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Synthetic Studies Toward the Total Syntheses of
Scholarisine A and Phomoidride D
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Advisor: John L. Wood, Ph.D.

Isolated in 2008 from a leaf extract of an Alstonia scholaris variant, scholarisine
A contains a unique pentacyclic architecture that makes it a challenging target for total
synthesis. Our approach toward the molecule’s polycyclic core consists of a nucleophilic
olefin addition into an activated isonitrile with subsequent addition of an adjacent ester
into the resultant carbocation to produce a polycyclic imine. The feasibility of this
proposed cascade cycloaddition was explored in a model system that presented an
analogous array of functionality within a similar, but not identical, carbon framework.
Although we were delighted to find that the model substrate was capable of undergoing
the desired cyclization process, it occurred in low yield and only when using an acyl
group as an activating agent, the product of which is not suited as an intermediate en
route to scholarisine A. Our efforts to access an advanced isonitrile-containing
intermediate was met with only limited success and concerns regarding overall efficiency

led us to eventually abandon the scholarisine A effort.



Phomoidrides A and B were isolated in 1996 from an unidentified fungus,
believed to be a steril Phoma variant. Phomoidrides C and D were later isolated from the
same fungus and were shown to be epimeric at the C7 stereocenter. The synthetic
challenges inherent to the phomoidrides have inspired many creative synthetic
approaches that have culminated in four completed total syntheses of members of the
phomoidride family. Our unique approach consist of a phenolic oxidation Diels-Alder
sequence and eventual radical cascade cyclization to produce a functionalized isotwistane
intermediate  that undergoes a Grob-type fragmentation to produce the
bicyclo[4.3.1]decadiene core of the phomoidrides. Attempts to install the maleic
anhydride and complete the synthesis from a diester precursor failed. Subsequent model
studies determined the maleic anhydride can be accessed from a f-keto ester
functionality. In our current third-generation approach toward phomoidride D, we have
achieved fragmentation to produce the phomoidride core and attempts to install the

maleic anhydride and complete the total synthesis are currently underway.
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CHAPTER ONE

Introduction To Scholarisine A and Related Natural Products

1.1 Isolation, Characterization, and Biosynthesis

1.1.1 The Scholarisines

In 2008, Luo and coworkers isolated scholarisine A (1.10, Figure 1.10) from the
leaves of an Alstonia scholaris variant that is native to the Yunnan province of the
People’s Republic of China.' A. scolaris, more commonly known as milk wood or
devil’s tree, is native to Asia, Africa, and Australia. After the initial isolation of 1.10,
Luo and coworkers isolated scholarisines B-G from a bark extract of A. scholaris.> Both
the leaves and bark of 4. scholaris have been used as traditional medicines for centuries
due to their anti-inflammatory, anti-asthmatic, anti-tussive, and anti-bacterial properties.
While the biological activity of 1.10 (as opposed to the whole extract of A. scholaris) has
yet to be determined, scholarisine B (1.11), E (1.14), and G (1.15) exhibit moderate
activity toward COX-1, COX-2, and 5-LOX inflammatory enzymes. Scholarisine G
(1.15) in particular exhibited selectivity toward COX-2 (91.1% inhibition at 100 uM),
over COX-1 (38.5 %, 100 uM) and 5-LOX (57.3%, 100 uM).’

The structure and connectivity of 1.10 was elucidated through extensive
spectroscopic studies. The molecular formula was determined to be C;9H;sN,O, based
upon high resolution electrospray ionization mass spectrometry (HRESIMS) (307.1440
m/z, [IM+H]"). A UV spectrum of 1.10 indicated the presence of an indolenine motif

(220, 268 nm), while the presence of a lactone and aromatic ring was determined by



FTIR spectroscopy (1766 cm™ and 1641, 1575 cm’™, respectively). The basic structural
makeup, including the presence of a substituted indole ring, was determined by 'H, "°C,
and DEPT NMR studies. While HMBC, HSQC, and COSY NMR experiments were
utilized to determine the structural connectivity. NOE correlations, obtained via ROESY,
between H19-H21 and H-18-H15 aided in the structural determination of the core, while
the correlations between H3, HI15, and HI6 helped determine the relative
stereochemistry.' The absolute stereochemistry of 1.10 was recently confirmed by Smith

and coworkers via the enantioselective total synthesis of (+)-1.10.*

Scholarisine A (1.10)

Scholarisine E (1.14) Scholarisine F (1.15) Scholarisine G (1.15)

Figure 1.10 The scholarisine family

1.1.2 Biosynthetic Origins

Scholarisines A-F are members of the akuammiline family of natural products
which all possess similar C7-C16 connectivity, representative examples of the family are
illustrated in Figure 1.11.° The family’s namesake akuammiline (1.16) was isolated in

1932,° and is considered to be a biogenic precursor to several members the family.



