
0.20. [0]p®® +76.2 (¢ 0.362, CHCIs); *H NMR (400 MHz, CDCls) § 6.90 (d, J = 10.3 Hz, 1H),
6.39 (dd, J =17.3, 10.6 Hz, 1H), 6.10 (d, J = 10.2 Hz, 1H), 5.55 (t, J = 7.1 Hz, 1H), 5.16 (d, J =
17.4 Hz, 1H), 5.01 (d, J = 10.7 Hz, 1H), 4.41 (t, J = 6.4 Hz, 1H), 4.09 (g, J = 6.5 Hz, 1H), 2.60 —
2.50 (m, 2H), 1.78 (s, 3H), 1.39 (d, J = 6.6 Hz, 3H). *C{*H} NMR (100 MHz, CDClz) § 197.1,
150.8, 141.0, 137.2, 127.0, 126.2, 112.1, 77.3, 74.0, 33.8, 15.6, 12.2. HRMS-ESI (+) m/z: calcd
for C12H1702 [M + H]*,193.1223; found, 193.1227
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147

Enone Triene 147. See chapter 2.6.1 for discussion on the formation, isolation, and
characterization of this substrate. TLC: silica gel (10% ethyl acetate:hexanes) R¢= 0.21. *H NMR
(800 MHz, CDCl3) 6 6.98 (d, J = 9.8 Hz, 1H), 6.57 — 6.51 (m, 2H), 6.02 (d, J = 12.0 Hz, 1H), 5.98
(d,J=9.8 Hz, 1H),5.33 (d, J = 17.3 Hz, 1H), 5.16 (d, J = 10.6 Hz, 1H), 4.64 (q, J = 7.0 Hz, 1H),
1.92 (d, J = 1.3 Hz, 3H), 1.49 (d, J = 6.9 Hz, 3H). BC{*H} NMR (200 MHz, CDCls) § 195.3,
147.3,141.3,141.1,139.3,124.9,121.5, 116.0, 114.7,78.0, 18.2, 12.4. LRMS-ESI (+) m/z: 191.1
[M + H]".

Me

132

B-Methyl Ketone 132. To a one-neck oven dried 10 mL round bottom flask copper (1)
iodide (Cul, 108 mg, 0.56 mmol, 3.0 equiv) was flame-dried under vacuum until a canary yellow
color, then cooled under argon. Diethyl ether (Et.O, 1.0 mL) was then added, the solution was
cooled to 0°C, and methyl lithium (MeLi, 3.1 M in diethyl ether, 371 pL, 1.15 mmol, 6.1 equiv)
was added and let stir at 0°C for 30 minutes. Reaction went from a yellow color to orange then
clear. In a separate flask, enone diene 141 (12 mg, 0.06 mmol, 1.0 equiv) was dissolved in Et,0
(1.35mL) and cooled to -78°C. The solution of the starting material was then cannulated to the in
situ formed Gilman reagent at -78°C and let stir. Reaction went from a yellow to orange yellow
color and eventually grew darker over time. Hours later it developed a dark brown-green color.
After reaction appeared complete via TLC analysis (5 hours), it was pulled from the bath and
quenched slowly with H.O (2.5 mL) and brought to ambient temperature. The crude mixture was
extracted with ethyl acetate three times, washed with brine, dried with Na2SOs, and concentrated
under reduced pressure. The crude material was purified via silica column chromatography using
5% ethyl acetate:hexanes as the eluent. p-methyl ketone 132 was isolated as a clear yellow oil
(34.5 mg, 91%). TLC: silica gel (10% ethyl acetate:hexanes) R¢ = 0.36. [a]o? -19.6 (c 0.467,
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CHCls); *H NMR H NMR (400 MHz, CDCls) § 6.39 (dd, J = 17.4, 10.7 Hz, 1H), 5.50 (t, = 7.4
Hz, 1H), 5.14 (d, J = 17.3 Hz, 1H), 4.98 (d, J = 10.7 Hz, 1H), 3.96 (g, J = 6.5 Hz, 1H), 3.90 (td, J
=7.0, 1.7 Hz, 1H), 2.64 (dd, J = 15.2, 6.1 Hz, 1H), 2.48 (dt, J = 14.0, 6.7 Hz, 1H), 2.38 — 2.25 (m,
3H), 1.78 (s, 3H), 1.28 (d, J = 6.5 Hz, 3H), 0.98 (d, J = 7.0 Hz, 3H). 3C{*H} NMR (200 MHz,
CDCls) §208.9, 141.3, 136.1, 128.1, 111.6, 79.7, 78.9, 46.9, 35.1, 31.6, 15.2, 13.3, 12.1. LRMS-
ESI (+) m/z: 209.1 [M + HJ*.8

Me

H,N Me
92

THP Amine 92. To an oven-dried 10 mL round bottom flask B-methyl ketone 132 (30 mg,
0.14, 1.0 equiv) was dissolved in tetrahydrofuran (THF, 2.88 mL, 0.05 M) and cooled to 0°C.
Ammonium acetate (NH4OAc, 222 mg, 2.88 mmol, 20 equiv), sodium triacetoxy borohydride
(NaBH(OAC)3, 152.6 mg, 0.72 mmol, 5.0 equiv), and trifluoracetic acid (TFA, 11 pL, 0.14 mmol,
1.0 equiv) were added sequentially and reaction was let warm slowly to ambient temperature.
Fuming and bubbling were observed upon addition of reagents. After TLC analysis indicated the
reaction was complete (44 hours), it was quenched with saturated NaHCO3 (3.0 mL), extracted
with ethyl acetate three times, washed with brine, dried with Na,SO4, and concentrated under
reduced pressure. The crude material was purified via silica column chromatography using 10%
MeOH:DCM as the eluent to yield amine 92 as a clear goo (24.8 mg, 82% yield) as the sole isomer
as detectable via *H NMR. TLC: silica gel (5% methanol:dichloromethane) Rf = 0.07 [a]p?® —4.0
(c 0.708, CHCIs); *H NMR (400 MHz, CDCls) § 6.36 (dd, J = 17.4, 10.7 Hz, 1H), 6.05 (bs, 2H),
544 (t,J=7.2 Hz, 1H), 5.10 (d, J = 17.3 Hz, 1H), 4.94 (d, J = 10.7 Hz, 1H), 3.62 (bs, 1H), 3.52 —
3.44 (m, 1H), 3.09 (bs, 1H), 2.40 (dt, J = 14.2, 6.7 Hz, 1H), 2.24 (dt, J = 15.1, 7.5 Hz, 1H), 2.15
(d, J =14.7 Hz, 1H), 2.02 - 2.00 (m, 1H), 1.80 - 1.72 (m, 4H), 1.26 (d, J = 6.6 Hz, 3H), 1.12 (d, J
= 7.4 Hz, 3H). 13C NMR (100 MHz, CDCls) § 141.5, 135.8, 128.3, 111.2, 80.9,75.1, 49.3, 35.6,
31.9,28.6,17.8, 14.5, 12.1. LRMS-ESI (+) m/z: 210.1 [M + H]*.83
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2.8.3 Spectral Data
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Figure 2.20 'H-NMR (400 MHz, CDCls) of Furyl Dioxolane 106
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Figure 2.21 *C-NMR (100 MHz, CDClIs) of Furyl Dioxolane 106
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Figure 2.22 'H-NMR (500 MHz, CDCls) of Furyl Organostannyl Dioxolane 89
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Figure 2.31 C-NMR (125 MHz, CDCls) of Diene Alcohol 151
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Figure 2.47 *H-NMR (400 MHz, CDClIs) of Sulfolene Ketone 148
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Figure 2.48 *C-NMR (100 MHz, CDCls) of Sulfolene Ketone 148
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Figure 2.50 *C-NMR (100 MHz, CDCls) of Sulfolene Alcohol 167
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Figure 2.51 *H-NMR (400 MHz, CDCls3) of Enone Diene 141
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(+)-Acetylaspidoalbidine (3, R = Ac)

ABSTRACT: Enantioselective syntheses of hexacyclic aspidoalbidine alkaloids (+)-fendleridine (2) and (+)-acetylaspidoalbi-
dine (3) are described. These syntheses feature an asymmetric decarboxylative allylation and photocyclization of a highly
substituted enaminone. Also, the synthesis highlights the formation of a C19-hemiaminal ether via a reduction/condensation/
intramolecular cyclization cascade with the C21-alcohol. The present synthesis provides convenient access to the aspidoalbidine
hexacyclic alkaloid family in an efficient manner.