Akuammiline (1.16)
R = CH,0Ac

MeO,C.__O

‘CHO

Picrinine (1.18) Picraline (1.19) Aspidophylline A (1.20)
R = CH,0Ac

Figure 1.11 Representative examples of the akuammiline family

The akuammiline alkaloids are believed to arise from the same biogenic
precursor, geissoschizine (1.26, Scheme 1.10), through formation of a C16-C7 bond. The
biosynthetic origins of 1.10 have been traced back through strictosidine to geraniol (1.21)
and tryptophan (1.23).”° The monoterpene secoirodoid pathway converts 1.21 to
secologanin (1.22), while tryptophan decarboxylate (TDC) converts 1.23 to tryptamine
(1.24). Strictosidine synthase then catalyzes a Pictet-Spengler type reaction to convert
secologanin (1.22) and tryptamine (1.24) into strictosidine (1.25).” Strictosidine (1.25) is
thought to be converted to geissoschizine (1.26) via a sequence involving loss of glucose,
aldehyde condensation, and reduction.® Oxidative coupling at C7 of geissoschizine can
then lead to the formation of the C7-C16 bond, characteristic of the akuammaline
alkaloids, delivering rhazimal (1.27).

Rhazimal (1.27) can be further manipulated to give many other members of the
akuammiline family. For example, akuammiline (1.16) is believed to derive from 1.27
by the reduction of the aldehyde followed by acylation of the resultant alcohol (Scheme

1.11)."° Subsequent oxidation of 1.16 at C5, followed by nucleophilic addition of the



resultant hemiaminal hydroxyl to the pendant imine at C2 would deliver oxabicycle

contained in picraline (1.19)."

Monoterpene CO.Me
Secoirodoid H
Pathway N
o=
G iol (1.21 H
eraniol ( ) / OGlu

Secologanin (1.22)

3
o O@ NH StSrictohsidine
nthase
® ? S(ISTR) MeO,C
NHs 5 — Strictosidine (1.25)
A\ Tryptophan N\
N Decarboxylase N
B (TDC) N
Tryptophan (1.23) Tryptamine (1.24)

o)
\ 16 CO,CH3
5\
N

7 X —

/
MeO,C N

Strictosidine (1.25) Geissoschizine (1.26) Rhazimal (1.27)

Scheme 1.10 Biosynthesis of Rhazimal

A parallel biosynthetic pathway from rhazimal (1.27) can be envisioned as giving
rise to several other members of the akuammiline family. In this sequence a
deformylation event producing strictamine (1.17)'? precedes C5 oxidation and oxabicyle
formation to yield picrinine (1.18), which in turn can serve as a biogenetic precursor to
aspidophylline A (1.20) via C5 reduction and N-formylation.">"'* Picrinine (1.18) is
proposed to be a direct precursor to scholarisine A (1.10) through the opening of the
oxabicycle to 1.18a followed by olefin migration to generate enamine 1.18b. Addition of
the derived enamine to the pendant aldehyde, forming alcohol 1.18¢. Lactonization and

loss of methanol could then furnish scholarisine A (1.10).""> Alternatively one could



imagine ring closure of aldehyde 1.18b by direct addition of the adjacent olefin followed

by 1,3-hydride shift to produce alcohol 1.18¢."
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R =CHO

Deformylation

MeO,C.__O

C5 Oxidation and
C2 Addition
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N
NSOH
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1.18a Aspidophylline A (1.20)

Olefin
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Addition
—_—
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Scheme 1.11 Biosynthesis of scholarisine A and related alkaloids
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1.2 Completed Syntheses and Synthetic Attempts Toward Scholarisine A

1.2.1 Smith and Coworkers Enantioselective Synthesis

In 2012, Smith and coworkers reported the first total synthesis of 1.10.*%* As
illustrated retrosynthetically in Scheme 1.12, the Smith approach employed a late stage
cyclization and oxidation to furnish 1.10 from alcohol 1.28. The lactone of 1.28 was
obtained via oxidation, lactonization, and deprotection of diol 1.29 which, in turn, was
derived from the reduction and homologation of lactone 1.30. Indole 1.30 was produced
by employing Fischer’s protocol on the oxidation product of alcohol 1.31, which was
derive from epoxide 1.32 by reductive cyclization of the nitrile and epoxide moieties.

The latter compound was prepared by alkylation and epoxidation of known lactone 1.33.

OH
Ho LM
| f—
\/OB 8
N nBn
Bn
1.29
o 0.0
WH H
vl ] g "
%
1.32 1.33

Scheme 1.12 Smith’s retrosynthetic analysis

In the forward sense (Scheme 1.13) Smith’s synthesis commenced with the
reduction of commercially available anhydride 1.34 with lithium aluminum hydride
(LiAlH4) to produce diol 1.35 in 90% yield. Diol 1.35 was resolved by selective
acylation under enzymatic conditions to deliver the desired isomer (+)-1.36 (95% ee)

accompanied by the corresponding diacetate 1.37 (3.4:1, respectively). The mixture was



moved forward through a tosylation/substitution sequence to give nitrile 1.38.
Subsequent basic hydrolysis and acidification delivered lactone (—)-1.33 in 70% yield
from diol 1.36. Under the basic conditions, the diacetate was saponified to the diol,
which was then chromatographically separated from the desired lactone 1.33.
Deprotonation of lactone 1.33 with lithium diisopropylamide (LDA) and
functionalization with cyanobenzotriazole (BtCN) gave the nitrile, which was
stereoselectively alkylated on the convex face to generate (—)-1.39. Epoxidation of 1.39
(mCPBA) produced epoxides (—)-1.32 (desired) and (—)-1.40 as a 3:1 mixture of
diastereomers. Fortunately, the major diastereomer could be isolated by crystallization

from toluene in a 58% yield.

Porcine
OH " pancreatic oac/OAC 1) TsCl CN OAc
LiAIH, H Lipase . WH DCM/Pyridine \H
. . , .
THF,0°C 4A MS HY 2) KCN HY
(90% yield) Methyl Acetate DMSO, 90 °C
1.34 1.35 (+)-1.36 3411 137 (+)-1.38
>95% ee +1.37
iy NaOH (aq.), 0o_.0
EtOH, reflux ~ OO 04 ©
) 1) BtCN, LDA H
ii) DCM wash WH THE N ~H  mceBa AN N
4> —_— ey —_— NC | +
iii) HCI (aq.) HY 2) Etl, K,COgq NC DCM H
(70% yield from 1.36) MeCN -
(43% yield, 2 steps) o
(-)-1.33 (-)-1.39 (-)-1.32 31 (-)-1.40
(58% yield)

Scheme 1.13 Epoxide formation

Nitrile (—)-1.32 was subjected to rhodium mediated reduction upon which the
resultant amine cyclized onto the epoxide to deliver alcohol (—)-1.31. Amine protection
with benzoyl chloride and alcohol oxidation with Dess-Martin Periodinane (DMP)
furnished ketone (+)-1.41 in a 71% yield over 2 steps. Condensation of (+)-1.41 with 1-

benzyl-1-phenylhydrazine initiated a Fischer indole synthesis which produced benzyl



protected indole (—)-1.42 which, without purification was subjected to LiAlH, reduction
of the lactone and benzoyl moieties followed by selective protection of the sterically least
hindered of the two derived alcohols (70% yield over three steps). Oxidation of alcohol

(—)-1.43 using Ley’s conditions delivered aldehyde (+)-1.44 in good yield.

Bn
H  RW/ALO, BzCI iPr,EtN O N
N H2 (120 psi) o Ph ™ "NH,
EEE——
NC H THF, 50 THF,50°C 2) DMP, DCM O Pyridine/HCI
~)-1.32 1 31

(71% vyield, 2 steps)

OTBDPS

0 1) LIAIH HO JH

ol THF, 60 °C | TPAP, NMO
—_—— _ "

N 2) TBDPS N MeCN

N NEts/DCM N Bn (78% yield)

Bz (70% vyield, 3 steps) Bn

(-)-1.42 (-)-1.43

Scheme 1.14 Formation of the tetracycle

To complete the synthesis, aldehyde (+)-1.44 was alkylated with
benzyloxymethyl lithium, followed by the removal of the silyl protecting group with a
potassium hydroxide (KOH) wash to form diol (+)-1.29 in 63% yield as a single
diastereomer. Oxidation of the primary alcohol with 2-iodoxybenzene (IBX) and further
oxidation of the resultant lactol under Ley’s conditions generated lactone (—)-1.45 in a
57% vyield over two steps. A two step global benzyl deprotection (AICIl;) and
hydrogenation with Pearlman’s catalyst furnished alcohol (—)-1.45. Protection of the
secondary amine as the corresponding trifluoracetamide and tosylation of the primary
alcohol set the stage for a #-butylimino(pyrrolidino)phosphorous mediated cyclization
that produces the bridging lactone (+)-1.46 in a 53% yield over five steps. Hydrolysis of
the trifluoroacetamide and oxidation of the resultant secondary amine to the cyclic imine

furnished synthetic (+)-1.10 in 25 overall steps from commercially available materials.
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Scheme 1.15 Completion of Smith’s synthesis

1.2.2 Snyder and Coworkers Synthesis

Snyder and coworkers completed the second total synthesis of (+)-1.10 in 2013,
utilizing a novel alpha-arylation strategy that introduces the indolenine ring at a late
stage. '’ As illustrated retrosynthetically in Scheme 1.16, Snyder and coworkers
introduced the indolenine motif of (+)-1.10 by intramolecular arylation of lactone 1.47,
which in turn was generated by condesation of ketone 1.48 with o-iodoanaline. The
lactam present in 1.48 arose from ester 1.49 via epimerization and lactamization. The
requisite tricycle (1.49) was produced by 6-exo-trig radical cyclization of enoate 1.50

which, in turn, arose from a Diels-Alder reaction utilizing an appropriately functionalized

pyrone.
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1.48 1.49 1.50

Scheme 1.16 Snyder’s retrosynthetic analysis

In the forward sense, Snyder’s synthesis was initiated by conversion of N-Boc-D-
serine to corresponding Weinreb amide (1.52). Oxazolidine formation in the presence of
boron trifluoride diethyl etherate (BF3;*OEt;) and subsequent vinyl Grignard addition
gave enone 1.53 in excellent yield over two steps. Subsequent Diels-Alder cycloaddition
with pyrone 1.54 furnished an 83% yield of diastereomeric endo-cycloadducts that
proved separable and favored the desired isomer (1.55). Deprotection of oxazole 1.55
with trifluoroacetic acid (TFA) and following bromination under Appel’s conditions

delivered bromide 1.50, in a 71% yield over two steps.