H INTRODUCTION exhibit a broad range of intriguing pharmacological activity,
including anticancer and antibacterial among many others.”™”
Over the years, many strategies have been developed for their
syntheses in both racemic and enantioselective manner.">*~'°

The indoline alkaloids constitute a large family of mono-
terpene natural products that display immense structural

diversity."” The stmct.ural eore 'Of these natux:al products is However, general strategies for the synthesis of the subset
composed of polycyclic fused ring systems with contiguous aspidoalbidine family of alkaloids received relatively less
chiral centers as represented in aspidospermidine (1, Figure 1), attention because of further structural complexity. As shown,
one of the parent members.”* Several Aspidosperma alkaloids (+)-fendleridine (2), also known as aspidoalbidine, and (+)-1-
acetylaspidoalbidine (3) contain a unique C19-hemiaminal
TR ether functionality in place of the C19 C—N linkage typical of
¢ aspidosperma alkaloids.'"'> Other representative oxidized
forms of these natural products include (+)-haplocine (4),
(+) halploadme (8), (+)-cimicine (6), and (—)-aspidophytine

N H

(+)-Aspi idine (1) (+)-F idine (2, R = H) Fendlendme (2) was isolated from the Venezuelan tree

(+)-Acetylaspidoalbidine (3, R = Ac) Aspidosperma fendleri Woodson in 1964." Later, it was also
isolated from the Venezuelan tree species Aspidosperma
rhombeosignatum Markgraph in 1979.'® The corresponding 1-
acetyl derivative, 1-acetylaspidoalbidine, was first isolated from

N the Peruvian plant Vallesia dichotoma Ruiz et Pav in 1963."
OH %Et Fendleridine can be viewed as a biosynthetic product of the
o lizati f N-protected derivative of (+)-limaspermidine
Haplocine (4, R = E iniSing 6 cyclization of N-p: p
f:;.H:;ﬁggﬁ,f, (5,R= r)we) (el (8). A few syntheses of 1-acetylaspidoalbidine were carried out

by the oxidation and cyclization of 8."7*" The first total
synthesis of fendleridine (2) and I-acetylaspidoalbidine (3)
was reported by Ban and co-workers in 1975 and 1976.'%*!
Overman and co-workers in 1991 also reported a formal
synthesis of 1-acetylaspidoalbidine (3) in racemic form, usin,

the aza-Cope—Mannich reaction as the key transformation.”

(-)-Aspidophytine (7) (+)-Limaspermidine (8)

Received: January 15, 2019

Figure 1. Structures of selected aspidosperma alkaloids.
Published: April 2, 2019
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Subsequently, syntheses of (—)-aspidophytine (7) and
haplophytine, related members of the aspidoalbine family,
were reportedr”‘24 Boger and co-workers first reported a total
synthesis of (+)-fendleridine (2) and (+)-1-acetylaspidoalbi-
dine (3) and unambiguously established an absolute
configuration of these parent members.”® They utilized a (4
+2)/(3 + 2) cycloaddition cascade reaction that constructed
the pentacyclic framework.”® Movassaghi and co-workers
recently reported the syntheses of these alkaloids via oxidation
of the Cl9-iminium ion to install the C19-hemiaminal
functionality.”” These two syntheses employed the use of
chiral high-performance liquid chromatography (HPLC) and
enzymatic resolution, respectively, to separate out the sought
after intermediates. In this paper, we report an enantioselective
synthesis of (+)-fendleridine (2) and (+)-acetylaspidoalbidine
(3) in 10 and 11 steps, respectively, starting from readily
accessible starting materials.

B RESULTS AND DISCUSSION

Our retrosynthetic analysis of (+)-fendleridine and (+)-1-
acetylaspidoalbidine is shown in Scheme 1. As depicted, an N-

Scheme 1. Retrosynthesis of (+)-fendleridine and
(+)-acetylaspidoalbidine

(+)-Fendleridine (2, R = H)
(+)-Acetylaspidoalbidine (3, R = Ac)

U
o K 0
0~ ol

protected fendleridine would be obtained from the iminium
ion 9. We planned to construct the C19-hemiaminal ether
functionality with a defined stereochemistry through the
formation of a C19 imine from the C19 ketone and a C10
amine followed by intramolecular alkylation at C8 forming the
iminium ion structure 9. Removal of the protecting group on
the C21 alcohol would construct the C19-hemiaminal ether
functionality. The stereochemistry of the C19 stereocenter will
be defined based on the stereochemistry of the Cl2-
ethylamine and the CS alkoxyethyl group on structure 10.
The elaboration of the C12 aminoethyl functionality can be
achieved by alkylation of the hexahydrocarbazol-4-one 11. The
alkylation reaction with an appropriate electrophile will
presumably ensure the desired cis-stereochemistry depicted
on the substituted cyclohexanone derivative 10. We plan to
construct the hexahydrocarbozolone 11 by a photocyclization

5168

of an optically active enaminone 12 (R = Bn). Such
photocyclization would provide a mixture of diastereomers at
the C2 and C12 carbons. Our plan for photocyclization is
motivated by previous work by Gramain and co-workers who
have demonstrated photocyclization of related aryl enaminones
to form hexahzrdrocarbazolones with trans-ring junction
stereochemistry.”® The synthesis of enaminone 12 in an
optically active form can be achieved conveniently by using an
enantioselective Stoltz decarboxylative allylation reaction.”
Enaminone 13 (R = Bn) can be prepared on a multigram scale
from readily available starting materials, N-benzylaniline and
1,3-cyclohexanedione.

As shown in Scheme 2, our synthesis commenced with the
formation of a multigram quantity of enaminone 13 by

Scheme 2. Enantioselective Synthesis of Enaminone 17
o
@\ b __LDATHE /@/‘kj
, ©L
Ph) 18

aIIyI chloroformate
-78°Cto23°C

(76% brsm)

Cs,CO3 DMF
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i . oTBS
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16
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(88%)

1 TBAF, THF
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©\ 2 BzCl, DMAP ©\
TBSO' Et3N, CHyCl
0°Cto23°C

17 18, 82% ee

0/ X
96% (2-steps) used for chiral HPLC

condensation of N-benzylaniline and 1,3-cyclohexanedione in
toluene in the presence of p-TSA-H,0 at reflux for 40 h.
Subsequently, enaminone 13 was alkylated with LDA and
allylchloroformate at —78 to 23 °C for 18 h to afford f-keto
ester 14 in 62% yield. Alkylation of the f-keto ester 14 with
tert-butyl(2-iodoethoxy)dimethylsilane was carried out in
dimethylformamide (DMF) in the presence of Cs,COj; at
100 °C for 32 h to furnish a racemic keto ester 15 in 70%
yield* For catalytic asymmetric allylation, we planned to
utilize Pd,(dba), in combination with (S)-t-Bu-Phox ligand as
the prior work by Stoltz and co-workers already established
that (S)-t-Bu-Phox provides the best enantioselectivity for
allylation of enaminones.”’ Therefore, we investigated
enantioselective allylation in a number of solvents by exposure
of enaminone 15 to Pd,(dba), (5 mol %) and (S)-t-Bu-Phox
ligand (12.5 mol %) at 23 °C followed by heating the reaction
mixture to a specified temperature. As shown in Table 1, the
initial attempts to use toluene without deoxygenation resulted
in only a trace amount of the desired allylated product, with a
largely recovered starting material and a dealkylated by-
product Subsequently, we deoxygenated all solvents by
bubbling with argon for at least an hour prior to use. The
reaction in methyl tert-butyl ether was carried out at lower
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Table 1. Asymmetric Allylation of Enaminone 15

temperature
solvent F°C) duration  percent yield of 17 % ee of 18
toluene” 70 12h trace N/A
MTBE 40 12h trace N/A
THF 70 30 min 97% 77%
benzene 70 30 min 98% 81%
toluene” 70 30 min 88% 82%

“Solvent not degassed. PReaction carried out on a multigram scale.

temperature because of the volatility of the solvent. This
condition resulted in a trace amount of allylated product 17.
The reactions in tetrahydrofuran (THF) and benzene at 70 °C
however resulted in excellent yields of the allylated product 17.
To determine enantiomeric purity, compound 17 was
converted to the benzoate derivative 18. The HPLC analysis
of 18 using a CHIRALCEL OD-H column showed that
enantioselectivity of 17 was 77 and 81% ee, respectively (see
the Supporting Information for further details). Freshly
deoxygenated toluene was tested last and found to furnish
the optically active enaminone 17 in 88% yield and 82% ee. We
utilized this condition to prepare optically active enaminone 17
on a multigram scale.