1) MeO OMe
_ o]
OH MeNHOMe+HCI Me . -OMe BF +OEts (] O—Cone
EDCI, NMM Acetone o o —/ 154
0 OH "pcMm, -5°C 0 OH  2) VinylMgBr BocN Toluene, 100 °C
NHBoc (68% yield) NHBoc THF, 0°C “ﬁ (83% yield)
(96%, 2 steps)
1.51 1.52 1.53
0.0 o_o o}
o]
CO,Me Me0,C — CO.Me
1) TFA, DCM, 0 °C
+ —>
2) PhgP, Bry, imidazole
OB 10 B ! DCM, 0°C o Br
0c \ﬁ 0C 7« (71% yield, 2 steps) NHBoc
1.55 3:1 1.56 1.50

desired
Scheme 1.17 Formation of ester 1.50
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With bromide 1.50 in hand, Snyder and coworkers attempted their desired 6-exo-
trig cyclization in the presence of allyltributylstannane as a radical trap and triethylborane
(Et:B)/O; as an initiator (Scheme 1.18). In the event, the reaction occurred to deliver a
moderate yield of a single diastereomer (1.49) possessing the requisite stereochemistry at
C20 for conversion to the natural product. Initial attempts to epimerize amide 1.49 for
subsequent lactamization failed and resulted only in the formation of pyrazine dimers.
Thus, as illustrated a two-step oxidation-reduction sequence was developed that employs
trimethylguanidine (TMG) and TEMPO under an atmosphere of air to furnish an enamine
(1.57, 68% yield) which, in turn, is reduced to the desired amine upon exposure to
sodium cyanoborohydride (NaBH;CN). Heating of the reaction mixture to 80 °C
following the reduction event promotes lactamization to deliver alcohol 1.58 in an
excellent yield over two steps. Oxidation of 1.58 with IBX to produce ketone 1.48 and

concomitant imine formation with 2-iodoaniline resulted in C-H arylation precursor 1.47.

0.9 0.0 0.0
Y CO,Me 7 7
AllylSnBug, Et;B CO,Me TMG, TEMPO CO,Me
Benzene, 75 °C THF, 50 °C
O Br Air_ Air
NHBoc (59% yield) O NHBoc (68% yield) O NHBoc
1.50 1.49 1.57
z 7
0.0 0%
1) NaBH3CN, TFA 2-iodoaniline
DCM, 0°C o IBX o PPTS, 4AMS | o)
2) EtOAc, 80 °C EtOAc, 80 °C ‘ NH Tqugege(/)THF “ NH
91% vyield, 2 steps R (85% yield) ° /
(91% y ps) o' ° o\ N H
1.58 1.48 1.47

Scheme 1.18 Formation of the scholarisine A core

With aryl iodide 1.47 in hand, the key C-H arylation could be attempted. In the

presence of tributyltinhydride (Bu3SnH) and 1,1’-azobis(cylohexanecarbonitrile)
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(ACHN) as a radical initiator, the desired indolenine 1.59 was formed in a 25% yield as a
3:1 mixture of regioisomers. The regioisomeric ratio may be derived from the initial
condensation to form imine 1.47, as the mixture was moved forward crude. Ozonolysis
of alkene 1.59, utilizing a reductive workup, delivered alcohol 1.61 in a 68% yield.
Treatment of 1.61 with Lawesson’s reagent produced thioimidate 1.62 and subsequent
reaction with Raney nickel furnished imine 1.63 in a moderate yield over two steps. The
synthesis was completed with the oxidation to the indolenine utilizing iodosobenzene

(PhIO), delivering (+)-1.10 in 15 steps from commercially available 1.51.

7 Z 7
0.9 0.0 0.0

Bu3SnH, ACHN
| 0 = - 5 O > le)
NH Toluene, reflux CH NH r\/\/’\ NH —>
7 (25% yield, 2 steps) / /

N H N H N H

1.47 1.47a 1.47b
i) Oz DCM
MeOH, — 78 °C Lawesson's
. i) MesS, rt Reagent
iii) NaBH4, DCM Toluene/THF
EtOH, — 40 °C 110 °C
(68% yield) (47% yield)
1.59 3:1 1.61
desired

PhlO

DCM
(98% yield)

S Raney Ni

THF
(86% yield)

1.62 1.63

Scheme 1.19 Completion of Snyder’s synthesis
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1.2.3 Higuchi and Coworkers Model Study

In 2013, Higuchi and coworkers published a model study toward the core of 1.10
wherein an oxidative enolate coupling is employed to create the partial core structure of
1.10." In a retrosynthetic sense, model substrate 1.64 derives from oxidative coupling of
bicyclo[7.3.1]decane 1.65 which, in turn, arises from lactonization of acid 1.66.
Assembly of the requisite eight-membered ring was achieved by a ring-closing
metathesis/hydrogenation sequence originating from diene 1.67. Alcohol 1.67 was

generated through an alkyllithium addition to aldehyde 1.68.

o 6] HO HO
Oxidative (0]
Coupling
p— p——
A\ A\
N N
Bn Bn
1.64 1.65 1.66
HO HO o
(0] / TBSO
RCM Br
p— p— +
AN N \
N AN
gn \ Bn
1.67 1.68 1.69

Scheme 1.20 Higuchi’s model studies

In the forward sense Higuchi’s model study was initiated with the lithiation of
alkyl bromide 1.69, which is produced in six steps from commercially available cis-2-
butene-1,4-diol 1.70. The derived alkyllithium was then combined with aldehyde 1.68
(produced from commercially available alcohol 1.72), to deliver the corresponding
secondary alcohol which was then acylated with acetic anhydride to give diene 1.74 in a
56% yield as a 1:1 mixture of diastereomers. Ring closing metathesis of 1.74 followed

by hydrogenation of the disubstituted alkene (PtO;), and silyl deprotection produced
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alcohol 1.75 in a 60% yield, over 3 steps.