The synthesis of the hexahydrocarbazolone ring system is
shown in Scheme 3. Our initial attempt to photocyclize 17 in

Scheme 3. Synthesis of Diastereomeric Alcohols 24 and 2§
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benzene with a mercury lamp (450 W) provided an
inseparable mixture (1:1) of frans-diastereomic indoline
derivatives 19 and 20 along with the corresponding oxidized
indole byproduct 21. Gramain and co-workers reported such a
photocyclization on an unsubstituted enaminone to provide a
hexahydrocarbazolone and the corresponding oxidized indole
product.”® We attempted optimization of the photocyclization
to inhibit the formation of indole byproduct 21. It turns out
that careful degassing of the apparatus with benzene as the
solvent and shorter reaction times afforded indolines 19 and
20 as the major products and only a trace amount of indole
byproduct 21. It is important to note that the photochemical
trans-indoline products are quite prone to oxidation to the
indole byproduct 21. Mechanistic insights into this photo-
cyclization reaction were recently reported by Bach and co-
workers.** For our synthesis, we utilized the crude mixture of
diastereomers for the next alkylation reaction immediately.
The crude photocyclization product mixture was treated with
KHMDS in THF at 23 °C, cooled to 0 °C, and then stirred
under the same temperature for 10 min. Bromoacetonitrile was
added and the reaction was stirred for 40 min at 0 °C. This
provided inseparable cis-diastereomeric products 22 and 23 in
63% yield in two steps‘mb

Hydroboration of the mixture of nitrile derivatives with in
situ formed Cy,BH in freshly distilled THF at 0—23 °C for 2.5
h followed by oxidation with NaBO;-4H,0 afforded a 1:1
mixture of alcohols in 98% combined yield.34 The mixture was
separated by silica gel chromatography to provide alcohols 24
and 25 as pure separable compounds. The stereochemical
identity of 24 and 25 was primarily determined using extensive
'"H NMR NOESY experiments (see the Supporting Informa-
tion for details).

To further ascertain the stereochemical identity of alcohols
24 and 28§, our plan was to convert them to the respective
spiroketal derivative, thus creating a more rigid conformation
for two-dimensional (2D) nuclear magnetic resonance (NMR)
analysis. As shown in Scheme 4, alcohols 24 and 25 were
converted to the corresponding tosylate derivatives 26 and 27
in 79 and 85% yields, respectively. The TBS group of tosylate
26 was then removed by exposure to TBAF in THF at 23 °C
for 7.5 h. This resulted in the formation of a spiroketal
derivative 28 in the near-quantitative yield. Similarly, we have
converted 27 to a spiroketal derivative 29 in excellent yields.
The stereochemical assignment of the diastereomeric spiroke-
tals 28 and 29 was carried out by extensive 2D NMR studies.
The results are summarized in Figure 2. The observed specific
NOESY interactions between H,—H;, and H,—H_ for
spiroketal 28 are consistent with the depicted chemistry.
Similarly, the observed NOESY interactions between H,—H,
and H,—H, support the assigned stereochemistry of spiroketal
29 (see the Supporting Information for more details). On the
basis of these stereochemical assignments of spiroketal
structures 28 and 29, we then speculated that if the assigned
stereochemistry of tosylate 27 is correct, our planned
formation of iminium ion 9 (R = Bn, PG = TBS) may not
be feasible upon reduction of nitrile to amine from 27.
Reduction of nitrile 27 was carried out by exposure to Ra—Ni
2800 in methanol under 60 psi hydrogen in a parr apparatus at
23 °C for 21 h. These conditions resulted in the formation of
the corresponding ethyl amine, which concomitantly cyclized
to imine 30. This further corroborated our assignment of
stereochemical identity.
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Scheme 4. Stereochemical Studies of Ketal Products 28 and
29
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Figure 2. Representative NOESY correlation of compounds 28 and
29.

Tosyl derivative 26 was readily converted to (+)-fendler-
idine 2 as shown in Scheme S. Tosylate 26 was subjected to
Ra—Ni 2800 under hydrogen at 60 psi to afford a highly polar
iminium salt 31. Treatment of the crude salt 31 with TBAF at
0-23 °C for 13.5 h removed the silyl group and concomitantly
formed the Cl9-hemiaminal ether. Purification over basic
alumina provided benzyl derivative 32 in 62% yield over two
steps. The N-benzyl group was successfully deprotected using
lithium in liquid NH; at —78 °C for 1.5 h to furnish synthetic
(+)-fendleridine 2 in 70% yield after purification by alumina
using 5% ethyl acetate in hexanes as the eluent. The '"H NMR
and ®C NMR spectra of synthetic (+)-fendleridine 2 {[a]}
+53.7 (c 0.2, CHCl;)} are in complete agreement with the
reported”>” spectra for synthetic and natural (+)-fendleridine.
We have also converted (+)-fendleridine 2 to its acetyl
derivative by acetylation with acetic anhydride and pyridine in
CH,Cl, at 23 °C for 1 h to provide synthetic (+)-l-acetyl-
aspidoalbidine 3 {[a]}’ +30.2 (¢ 0.15, CHCl,)} in quantitative
yield after purification over alumina column. The "H NMR and
BC NMR spectra of synthetic (+)-1-acetyl-aspidoalbidine 3

5170

Scheme S. Synthesis of (+)-Fendleridine and (+)-1-
Acetylaspidoalbidine
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spectra with

B CONCLUSIONS

In summary, we have developed a short and enantioselective
total syntheses of (+)-fendleridine and (+)-1-acetylaspidoali-
bidine. The syntheses of (+)-fendleridine and (+)-1-
acetylaspidoalbidine were achieved in 10 and 11 steps,
respectively, from readily available starting materials. The
synthesis highlights the construction of the highly substituted
hexahydrocarbazolone ring system by a photochemical
reaction. The synthesis also utilizes the enantioselective
formation of an enaminone containing a quaternary carbon
center by Stoltz decarboxylative allylation processes. The
chirality on the enaminone ensures the formation of the unique
C19-hemiaminal ether functionality inherent to the aspidoal-
bine family of alkaloids. The Ra—Ni-catalyzed reduction of
nitrile and subsequent cascade cyclization to iminium salt lead
to the formation of Cl19-hemiaminal ether very efficiently.
Further application of photocyclization and synthesis of
pharmacologically important indoline alkaloids are underway.

B EXPERIMENTAL SECTION

General Procedural/Analytical Methods. All reactions were
performed in oven-dried round-bottom flasks followed by flame-
drying in the case of moisture-sensitive reactions. The flasks were
fitted with rubber septa and kept under a positive pressure of argon.
Cannula were used in the transfer of moisture-sensitive liquids.
Heated reactions were allowed to run using an oil bath on a hot plate
equipped with a temperature probe. Hydrogenations were carried out
using a Parr shaking apparatus inside a thick-walled nonreactant
borosilicate glass vessel. Photochemical transformations were done
using a Hanovia 450 W Hg lamp. TLC analysis was conducted using
glass-backed thin-layer silica gel chromatography plates (60 A, 250
um  thickness, F-254 indicator) or with glass-backed thin-layer
alumina N chromatography plates (250 um thickness, UV 254).
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Flash chromatography was done using a 230—400 mesh, a 60 A pore
diameter silica gel, or a with 80—200 mesh alumina. Organic solutions
were concentrated at 30—35 °C on rotary evaporators capable of
achieving a minimum pressure of ~30 Torr and further concentrated
on a Hi-vacuum pump capable of achieving a minimum pressure of
~4 Torr. "H NMR spectra were recorded on 400, 500, and 800 MHz
spectrometers. °C NMR spectra were recorded at 100, 125, and 200
MHz on the respective NMRs. Chemical shifts are reported in parts
per million and referenced to the deuterated residual solvent peak
(CDCls, 7.26 ppm for 'H and 77.16 ppm for *C). NMR data are
reported as & value (chemical shift), J-value (Hz), and integration,
where s = singlet, bs = broad singlet, d = doublet, t = triplet, q =
quartet, p = quintet, m = multiplet, dd = doublet doublets, and so on.
Optical rotations were recorded on a digital polarimeter. Low-
resolution mass spectra (LRMS) spectra were recorded using a
quadrupole LCMS under positive electrospray ionization (ESI+).
High-resolution mass spectrometry (HRMS) spectra were recorded at
the Purdue University Department of Chemistry Mass Spectrometry
Center. These experiments were performed under ESI+ and positive
atmospheric pressure chemical ionization (APCI+) conditions using
an Orbitrap XL Instrument.

3-(Benzyl(phenyl)amino)cyclohex-2-en-1-one ( 13).25¢% To a
500 mL one-neck round-bottom flask equipped with a stir bar, 1,3-
dicyclohexadiene (15 g, 133.8 mmol, 1.0 equiv), N-benzylaniline
(2697 g 1472 mmol, 1.1 equiv), and p-toluenesulfonic acid
monohydrate (4.07 g 21.4 mmol, 0.16 equiv) were added
sequentially. A Dean—Stark apparatus with a reflux condenser was
then attached and the entire vessel was evacuated and flushed with
argon several times. Toluene (267 mL) was added, and the reaction
was heated at 160 °C for 40 h. After this period, the reaction was
cooled, diluted with EtOAc, washed with 1 M NaOH, brine, dried
over Na,SOy, and concentrated. The crude mixture was purified via
column chromatography over silica gel using 100% EtOAc as the
eluent. Enaminone 13 was obtained as brown oil (34.57 g, 93%)
TLC: silica gel (100% EtOAc), Ry = 0.31. '"H NMR (400 MHz,
CDCl,): § 7.36—7.15 (m, 8H), 7.11 (d, ] = 7.1 Hz, 2H), 5.36 (s, 1H),
4.80 (s, 2H), 2.28 (dd, ] = 14.2, 6.4 Hz, 4H), 1.88 (p, J = 6.4 Hz, 2H);
BC{'H} NMR (101 MHz, CDCly): 6 197.6, 164.9, 144.4, 136.3,
129.6, 128.6, 127.7, 127.5, 1274, 126.8, 101.6, 56.6, 36.1, 28.6, 22.5;
LRMS-ESI (+) m/z: 278.1 [M + H]".

Allyl 4-(Benzyl(phenyl)amino)-2-oxocyclohex-3-ene-1-carboxy-
late ((£)-14). To a flame-dried 1 L round-bottom flask under
argon, diisopropylamine (34.1 mL, 243 mmol, 2.5 equiv) in freshly
distilled THF (144 mL) was added. To this solution at 0 °C, n-BuLi
(1.6 M in hexanes, 152 mL, 243 mmol, 2.5 equiv) was added and the
reaction was stirred for 50 min. In a separate flame-dried 1 L flask,
enaminone 13 (27 g, 97.2 mmol, 1 equiv) was dissolved in THF (125
mL) and the solution was cannulated to the yellow solution with the
above LDA at —78 °C. The resulting mixture was stirred at =78 °C
for 1 h and then allyl chloroformate (13.4 mL, 126.4 mmol, 1.3 equiv)
was added dropwise. The resulting reaction was allowed to warm
slowly to 23 °C for 12 h. The reaction was quenched with saturated
NH,CI (250 mL), extracted with EtOAc (3x), washed with brine,
dried over Na,SO,, and concentrated. The crude mixture was purified
via column chromatography over silica gel to provide the product as a
viscous dark red oil (21.8 g 62% yield) and an unreacted starting
material (4.9 g) was recovered (76% yield, brsm). TLC: silica gel
(50% EtOAc/hexanes), R = 0.34. '"H NMR (400 MHz, CDCl,): &
7.37-7.20 (m, 6H), 7.17 (d, J = 7.0 Hz, 2H), 7.11 (d, ] = 7.0 Hz,
2H), 5.90 (ddt, = 17.2, 10.5, 5.6 Hz, 1H), 5.39 (s, 1H), §.31 (dq, | =
17.2,1.5 Hz, 1H), 5.19 (dq, J = 10.4, 1.2 Hz, 1H), 4.82 (s, 2H), 4.69—
4.58 (m, 2H), 3.32 (dd, J = 8.7, 5.0 Hz, 1H), 2.57—2.46 (m, 1H),
2.36-2.23 (m, 2H), 2.17-2.06 (m, 1H); *C{'"H} NMR (101 MHz,
CDCL): 6 1910, 1707, 164.6, 144.0, 1360, 132.0, 129.7, 128.7,
127.8, 127.7, 127.5, 126.9, 118.1, 100.5, 65.5, 56.7, S1.5, 26.6, 25.2;
HRMS-ESI (+) m/z: caled for C;3H3NO; [M + HIY, 362.1751;
found, 362.1755.

Allyl 4-(Benzyl(phenyl)amino)-1-(2-((tert-butyldimethylsilyl)oxy)-
ethyl)-2-oxocyclohex-3-ene-1-carboxylate ((+)-15). To a flame-
dried 1 L round-bottom flask under argon equipped with a stir bar

5171

and a reflux condenser, racemic 14 (21.8 g, 60.2 mmol, 1 equiv) in
DMF (500 mL) was added. To this solution, tert-butyl(2-
iodoethoxy)dimethylsilane (33.4 mL, 150.4 mmol, 2.5 equiv)
followed by Cs,CO; (39.2 g, 1204 mmol, 2.0 equiv) was added.
The resulting reaction was heated in an oil bath to 100 °C for 32 h.
After this period, the reaction was quenched with H,O and brine (100
mL each). The resulting mixture was extracted with CH,Cl, and
washed with 5% aqueous LiCl solution. The crude mixture was
concentrated and purified via column chromatography over silica gel
using 25—55% EtOAc/hexanes as the eluent to yield allyl carbonate
15 (21.9 g, 70.1% yield) as an orange amorphous solid. An unreacted
starting material was recovered (3.2 g, 82% yield, brsm). TLC: silica
gel (25% EtOAc/hexanes), Ry = 0.2. "H NMR (400 MHz, CDCL,): §
7.38=727 (m, $H), 7.25 (d, J = 7.0 Hz, 1H), 7.18 (d, ] = 6.7 Hz,
2H), 7.10 (d, J = 6.8 Hz, 2H), 5.89 (ddt, ] = 17.2, 107, 5.5 Hz, 1H),
536 (s, 1H), 5.29 (dq, J = 168, 1.4 Hz, 1H), 5.19 (dg, J = 10.5, L4
Hz, 1H), 4.81 (s, 2H), 4.61 (dtdd, J = 14.9, 13.4, 5.0, 1.5 Hz, 2H),
3.72 (t, ] = 6.6 Hz, 2H), 2.60—2.26 (m, 4H), 1.98 (dq, ] = 14.0, 7.4,
6.6 Hz, 2H), 0.85 (s, 9H), 0.02 (d, J = 2.7 Hz, 6H); “C{'H} NMR
(101 MHz, CDCL,): 5 193.5, 172.2, 163.9, 144.2, 136.3, 132.2, 129.8,
128.8, 127.9, 127.8, 127.6, 127.0, 118.0, 100.3, 65.5, 60.2, 56.7, 54.4,
36.5, 29.6, 26.0, 25.9, 18.3, —5.3; HRMS-ESI (+) m/z: calcd for
C3H,,NO,Si [M + H]*, 520.2878; found, 520.2874.

(5)-6-Allyl-3-(benzyl(phenyl)amino)-6-(2-((tert-
butyldimethyisilyl)oxy)ethyl)cyclohex-2-en-1-one (17). To a flame-
dried round-bottom flask under argon equipped with a stir bar and a
reflux condenser, (S)-tBu-Phox (429.6 mg, 1.11 mmol, 12.5 mol %)
and Pd,(dba); (406 mg, 044 mmol, S mol %) were added.
Deoxygenated toluene (61 mL) was added and the resulting mixture
was stirred at 23 °C for 30 min. A solution of allyl carbonate 15 (4.61
g, 8.87 mmol, 1 equiv) in toluene (61 mL) was then slowly
cannulated to the orange solution containing the catalyst at 23 °C.
The resulting reaction mixture was heated to 70 °C for 35 min. After
this period, the orange reaction mixture was cooled and then filtered
over Celite. The filter cake was washed with CH,Cl,. The solvent was
concentrated, and the residue was purified via column chromatog-
raphy over silica gel using 15—20% EtOAc/hexanes as the eluent to
provide the allylated product 17 (3.69 g, 88% yield) as viscous brown
oil. TLC: silica gel (15% EtOAc/hexanes), R; = 0.16. [a]h —2.9 (¢
0.068, CHCl,); "H NMR (500 MHz, CDCLy): § 7.37—7.27 (m, SH),
7.24 (m, 1H), 7.19 (d, J = 7.2 Hz, 2H), 7.12 (d, J = 7.1 Hz, 2H),
5.82—5.70 (m, 1H), 5.29 (s, 1H), 5.04 (s, 1H), 5.02 (d, J = 4.3 Hz,
1H), 4.82 (s, 2H), 3.72 (ddd, ] = 10.1, 8.5, 6.2 Hz, 1H), 3.63 (ddd, |
=103, 8.7, 5.7 Hz, 1H), 242 (m, 2H), 2.30 (dt, J = 17.5, 5.7 Hz,
1H), 2.21 (dd, J = 13.9, 8.0 Hz, 1H), 1.87—1.78 (m, 3H), 1.75—1.69
(m, 1H), 0.87 (s, 9H), 0.03 (s, 6H); “C{'H} NMR (126 MHz,
CDCL): & 2005, 163.2, 144.5, 136.7, 1352, 129.8, 128.8, 128.0,
127.59, 127.55, 127.1, 117.6, 100.9, 59.9, 56.7, 44.5, 40.3, 37.9, 31.0,
26.1, 25.5, 18.4, —5.1, =5.2; HRMS-ESI (+) m/z: caled for
C30H,,NO,Si [M + H]*, 476.2979; found, 476.2969.