Oxidation to the carboxylic acid, silver

mediated acetate hydrolysis, and benzyl deprotection under dissolving metal reduction

conditions furnished indole 1.77. At this point the cis and frans diastereomers were

separated and cis-1.77 was lactonized, by formation of the mixed anhydride with Ac,0,

to deliver lactone 1.65. To complete the model study lactone 1.65 was treated with

lithium bis(trimethylsilyl)amide (LiHMDS) using NIS as an oxidant to deliver the desired

indolenine 1.64, which contains the ABCE ring system of 1.10.

TBSO
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HO _/_\_OH 5 Br — AcO TBSO
N 1) BuLi, Et,0
1.70 1.69 -95°C N \
2) Ac,0, DMAP
/O pyridine, DCM gn \
OH 5 steps ~78°C
N\ e __ 1(56% yield, 1:1 dr) 1.74
A\
N
Bn N N\
Bn
1.72 1.68
1) Grubbs-2
Toluene, reflux AcQ  HO_ 1) BX, DMSO HO  HO
2) Hy, PtO,, MeOH 2) AgNO3, NaOH
Benzene THF, H,0 Na, NHg, —78 °C
3) HF, pyridine N\ 3) K,CO5, MeOH N\ (74% yield)
THF THF 37% after separation)
(60% yield, 3 steps) gn (91% vyield, 3 steps) ’I%ln of diastereomers
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H 6]
O HO o 0 0.0
LiHMDS
Ac,0, Et,N then NIS H
N\ THF, 0°C A THF, - 78 °C ‘
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H N N
H
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Scheme 1.21 Completion of Higuchi’s model study

1.3 Conclusion

Due to their interesting and complex structures, the akuammiline alkaloids have

garnered considerable attention from the synthetic community. Scholarisine A (1.10) is
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no exception and since its isolation in 2008, has been the focus of two total synthesis
efforts (Smith and Snyder) as well as several model system studies. The first total
synthesis, by Smith and coworkers, not only confirmed the structure and absolute
stereochemistry of 1.10 but also featured an interesting one-pot reductive cyclization
process that provides access to complex core architecture of scholarisine. In contrast,
Snyder and coworkers developed a novel C-H arylation strategy to form the indolenine
motif. The dramatic differences taken in these two approaches serve to illustrate how the
complex core architectures found in many natural products can serve as inspirational
challenges to synthetic chemists and lead to the development of both new chemical
methods and strategies that can serve to improve our ability to access important
molecules. Importantly these completed syntheses represent only two of many
approaches one can envision employing to access scholarisine A and other interesting
members of this large and growing family of alkaloids. Our efforts in this latter regard

will be detailed in the subsequent chapters of this thesis.
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CHAPTER TWO

Studies Toward the Total Synthesis of Scholarisine A
2.1 A Retrosynthetic Analysis

2.1.1 A Novel Disconnect

The complex core architecture of scholarisine A (2.10) has made it an inspiring
target for both total synthesis and methods development. Smith and coworkers utilized a
reductive cyclization strategy and Fischer indole synthesis to generate the core structure
of 2.10." In contrast, Snyder and coworkers developed an approach to the tetracyclic core
of 2.10 that employed a Diels-Alder, radical cyclization, and lactamization sequence. To
complete the synthesis, Snyder developed a novel C-H arylation strategy to install the

indolenine motif (Scheme 2.10).?
a) Smith and Coworkers

Fischer
Reductive Indole
Cycllzatlon Synthesis
—_—
)-2.12

—)-2.11
b) Snyder and Coworkers

O
CO,Me Radical © — %
C cllzatlon o
H

NHBoc o

214 2.15

Scheme 2.10 Comparison of completed syntheses
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Prior to the published reports from the Smith and Snyder groups we too had been
inspired by scholarisine A in terms of the challenges it presents for total synthesis and
began thinking about possible approaches. Having completed syntheses of the isonitrile
containing natural products welwitindolinone A and kalihinol C we became intrigued
with the possibility of using this functional group as an intermediate to nitrogen
heterocycles. Moreover, Baran’s recently reported syntheses of (+)-ambiguine (2.19) and
cortistatin (Scheme 2.11) wherein activation of isonitrile-containing intermediates with
chloronium ion or copper initiates intramolecular attack by a pendent nucleophile (olefin
or hydroxyl, respectively) to furnish cyclized synthetic intermediates (see 2.17 to 2.19
and 2.20 to 2.22, Scheme 2.11) served to further pique our interest in the potential of

isonitrile chemistry. >*

a) (+)-ambiguine H

H
= BuOClI
Prenyl-9-BBN Et3N, hv

T —_—
BN DCM, —78 °C Benzene

N G (60% yield)

H o

217 2.19

(—)-hapalindole U (+)-ambiguine

b) Toward Cortistatin A

(0] 0 %
Mn(acac), 0
CUQO PhSIH3 02
Benzene Q THF, 50 °C H H

(78% yield) ~ HN YO

6% erId H

2.20 2.21 2.22

Scheme 2.11 Baran’s isonitrile activation methods

The combination of literature precedent and experience within the Wood Group

led us to envision an approach to scholarisine A which, in a retrosynthetic sense (Scheme
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2.12.), involves disconnection adjacent to the cyclic imine of 2.10 to furnish an
intermediate isonitrile (2.23). In the forward sense, activation of the isonitrile and olefin
addition would furnish a secondary carbocation that could be trapped intramolecularly
with a pendant ester to deliver the lactone and E-ring of 2.10 in one synthetic step.