(5)-2-(1-Allyl-4-(benzyl(phenyl)amino)-2-oxocyclohex-3-en-1-yl)-
ethyl Benzoate (18). To a flame-dried round-bottom flask under
argon equipped with a stir bar, allyl derivative 17 (21 mg, 0.04 mmol,
1.0 equiv) was added in freshly distilled THF (0.5 mL, 0.1 M). To
this solution, TBAF (1.0 M in THF, 46 uL, 0.05 mmol, 1.05 equiv)
was added dropwise at 0 °C and the resulting mixture was stirred at
0-23 °C for 12 h. The reaction was then quenched with H,O and
brine (~0.5 mL each), extracted with EtOAc (3X), washed with
brine, dried over Na,SO,, and concentrated. The crude mixture was
purified via silica gel column chromatography, using 65% EtOAc/
hexanes as the eluent to provide the corresponding alcohol as an
amorphous solid (16 mg, 100% yield). TLC: silica (65% EtOAc/
hexanes), R; = 0.50 (UV and PMA). 'H NMR (400 MHz, CDCL,): §
7.40—7.19 (m, 6H), 7.19 (m, 2H), 7.13 (m, 2H), 5.72 (m, 1H), 5.34
(s, 1H), 5.09 (m, 1H), 5.06 (m, 1), 4.84 (s, 2H), 3.86 (br 5, 1H),
3.81 (ddd, J = 12.1, 822, 4.4 Hz, 1H), 3.64 (dt, ] = 107, 4.9 Hz, 1H),
2.46—2.29 (m, 4H), 1.84—1.67 (m, 4H). *C{'"H} NMR (101 MHz,
CDCL,): 5 202.6, 164.4, 144.2, 1363, 134.2, 1299, 128.9, 127.9 (2C),
127.7, 127.1, 1184, 100.5, 58.9, 56.9, 45.0, 38.9, 37.9, 32.0, 25.4.
LRMS-ESI (+) m/z: 362.1[M + H]".
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To a flame-dried round-bottom flask under argon, equipped with a
stir bar, the above alcohol (15 mg, 41 pmol, 1.0 equiv) was added in
CH,Cl, (0.5 mL). To this solution at 0 °C, DMAP (1.0 mg, 8 gmol,
0.2 equiv), triethylamine (8.4 mg, 12 L, 0.08 mmol, 2.0 equiv), and
benzoyl chloride (7 mg, 6 1L, 0.0S mmol, 1.2 equiv) were added. The
resulting reaction mixture was stirred at 0—23 °C for 2.5 h. The
reaction was then quenched with H,O and brine (~0.5 mL each),
extracted with CH,Cl, (3X), washed with brine, dried over Na,SO,,
and concentrated. The crude mixture was purified via column
chromatography over silica gel to provide benzoate 18 (18.5 mg, 96%
yield) as an oil. TLC: silica (30% EtOAc/hexanes), R; = 0.32 (UV and
PMA); "H NMR (400 MHz, CDCL,): 6 8.01 (d, ] = 7.1 Hz, 2H), 7.54
(t, ] =74 Hz, 1H), 7.41 (t, ] = 7.7 Hz, 2H), 7.35 (t, ] = 7.5 Hz, 2H),
7.31-7.22 (m, 4H), 7.18 (d, ] = 6.8 Hz, 2H), 7.12 (d, ] = 7.6 Hz,
2H), 5.85-5.75 (m, 1H), 5.34 (s, 1H), 5.09 (s, 1H), 5.06 (d, J = 4.4
Hz, 1H), 481 (s, 2H), 4.44—434 (m, 2H), 2.48-228 (m, 4H),
2.23-2.16 (m, 1H), 1.93—1.85 (m, 3H). “C{'H} NMR (101 MHz,
CDCly): & 199.78, 166.71, 163.20, 144.34, 136.49, 134.45, 132.92,
130.51, 129.82, 129.69, 128.86, 12844, 127.97, 127.70, 127.60,
127.02, 118.25, 100.73, 62.13, 56.71, 44.42, 40.41, 33.79, 30.44, 25.32.
LRMS-ESI (+) m/z: 4662 [M + H]*.

2-((35)-3-Allyl-9-benzyl-3-(2-((tert-butyldimethylsilyl) oxy)ethyl)-
4-ox0-1,2,3,4,9,9a-hexahydro-4aH-carbazol-4a-yl)acetonitrile (22
and 23). To a flame-dried round-bottom flask under argon fitted
with a reflux condenser and a stir bar, allylated 17 (1.55 g, 3.26 mmol,
1.0 equiv) was added. Deoxygenated benzene (163 mL) was added
and the resulting mixture was flushed under argon multiple times.
Photocyclization reaction then was carried out with a 450 W Hg lamp
for 1.5 h. After this period, the reaction was concentrated under
reduced pressure in the dark. The resulting crude product was
immediately subjected to the next step.

To the above mixture, freshly distiled THF (21.7 mL) and
KHMDS (0.7 M in toluene, 5.12 mL, 3.58 mmol, 1.1 equiv) were
added sequentially at 23 °C (the solution went from orange gold to
dark brown). The reaction was cooled to 0 °C, and after 10 min,
BrCH,CN (238 pL, 3.42 mmol, 1.05 equiv) was added dropwise. The
resulting mixture was stirred for 40 min at 0 °C. After this period, the
reaction was quenched with saturated NH,Cl (15 mL). The reaction
was extracted with EtOAc (3x), and the combined extracts were
washed with brine, dried with Na,SO,, and concentrated. The crude
mixture was purified via column chromatography over silica gel using
5% EtOAc/hexanes as the eluent to provide 22 and 23 as an
inseparable mixture as an oil (1.05 g, 63% over two steps). TLC: silica
gel (15% EtOAc/hexanes), R; = 0.44. '"H NMR (500 MHz, CDCL,): §
7.40—7.28 (m, SH), 7.13 (t, ] = 7.0 Hz, 1H), 6.93 (d, ] = 7.6 Hz, 1H),
6.66 (t, ] = 8.7 Hz, 1H), 6.49 (d, J = 7.9 Hz, 1H), 5.76 (m, 0.5H),
5.54 (m, 0.5H), 5.08 (m, 1H), 5.00 (d, ] = 10.1 Hz, 0.5H), 4.87 (d, |
= 17.0 Hz, 0.5H), 4.53 (d, ] = 124 Hz, 1H), 432 (d, J = 12.4 Hg,
1H), 3.95 (m, 1H), 3.68 (t, J = 7.1 Hz, 1H), 3.50—3.45 (m, 0.5H),
3.42—3.38 (m, 0.5H) 3.07 (d, ] = 10.4 Hz, 1H), 2.59-2.52 (m, 1.5H),
2.28 (dd, J = 11.1, 638, Hz, 0.5H), 2.09-2.05 (m, 0.5H), 2.02—1.96
(m, 1H), 191—1.45 (m, 5.5H), 0.89 (s, SH), 0.83 (s, 4H), 0.06 (d, J
= 4.1 Hz, 3H), —0.04 (d, ] = 9.4 Hz, 3H). "C{'H} NMR (126 MHz,
CDCL): § 2109, 210.5, 150.1, 149.9, 137.7, 137.7, 1339, 1326,
130.5, 130.4, 128.9, 127.7, 127.5, 127.03, 126.97, 124.0, 123.8, 118.9,
118.8, 118.5, 118.3, 117.69, 117.67, 107.7, 68.99, 68.97, 59.6, 59.0,
582, §7.9, 49.7, 49.6, 49.5, 43.2, 41.0, 40.3, 39.3, 31.7, 27.2, 26.7,
266, 26.1, 26.0, 25.4, 22.8, 22.3, 22.2, 18.4, 183, 14.2, =52, —5.3;
HRMS-ESI (+) m/z: caled for Co,H,,N,0,8i [M + HJ*, $15.3088;
found, 515.3095.