Isonitrile 2.23 was further envisioned to derive from a substituted indole such as 2.24.

Lactonization

Isonitrile
Addition

a) Smith and Coworkers

Arylation

E-ring
Formation
— H —
Indoline D-ring HC

H  Formation Formation
(+)-2.10 )-2.12 —)-2.11
b) Snyder and Coworkers
0,9 C-ring CO,Me
Arylation Formation
N Indoline FoEr)n::t?on © o
H  Formation NHBoc

(+)-2.10 215 214

Scheme 2.12 Comparison of approaches

Our overall retrosynthetic plan would allow the access of 2.10, in a method that is
orthogonal to previously completed syntheses. The previous syntheses by Snyder and
Smith both utilized a similar overall synthetic strategy. In each synthesis the core
structure (C, D, and E rings) of 2.10 was constructed before the installation of the

indole/indoline ring system. Such a strategy offers an element of convergency, but we

19



believed it neglected the indole motifs potential as a functional handle. Our strategy,
consisting of the sequential formation of the D and E-rings would allow the incorporation
of the indole early and subsequently allow us to harness its innate reactivity to construct

the polycyclic architecture of 2.10.

2.1.2 Retrosynthetic Analysis

Having become intrigued by the reaction cascade illustrated in Scheme 2.12, we
began considering approaches toward the requisite substrate 2.23 (Scheme 2.13). To this
end, isonitrile 2.23 was envisioned to derive from amine 2.25, through a
formylation/dehydration sequence. The requisite indolenine (2.25) would arise from 2.26
via intramolecular allylation of an intermediate Pd-m-allyl complex. Indole 2.26 was seen
as accessible from an intramolecular Mannich reaction of aldehyde 2.24 which, in turn,

would be produced via conjugate addition of a vinyl nucleophile to a,B-unsaturated ester

2.27.

Lactonization
Q/

p—
NHR
2.25
0]
EtO
' Mannich A\
= Reaction
K N OTBS
N*~ NHR N
2.26 2,27

Scheme 2.13 Our retrosynthetic analysis of 2.10
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After developing a retrosynthetic plan, one often steps back and assesses
feasibility. In this latter regard there are clearly some issues one would need to consider
in the approach illustrated in Scheme 2.13. For example, there is very little precedence in
the literature for the Mannich reaction we hope to use in preparing 2.26 and ones ability
to effectively control the stereochemical outcome in the preparation of 2.24 is difficult to
predict. Although these concerns seem discouraging, in fact they are relatively minor and
addressing them would likely serve as opportunities to explore new chemistry. However,
with regard to the overall synthesis, efforts to develop the early stages of this route would
be wasted if the key transformation from 2.23 to 2.10 proves unworkable.® Thus, rather
than focus on the early steps our early investigations were devoted to assessing the
feasibility of the key transformation, the conversion of 2.23 to 2.10.

As eluded to above, we were well aware of the fact that nucleophilic additions
into activated isonitriles are precedented in literature reports and some specific examples
include: a) activation by electrophilic halogen sources, such has hypochlorites or
elemental bromine, followed by in situ addition of alcohols to generate imidates or thio
imidates (Scheme 2.14a and bi) and;® b) activation by acyl electrophiles followed by
intramolecular electrophilic aromatic substitution to produce dihydroisquinolines

(Scheme 2.14bii).”
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a) Isonitrile Activations through Halogenation

i) Okano and Coworkers
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b) Isonitrile Activations with Electrophiles
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Q
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Scheme 2.14 Isonitrile activations

Activation of isonitriles with metals is also known (Scheme 2.15). For example,
Saegusa and coworkers have demonstrated that copper catalysts can promote the addition
of amines, alcohols, thiols, and silanes into isocyanides. They also reported the use of
isonitriles, activated by a copper catalyst, as substrates in cycloaddition reactions with

electron deficient alkenes to form pyrrolines (Scheme 2.15b).* To our knowledge, these

are the earliest reports describing the metal activation of isonitriles.'
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a) Copper Catalyzed Nucleophile Additions
H
® o Nu—H
R-NC “oyear = N
Cu cat. R Nu

Nu = RN, RO, RS, or RSi

b) Copper Catalyzed Cycloadditions

2 Cu,0 PN
Ph. © o 2 S )
N—N=C | OEt  Benzene, 80 °C
(94% yield) CO,Et

Scheme 2.15 Isonitrile activation by copper

The use of activated isonitriles as electrophiles in reactions with alkenes has been
further studied by Livinghouse and coworkers, using their in situ generated acyl nitrilium
chemistry (Scheme 2.16).° In contrast to Saegusa’s cycloaddition chemistry, which

employs electron deficient alkenes, Livinghouse has studied electron rich and neutral

10c 10a

alkenes and demonstrated that aromatics,'” silyl enol ethers,'% and allyl silanes'®® make
excellent nucleophiles for the formation of cyclic imines from nitrilium species (Scheme
2.16a-c). Livinghouse also demonstrated the utility of this chemistry in extended systems
to form fused ring system. As illustrated in Scheme 2.16¢, appropriately functionalized
disubstituted alkenes will react with acyl nitrilium ions to furnish intermediate
carbocations that can be trapped intramolecularly via Friedel-Crafts reaction. In addition
to the intramolecular trapping of the intermediate carbocation, Livinghouse and
coworkers have employed external nucleophiles. As shown in Scheme 2.16d, the
cyclization of an unactivated olefin with an acyl nitirlium was followed by successful
intermolecular trapping of the carbocation with water, albeit in a 33% yield.