2-((35)-9-Benzyl-3-(2-((tert-butyldimethylsilyl)oxy)ethyl)-3-(3-hy-
droxypropyl)-4-oxo-1,2,3,4,9,9a-hexahydro-4aH-carbazol-4a-yl)-
acetonitrile (24 and 25). To a flame-dried round-bottom flask under
argon equipped with a stir bar, cyclohexene (1.4 mL, 13.9 mmol, 6.5
equiv) was added to freshly distilled THF (6 mL) at 0 °C. To this
solution at 0 °C, a borane dimethyl sulfide complex (neat, 607 uL, 6.4
mmol, 3.0 equiv) was added dropwise. A thick white slurry started to
form after 1 min. Additional amounts of THF (1 mL) was added and
the reaction was continuously stirred at 0 °C for 1 h. After this period,
a solution of 22 and 23 (1.10 g, 2.1 mmol, 1.0 equiv) was cannulated
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in THF ($ mL) at 0 °C and the resulting reaction was warmed slowly
to 23 °C for 2.5 h. The reaction was quenched with slow addition of
NaBO;4H,0 (3.3 g, 21.3 mmol, 10 equiv) and H,O (7 mL, 0.3 M),
and the resulting reaction mixture was continuously stirred for 12 h.
The reaction was diluted in brine, extracted with EtOAc (3x), dried
with Na,SO,, and concentrated. The crude mixture was purified via
column chromatography over silica gel using 40% EtOAc/hexanes as
the eluent to provide alcohol diastereomers 24 and 25 (1.12 g, 98%
combined yield), which were separated. TLC: silica gel (40% EtOAc/
hexanes), Ry = 0.52 and 0.38 (lower spot desired diastereomer).
2-((35,4a5,9a5)-9-Benzyl-3-(2-((tert-butyldimethylsilyl)oxy)-
ethyl)-3-(3-hydroxypropyl)-4-oxo-1,2,3,4,9,9a-hexahydro-4aH-car-
bazol-4a-yl)acetonitrile (25). "H NMR (500 MHz, CDCly): § 7.39—
7.28 (m, SH), 7.12 (td, J = 7.7, 1.3 Hz, 1H), 6.90 (dd, = 7.5, 1.2 Hz,
1H), 6.64 (td, J = 7.5, 1.0 Hz, 1H), 6.49 (d, ] = 7.8 Hz, 1H), 4.53 (d, ]
= 15.5 Hz, 1H), 431 (d, J = 15.5 Hz, 1H), 3.95 (dd, J = 7.1, 4.3 Hz,
1H), 3.65 (m, 2H), 3.35 (m, 2H), 3.04 (d, ] = 16.4 Hz, 1H), 2.56 (d,
J = 16.4 Hz, 1H), 2.04 (m, 1H), 1.88—1.65 (m, SH), 1.44—135 (m,
1H), 1.34—1.29 (m, 2H), 1.25 (m, 1H), 0.88 (s, 9H), 0.05 (d, J = 3.9
Hz, 6H); BC{'H} NMR (126 MHz, CDCl,): § 210.6, 150.0, 137.6,
130.6, 129.0, 127.8, 127.6, 127.1, 123.6, 118.1, 117.8, 107.9, 69.1,
62.9, 59.6, 58.0, 49.6, 49.4, 38.7, 35.0, 28.4, 26.9, 26.7, 26.1, 22.5,
18.4, —5.2; LRMS-ESI (+) m/z: 533.3 [M + H]".
2-((35,4aR,9aR)-9-Benzyl-3-(2-((tert-butyldimethylsilyl)oxy)-
ethyl)-3-(3-hydroxypropyl)-4-oxo-1,2,3,4,9,9a-hexahydro-4aH-car-
bazol-4a-yl)acetonitrile (24). [a]¥ —144 (c 0.08, CHCL); '"H NMR
(500 MHz, CDCL,): & 7.39—7.28 (m, 5H), 7.12 (td, ] = 7.7, 1.3 Hz,
1H), 6.91 (dd, J = 7.5, 1.2 Hz, 1H), 6.66 (td, ] = 7.5, 0.9 Hz, 1H),
648 (d, J = 7.9 Hz, 1H), 4.52 (d, ] = 15.4 Hz, 1H), 430 (d, ] = 15.4
Hz, 1H), 3.93 (m, 1H), 3.62 (m, 2H), 3.47 (m, 1H), 3.39 (m, 1H),
3.08 (d, J = 16.3 Hz, 1H), 2.52 (d, ] = 163 Hz, 1H), 1.87—1.76 (m,
4H), 1.69—1.59 (m, 3H), 1.55 (m, 1H), 1.51—1.40 (m, 2H), 0.81 (s,
9H), —0.06 (d, J = 9.4 Hz, 6H); *C{'H} NMR (126 MHz, CDCl,):
52114, 149.8, 137.7, 130.4, 129.0, 127.8, 127.5, 127.3, 123.8, 118.6,
117.9, 107.9, 69.0, 63.3, 59.0, 58.1, 49.6, 49.4, 403, 32.5, 27.6, 27.3,
26.6, 26.0, 22.1, 18.3, —5.3; HRMS-ESI (+) m/z: caled for
C3,H,N,0,8iNa [M + Nal*, 555.3013; found, $55.3009.
3-((35,4aR,9aR)-9-Benzyl-3-(2-((tert-butyldimethylsilyl)oxy)-
ethyl)-4a-(cyanomethyl)-4-oxo-2,3,4,4a,9,9a-hexahydro-1H-carba-
zol-3-yl)propyl 4-Methylbenzenesulfonate (26). To a flame-dried
round-bottom argon flask equipped with a stir bar, TsCl (50.1 mg,
0.26 mmol, 2.0 equiv) and DMAP (1.6 mg, 0.01 mmol, 10 mol %) in
0.3 mL of CH,Cl,were added at 0 °C. To this solution, alcohol 24
(70 mg, 0.13 mmol, 1.0 equiv) in CH,Cl, (0.3 mL) followed by
triethylamine addition (20.1 uL, 0.14 mmol, 1.1 equiv) was added.
Additional amounts of TsCl and trimethylamine (0.5 and 0.4 equiv,
respectively) were further added. The resulting reaction was warmed
to 23 °C, quenched with saturated NaHCOj (S mL), extracted with
CH,Cl, (3x), washed with brine, dried with Na,SO,, and
concentrated. The crude mixture was purified via column chromatog-
raphy over silica gel using 10—15% EtOAc/hexanes as the eluent to
provide tosylate 26 as an oil (71.4 mg, 79% yield). TLC: silica gel
(20% EtOAc/hexanes), R; = 0.31. [a]f —101.20 (¢ 0.171, CHCL);
'H NMR (500 MHz, CDCL): 6 7.78 (d, ] = 8.3 Hz, 2H), 7.39-7.28
(m, 7H), 712 (td, ] = 7.7, 1.3 Hz, 1H), 6.87 (dd, ] = 7.5, 1.2 Hz, 1H),
6.65 (td, J = 7.5, 1.0 Hz, 1H), 6.47 (d, J = 7.9 Hz, 1H), 4.51 (d,] =
15.4 Hz, 1H), 428 (d, ] = 15.4 Hz, 1H), 4.00 (m, 2H), 3.89 (dd, ] =
7.4, 4.5 Hz, 1H), 3.46—3.40 (m, 1H), 3.38—3.31 (m, 2H), 3.03 (d, ] =
16.3 Hz, 1H), 2.48 (d, J = 16.3 Hz, 1H), 2.44 (s, 3H), 1.84—1.77 (m,
2H), 1.77-1.65 (m, 3H), 1.58—1.47 (m, 4H), 1.40 (ddd, J = 14.0,
8.3, 5.7 Hz, 1H), 0.80 (s, 9H), —0.07 (d, J = 9.0 Hz, 6H); C{'H}
NMR (126 MHz, CDCL,): 5 210.9, 149.6, 144.9, 137.6, 133.1, 130.5,
130.0, 129.0, 128.1, 127.8, 127.5, 127.2, 123.7, 118.6, 117.8, 107.9,
71.0, 68.9, 58.8, 58.1, 49.5, 49.3, 40.0, 32.3, 27.3, 26.4, 26.0, 24.0,
22.0,21.8, 18.3, —5.3; HRMS-ESI (+) m/z: calcd for C3sHg;N,0,SSi
[M + H]", 687.3283; found, 687.3276.
3-((35,4a5,9a5)-9-Benzyl-3-(2-((tert-butyldimethylsilyl)oxy)-
ethyl)-4a-(cyanomethyl)-4-oxo-2,3,4,4a,9,9a-hexahydro-1H-carba-
zol-3-yl)propyl 4-Methylbenzenesulfonate (27). The experimental is
same as in the transformation of 24 to 26. The crude mixture was
isolated via column chromatography over silica gel using 15—20%
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EtOAc/hexanes as the eluent to provide tosylate 27 as yellow oil
(463.2 mg, 85% yield). TLC: silica (20% EtOAc/hexanes), R¢ = 0.29.
'H NMR (400 MHz, CDCL,): & 7.68 (d, J = 8.3 Hz, 2H), 7.40-7.28
(m, 7H), 7.11 (td, J = 7.7, 1.3 He, 1H), 6.80 (dd, ] = 7.6, 1.3 Hz, 1H),
6.58 (td, ] = 7.4, 0.9 Hz, 1H), 6.49 (d, ] = 7.9 Hz, 1H), 452 (d, ] =
15.5 Hz, 1H), 4.30 (d, J = 15.5 Hz, 1H), 3.97—3.87 (m, 1H), 3.76 (m,
1H), 3.67 (m, 1H), 3.59 (td, ] = 6.8, 1.5 Hz, 2H), 3.00 (d, ] = 163
Hz, 1H), 2.53 (d, ] = 16.4 Hz, 1H), 2.45 (s, 3H), 195 (m, 1H), 1.84—
1.65 (m, 4H), 161 (m, 1H), 1.54—1.44 (m, 1H), 1.44—1.32 (m, 1H),
127 (td, ] = 12.7, 4.5 Hz, 2H), 1.09 (td, ] = 13.1, 3.4 Hz, 1H), 0.86 (s,
9H), 0.02 (d, J = 2.6 Hz, 6H); *C{'H} NMR (101 MHz, CDCL,): §
2104, 150.1, 144.8, 137.6, 133.1, 130.7, 129.9, 129.0, 128.0, 127.8,
127.6, 126.8, 1234, 118.3, 117.7, 107.9, 70.4, 69.0, 59.5, 58.0, 49.7,
49.1, 38.4, 34.7, 28.3, 26.7, 26.1, 23.4, 22.5, 21.8, 18.4, —5.2; LRMS-
ESI (+) m/z: 687.3 [M + HJ".
2-((4aS,6aR,11bR,11cS)-7-Benzyl-3,4,5,6,6a,7-hexahydro-
2H,11bH-11¢,4a-(epoxyethano)pyrano([3,2-c]carbazol-11b-yl)-
acetonitrile (28). To a flame-dried round-bottom flask under argon
equipped with a stir bar, tosylate 26 (27 mg, 39 umol, 1.0 equiv) was
dissolved in freshly distilled THF (0.4 mL, 0.1 M). To this solution at
23 °C, TBAF (1.0 M in THF, 47 ul, 47 umol, 1.2 equiv) was added
dropwise and the reaction mixture was stirred for 12 h. Reaction was
then quenched with H,0 and brine (~0.5 mL each), extracted with
EtOAc (3x), washed with brine, dried with Na,SO,, and
concentrated. The crude mixture was purified via column chromatog-
raphy over silica gel using 15% EtOAc/hexanes as the eluent to
provide tosylate 28 (15.7 mg, 99% yield) as a white amorphous solid.
TLC: silica (20% EtOAc/hexanes), R¢ = 0.34. [a]¥ +45.13 (c 0.203,
CHCL,); 'H NMR (400 MHz, chloroform-d): § 7.34—7.24 (m, 6H),
7.07 (td,J =77, 1.3 Hz, 1H), 6.62 (td, = 7.4, 1.0 Hz, 1H), 6.34 (d, |
= 8.3 Hz, 1H), 4.45 (d, ] = 16.0 Hz, 1H), 4.35 (d, J = 16.0 Hz, 1H),
4.09 (ddd, J = 10.8, 8.4, 6.2 Hz, 1H), 391 (td, ] = 8.6, 1.1 Hz, 1H),
3.77 (m, 2H), 3.68 (m, 1H), 2.95 (d, J = 16.6 Hz, 1H), 2.80 (d, ] =
16.6 Hz, 1H), 2.02 (tt, J = 13.6, 3.5 Hz, 1H), 1.81—1.58 (m, 6H),
1.54-1.36 (m, 3H); *C{'H} NMR (101 MHgz, chloroform-d): &
152.1, 138.9, 129.9, 129.5, 128.7, 127.4, 127.2, 125.9, 119.3, 117.2,
108.8, 105.9, 68.3, 67.3, 61.3, 54.9, 50.9, 41.4, 38.6, 36.5, 31.3, 28.0,
24.9, 21.3; HRMS-APCI (+) m/z: caled for C,sHy,oN,0, [M + H],
401.2223; found, 401.2220.
2-((4aS,6aS,11bS,11cS)-7-Benzyl-3,4,5,6,6a,7-hexahydro-
2H,11bH-11c¢,4a-(epoxyethano)pyrano(3,2-cJcarbazol-11b-yl)-
acetonitrile (29). To a flame-dried round-bottom flask under argon
equipped with a stir bar, compound 27 (30 mg, 44 gmol, 1.0 equiv)
was added in freshly distilled THF (0.44 mL, 0.1 M). To this solution
at 23 °C, TBAF (1.0 M in THF, 52 ulL, 52 umol, 1.2 equiv) was
added and the resulting reaction was stirred for 12 h. The reaction
was then quenched with H,O (0.5 mL), extracted with EtOAc (3x),
washed with brine, dried with Na,SO,, and concentrated. The crude
mixture was purified via column chromatography over silica gel using
20% EtOAc/hexanes as the eluent to provide product 29 (17.5 mg,
quantitative yield) as an amorphous white solid. TLC: silica (20%
EtOAc/hexanes), R; = 0.30. [a]} —68.82 (c 0.364, CHCL,); "H NMR
(500 MHz, CDCL,): & 7.53 (dd, J = 7.5, 1.3 Hz, 1H), 7.37-7.30 (m,
4H),7.26 (m, 1H), 7.05 (td, ] = 7.7, 1.4 Hz, 1H), 6.58 (td, ] = 7.5, 1.0
Hz, 1H), 630 (dd, J = 7.9, 0.9 Hz, 1H), 447 (d, ] = 15.9 Hz, 1H),
4.39 (d, ] = 15.9 Hz, 1H), 4.17 (ddd, ] = 10.6, 8.7, 49 Hz, 1H), 3.98
(ddd, J = 12.0, 9.8, 1.9 Hz, 1H), 3.93 (ddd, ] = 9.6, 8.6, 7.5 Hz, 1H),
3.75 (ddd, J = 12.3, 10.4, 6.9 Hz, 1H), 3.66 (d, ] = 3.7 Hz, 1H), 2.98
(d, ] = 16.6 Hz, 1H), 2.93 (d, J = 16.5 Hz, 1H), 2.51 (ddd, J = 13.5,
106, 7.5 Hz, 1H), 1.99—1.89 (m, 1H), 1.83 (ddd, J = 14.0, 9.6, 4.9
Hz, 1H), 1.73—1.63 (m, 2H), 1.58—1.45 (m, 3H), 1.38—1.34 (m,
1H), 1.23-1.15 (m, 1H); BC{'H} NMR (126 MHz, CDCL,): §
152.4, 138.9, 129.4, 128.7, 128.4, 127.5, 1272, 126.5, 119.2, 116.7,
109.4, 105.2, 67.8, 67.0, 58.6, 53.1, 50.4, 43.3, 382, 35.1, 28.4, 27.8,
23.8, 19.0; HRMS-APCI (+) m/z: caled for CysHyN,0, [M + HIY,
401.2223; found, 401.2219.
3-((45,6aS5,11bS)-7-Benzyl-4-(2-((tert-butyldimethylsilyl) oxy)-
ethyl)-2,4,5,6,6a,7-hexahydro-1H-pyrrolo[2,3-d]carbazol-4-yi)-
propyl 4-Methylbenzenesulfonate (30). To a Parr reactor vessel
under argon, 2800 Ra—Ni (1.21 g, 300 wt %) was added. A solution
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of tosylate 27 (403 mg, 0.59 mmol, 1.0 equiv) in MeOH (22 mL, 27
mM) was then cannulated in the flask. The mixture was shaken in a
Parr apparatus under hydrogen at 60 psi pressure for 46 h. After this
period, the resulting white solution mixture was filtered through
Celite and the filter cake was washed with MeOH and CH,Cl, (15
mL each). Solvents were evaporated to yield imine 30 (359.5 mg,
90.8% yield). TLC: silica (30% EtOAc/hexanes), R = 0.46. '"H NMR
(500 MHz, CDCL): 8 7.68 (d, ] = 8.3 Hz, 2H), 7.36—7.27 (m, 7H),
7.03 (td, = 7.7, 1.3 Hz, 1H), 6.63 (dd, T = 7.3, 1.2 Hz, 1H), 648 (¢, ]
= 5.9 Hz, 1H), 6.40 (d, J = 7.9 Hz, 1H), 4.48 (d, ] = 15.5 Hz, 1H),
424 (d, ] = 15.5 Hz, 1H), 391 (dd, J = 154, 8.5 Hz, 1H), 3.80 (m,
1H), 3.74 (m, 1H), 3.68 (m, 1H), 3.62 (td, ] = 7.2, 3.0 Hz, 2H), 3.47
(t, J = 5.7 Hz, 1H), 2.45 (s, 3H), 2.19 (dt, J = 12.2, 6.6 Hz, 1H), 1.91
(m, 1H), 1.80 (dt, J = 13.9, 6.7 Hz, 1H), 1.69 (m, 2H), 1.57 (m, 2H),
1.46 (m, 2H), 1.16 (td, J = 13.0, 5.3 Hz, 1H), 1.04 (td, ] = 13.1, 3.2
Hz, 1H), 0.85 (s, 9H), 0.01 (d, ] = 1.9 Hz, 7H); *C{'H} NMR (126
MHz, CDCL): & 180.8, 149.2, 144.5, 1384, 1332, 132.4, 1298,
1287, 128.7, 127.9, 127.4, 127.3, 122.0, 117.4, 107.2, 71.6, 71.0, 61.0,
59.4, 569, 49.2, 43.5, 41.8, 38.6, 32.6, 31.4, 26.0, 23.7, 22.5, 21.7,
183, —5.3; LRMS-ESI (+) m/z: 673.3 [M + HJ".