The precedent established by Livinghouse and coworkers for olefin addition

across the m-system of an isonitrile provides excellent precedent for our proposed cascade
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cycloaddition to form 2.10. However, their use of an acyl activating group was viewed as
undesirable given the potential difficulty of amide hydrolysis following cyclization.
Therefore, we sought an alternative mode of activation that would lead to a more
malleable intermediate. Precedent for this exists (e.g., 2.20 to 2.21 in Scheme 2.11), but
has not been studied using unactivated alkenes as nucleophiles. Given that were now
proposing a late stage cascade cyclization that was based on tangential precedent and thus
of questionable feasibility for our synthesis, we decided to develop a model substrate to

test the reactivity.

PivCl, AgOTf

TBDPSO
-
(87% yield)

pc}
oo

eC . SiMes
oN L/:<: PGl AgOTF
SiMe; DCM

SiMey
(82% yield)
c)
PivCl, AgOTf
DCM
(53% vyield)
d) P
e
C Bu AC N
PivCl, AgOTf :
DCM
(33% vyield)

Scheme 2.16 Livinghouse’s isonitrile activation methods
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2.2 Developing a Model System

2.2.1 Retrosynthetic Analysis

With a lack of literature precedent for our desired late stage isonitrile cascade
cyclization to form 2.10, we decided to test the reactivity on a model substrate that could
be accessed quickly. A proper model substrate would need to contain an ester, olefin,
and isonitrile poised to undergo an analogous cascade process. To this end, we decided
upon norbornene 2.28 (Scheme 2.17) as a suitable substrate since it not only contains the
necessary functional groups but also was envisioned to be readily accessible. In the
cyclization events, activation of the isocyanate moiety with concomitant 6-endo-dig
cyclization would form a 6-membered cyclic imine in both model (2.28a) and desired
(2.23a) substrates. Also, in both cases an ester would be used to trap the resultant
secondary carbocation. However, these substrates differ in that 2.10 contains a

bicyclo[2.2.2]octane motif, while the model 2.29 contains a bicyclo[2.2.1]heptane.

o o [ o o ] O OMe | o o
MeO OMe MeO OMe MeO o MeO o
o/ | =MeOH
\ — \ — T
N\\\C ° N QC\ N B N
— R -
2.28 2.28a 2.28b 2.29

Scheme 2.17 Model system comparison
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A retrosynthetic analysis for model substrate 2.29 is shown in Scheme 2.18. The
envisioned cascade cyclization would develop through activation of the isonitrile 2.28.
The isonitrile itself would originate from aldehyde 2.30 through a reductive
amination/formylation/dehydration sequence. Aldehyde 2.30 was seen as arising from a
Diels-Alder reaction with acrolein and diene 2.31. The diene could be obtained from

known cyclopentene 2.32 through a bromination/elimination sequence.

o 0 O O
OMe MeO OMe MeO OMe
0./ — 7 —— ; 5
Cascade < /.
e f . Diels-Alder —
Cyclization 2 Isonitrile
N S V ; 07
c Formation
2.29 2.28 2.30
o
%H O o Bromination/ O o
MeO Elimination MeO
— e —
OMe OMe
2.31 2.32

Scheme 2.18 Model retrosynthetic analysis

2.2.2 Cascade Cyclization Model Studies

We began our approach to isonitrile 2.28 by reacting commercially available cis-
1,4-dichloro-2-butene 2.33 with dimethyl malonate in the presence of lithium hydride
(LiH) and DMPU at 45 °C. Under these conditions the known cyclopentene (2.32) was
produced in a 73% vyield following chromatographic purification (Scheme 2.19).!°
Exposure of 2.32 to Br2 produced a 95% yield of dibromide 2.34, that when treated with
potassium bis(trimethylsilyl)amide (KHMDS) furnished cyclopentadiene 2.31. Heating

the crude diene 2.31 with acrolein formed the desired norbornene 2.30 as a single
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diastereomer, which was subsequently assigned as the illustrated endo product.!! The
aldehyde was subjected to sodium borohydride (NaBHa4) to produce alcohol 2.35. At this
point the endo stereochemistry was confirmed by exposure of alcohol 2.35 to

bromoetherfication conditions, which produced cyclic ether 2.36.

o O

MeOMOMe 0O O
Cl Cl LiH, DMPU Bry
—_—— —_— >
S THF, 45 °C MeO OMe “bem,-78C

(73% yield) (95% yield)
2.33 2.32
o o D1
(e} (e} 0 N
MeO OMe KHMDS P MeO OMe
—_— —_—
THF, —78°C  MeO OMe cat 40°C
neat
B - (71% yield 2 steps) P
0
2.34 2.31 2.30
0o o ‘ 0o o
NaBH, MeO OMe ! g, znBr, ~ MeO OMe
—_— , —————————— '
MeOH, 0°C ! DCM, 0°C Br
(78% yield) |
HO } ©
2.35 3 2.36

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Scheme 2.19 Norbornene formation