1-Benzyl Fendleridine (32).25 To a Parr reactor vessel under argon,
2800 Ra—Ni (51 mg, 300 wt %) was added. A solution of tosylate 26
(17 mg, 25 pmol, 1.0 equiv) in MeOH (1 mL, 27 mM) was then
cannulated in the flask. The mixture was shaken in a Parr apparatus
under hydrogen at 60 psi pressure for 21 h. After this period, the
resulting white solution mixture was filtered through Celite and the
filter cake was washed with MeOH and CH,Cl, (10 mL each).
Solvents were evaporated and the crude material (31) was used
directly for the next reaction. LRMS-ESI (+) m/z: 501.3 [M]*.

To a flame-dried flask under argon equipped with a stir bar, the
above crude product (31) was dissolved in freshly distilled THF (0.3
mL, 0.1 M), TBAF (1 M in THF, 30 uL, 0.03 mmol, 1.2 equiv) was
added, and the resulting reaction mixture was stirred for 12 h. The
reaction was then quenched with H,O (~0.5 mL), extracted with
EtOAc (3X), washed with brine, dried with Na,SO, and
concentrated. The crude mixture was purified via column chromatog-
raphy over silica gel using 70—80% EtOAc/hexanes as the eluent to
provide benzyl derivative 32 (5.9 mg, 62% yield over 2 steps) as an
off-white amorphous solid. TLC: alumina (5% EtOAc/hexanes), Ry =
0.50. [a]% +3.0 (¢ 0.155, CHCL); 'H NMR (400 MHz, CDCL): &
7.36 (dd, ] = 7.4, 1.3 Hz, 1H), 7.29—7.15 (m, SH), 6.94 (td, ] = 7.6,
1.3 Hz, 1H), 6.59 (td, J = 7.4, 1.1 Hz, 1H), 6.27 (dd, J = 7.8, 1.0 Hz,
1H), 4.34 (d, ] = 15.4 Hz, 1H), 4.06 (d, ] = 15.4 Hz, 1H), 3.89—3.75
(m, 2H), 322 (dd, ] = 7.6, 4.1 Hz, 1H), 2.91-2.82 (m, 2H), 2.74—
2.64 (m, 1H), 2.59-2.51 (m, 1H), 2.14 (ddd, J = 132, 8.9, 6.6 Hz,
1H), 1.98—1.84 (m, 2H), 1.77 (dd, ] = 21.1, 10.6 Hz, 1H), 1.64—1.50
(m, 3H), 1.50—1.38 (m, 3H), 1.29—-1.19 (m, 2H); “C{'"H} NMR
(101 MHz, CDCL,): § 151.2, 139.0, 135.0, 128.6, 127.7, 127.5, 127.1,
1259, 117.9, 106.5, 101.9, 71.5, 64.9, 57.9, 49.6, 49.2, 4.1, 38.6, 38.3,
36.9, 34.7, 27.4, 21.64, 21.56; HRMS-ESI (+) m/z: caled for
CyH3N,O [M + HJY, 387.2431; found, 387.2429.

(+)-Fendleridine (2).25'270 A flame-dried round-bottom flask under
argon was equipped with a stir bar and a cold-finger condenser with
dry ice and acetone. NH; was allowed to condense into the flask (1
mL), the cold finger condenser was removed, and a septum with an
argon balloon quickly replaced it. To this, small chunks of freshly cut
Li (30 mg, 167 equiv) washed with hexanes were added. The solution
turned dark blue. The benzyl derivative 32 (10 mg, 0.03 mmol, 1
equiv) in a mixture (10:1) of THF and +-BuOH (0.5 mL) was added
and the reaction was stirred for 2 h. Reaction was quenched with solid
NH,CI (~100 mg, 72.3 equiv), the cooling bath was removed, and
the reaction was warmed to 23 °C. The reaction was diluted with
EtOAc (1 mL), filtered through cotton plug with CH,Cl, and EtOAc
(5 mL each), and concentrated. The crude mixture was purified via
column chromatography over alumina using 5% EtOAc/hexanes as
the eluent to provide synthetic (+)fendleridine, (+)-2 as off-white
amorphous solid (5.3 mg, 70%). TLC: alumina (5% EtOAc/hexanes),
R = 0.13. [a]} +53.7 (¢ 0.177, CHCLy); '"H NMR (800 MHz,
CDCL,): 6 7.45 (d, J = 7.5 Hz, 1H), 7.01 (t, ] = 7.6 Hz, 1H), 6.73 (¢, ]
= 7.5 Hz, 1H), 6.60 (d, J = 7.7 Hz, 1H), 4.03—3.95 (m, 2H), 3.52 (br
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s, 1H), 3.40 (dd, ] = 9.5, 4.8 Hz, 1H), 3.00 (td, J = 8.7, 4.1 Hz, 1H),
2.92 (dt, ] = 15.6, Hz, 1H), 2.79 (t, ] = 11.4 Hz, 1H), 2.65 (d, J = 11.1
Hz, 1H), 2.24 (ddd, ] = 13.4, 8.7, 5.9 Hz, 1H), 192—1.83 (m, 2H),
1.81 (td, J = 12.9, 4.0 Hz, 1H), 1.78-1.71 (m, 2H), 1.71-1.59 (m,
2H), 1.51 (dt, J = 12.1, 3.2 Hz, 1H), 1.45 (dt, J = 13.8, 4.8 Hz, 1H),
135 (d, J = 13.0 Hz, 1H), 1.24 (dd, J = 11.9, 5.5 Hz, 1H); “C{'H}
NMR (201 MHz, CDCL;): § 150.3, 134.4, 127.3, 126.1, 119.4, 110.0,
102.1, 66.6, 64.9, 58.9, 49.3, 44.1, 39.2, 37.0, 35.8, 34.1, 27.3, 27.0,
21.5; HRMS-ESI (+) m/z: caled for C,gH, N0 [M + HJ*, 297.1961;
found, 297.1964.

(+)-Acetylaspidoalbidine (3).>*?’° To a flame-dried round-bottom
flask under argon equipped with a stir bar, synthetic fendleridine (7.9
mg, 0.027 mmol, 1.0 equiv) was dissolved in CH,Cl, (1 mL).
Pyridine (11 pL, 0.13 mmol, 5.0 equiv) and acetic anhydride (7.5 uL,
0.08 mmol, 3.0 equiv) were added sequentially. The reaction was
quenched with saturated NaHCO; (~0.1 mL), extracted 3X with
CH,Cl,, dried with Na,SO,, and concentrated. The crude mixture
was purified via column chromatography using 15—-20% EtOAc/
hexanes as the eluent to provide products (+)-3 (rotamers) as white
amorphous solid (9 mg, quantitative yield). TLC: alumina (5%
EtOAc/hexanes), R; = 0.08. [a]¥ +30.2 (¢ 0.145, CHCl;); 'H NMR
(800 MHz, CDCly): & 8.14 (d, ] = 8.0 Hz, 1H), 7.67 (d, ] = 3.5 Hz,
0.3H) 7.60 (d, ] = 7.7 Hz, 1H, minor rotamer), 7.19 (t, J = 7.7 Hz,
1H), 7.05 (t, J = 7.5 Hz, 1H), 442 (dd, J = 9.12, 4.16 Hz, minor
rotamer), 4.16 (t, ] = 8.6 Hz, 1H), 4.09 (dt, ] = 10.5, 7.5 Hz, 1H),
3.86 (dd, J = 11.0, 5.2 Hz, 1H), 3.02 (td, J = 8.8, 4.1 Hz, 1H), 2.93
(dd, J = 15.7,9.0 Hz, 1H), 2.80 (td, J = 11.5, 2.8 Hz, 1H), 2.65 (d,J =
10.7 Hz, 1H), 2.39 (s, 0.6H, minor rotamer), 2.26 (s, 2.1H), 2.10
(ddd, J = 14.6, 9.1, 6.1 Hz, 1H), 2.07-2.00 (m, 1H), 1.93 (m, 1H),
1.86 (m, 1H), 1.83—1.66 (m, 4H), 1.55 (dt, J = 12.7, 3.6 Hz, 0.8H),
1.50 (t, J = 13.9 Hz, 0.2H, minor rotamer), 1.43 (dt, J = 14.0, 3.9 Hz,
1H), 1.38 (d, J = 12.9 Hz, 1H), 1.27 (m, 1H); *C{'H} NMR (201
MHz, CDCl;, major rotamer): § 168.2, 141.2, 137.9, 127.5, 124.9,
124.8, 117.9, 1022, 69.0, 65.1, 58.4, 49.1, 44.1, 39.8, 37.3, 34.9, 33.2,
26.6, 25.5, 23.5, 21.2; “C{’H} NMR (201 MHz, CDCl;, minor
rotamer): & 168.0, 140.6, 140.1, 127.1, 126.1, 124.3, 115.1, 102.5,
67.1, 65.0, 57.2, 48.9, 43.9, 39.6, 37.0, 35.2, 33.5, 26.8, 24.4, 23.8,
212; HRMS-ESI (+) m/z: caled for C,H,N,0, [M + HJY,
339.2067; found, 339.2064.
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