Having determined that alcohol 2.35 possessed our desired stereochemistry, we
sought to convert it to the necessary isonitrile (Scheme 2.20). This was done through a
two step amination sequence beginning with a Mitsunobu reaction of alcohol 2.35 and
diphenylphosphoryl azide (DPPA), which was then subjected to a Staudinger reduction to
deliver amine 2.37 in an 82% yield over 2 steps.'> To complete the synthesis, amine 2.37

was reacted with formic acetic anhydride to deliver the formamide.!*> Dehydration of the
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formamide with phosphorous oxychloride (POCIs) in the presence of EtsN gave desired

isocyanide 2.28 in good yield over two steps.'*

o o 0 O
MeO oMe 1 BEI:S $EE?’0°C - MeO OMe 1)1lfa|;'r’1|g%cetlc Anhydride - MeO OMe
2)PPhs, H,0, 2) POCI5, NEt :

THF, 55°C DCM, 0 °C o
HO (82% vyield) HoN (66% yield, 2 steps) @C///N
2.35 2.37 2.28

Scheme 2.20 Isonitrile formation

With isonitrile 2.28 in hand, we could attempt the desired cascade cyclization
sequence. In preliminary studies we simply employed the conditions developed by
Livinghouse and, as illustrated in Scheme 2.21a, the first experiment was done in the
absence of silver(I) triflate (AgOTf) so as to explore the ability of pivaloyl chloride
(PivCl) to activate the isonitrile.'' Upon an aqueous workup, ketone 2.38 was obtained
indicating that isonitrile 2.28 was indeed being activated by the acyl chloride (Scheme
2.21a). With these promising results, isonitrile 2.28 was again subjected to the
Livinghouse conditions; however, this time AgOTf was added after a 24-hour period. To
our delight, tricycle 2.39 was obtained in a 34% yield and the structure was confirmed by
X-ray crystallography. Although the pendent acyl moiety does not exist in the natural
product and expanding our investigations to include traceless or cleavable isonitrile
activation was required, we could pursue these studies knowing that the substrate is

capable of undergoing the cascade cyclization.
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a) Isonitrile Activation
o O

MeO OMe
PivCI

DCM, -78°Ctort
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®
AN
c

0 O
MeO OMe
7
\
2.28 2.38
b) Livinghouse Conditions
0 (0]
o O
OMe
MeO OMe PivCl,—78 °Ctort; 0] -
Ox" N
2.39

then AgOTf

DCM
(34% yield)

D
z®

2.28

Scheme 2.21 Cascade cyclization

In considering possibilities for incorporating a traceless or removable activating
group it is worthwhile to consider the possible mechanistic course of the cascade
cyclization. In this regard we believe that 2.28 arises via a mechanism consistent with
that proposed by Livinghouse and coworkers (Scheme 2.22).!" Thus, nucleophilic
addition of isocyanide 2.28 to pivaloyl chloride creates an intermediate acyl nitrilium
(e.g. 2.41) which undergoes nucleophilic attack by a tight ion-paired chloride to furnish
imine 2.40. The addition of silver triflate sequesters the chloride, forcing the reformation
of the free acyl nitrilium ion (2.41), which then undergoes addition by the adjacent olefin
in a 6-endo-dig fashion to generate carbocation 2.42. Trapping of the intermediate
carbocation by the ester oxygen would furnish an oxocarbenium ion that upon aqueous

workup produces a transient ortho acid that loses methanol to produce lactone 2.39.
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Scheme 2.22 Proposed mechanism for the cascade cyclization

Having established that the model substrate is capable of undergoing the desired
6-endo-dig cyclization, we attempted various modes of isonitrile activation. As
illustrated in Table 2.10, our studies included the use of reagents that have been shown
previously to activate isonitriles toward nucleophilic additions (Table 2.10, entries 1-4).
To our great frustration, the Livinghouse conditions employed in our initial investigations
were the only activating agents that delivered our desired cycloaddition product!
Halogenating agents, such as tert-butyl hypochlorite, N-chlorosuccinimide, and iodine
returned only the unreacted isonitrile 2.28. Using transition metals known to activate
isonitriles (Cu20 and GaCls) and exposure to Lewis or Brensted acids such as TMSCI,
Zn(OTf)2 or trifluoroacetic acid (TFAA) and methanesulfonic acid (MsOH) all failed to
furnish any cyclized product. Attempts to activate the isonitrile with n-acidic metals
known to activate alkynes, like Pd(OAc)2, AgOTTf, or Au(l) salts returned only isonitrile

2.28.1°
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Table 2.10 Isonitrile activation attempts

O o 0
MeO OMe
Conditions o)
/ Solvent
%ﬁ rR-N
2.28
Entry Conditions R Solvent Yield
1 PivCl, AgOTf Piv DCM 30%
2 tBuOCI, NCS, |, Clorl DCM, Benzene 0%
3 TMSCI T™MS DCM 0%
4 Cu,0O H Benzene 0%
5 TFAA, MsOH H DCM 0%
6 AgOTf, Au(l) H DCM 0%
7 GaClg, Zn(OTf), H Toluene, THF 0%
8 Pd(OAc), H THF 0%
9 AIBN, HSnBu3 SnBuj Benzene 0%

In an effort to circumvent the requisite acyl activation, we began to pursue an
alternative activation method, where activation of the olefin of 2.28 with bromine in
hopes of nucleophilic opening of the bromonium intermediate with the isonitrile also
proved to be futile. Livinghouse and coworkers had also investigated acyl electrophiles
that would have been more amenable to hydrolysis. In these studies the Livinghouse
group attempted to replace pivaloyl chloride with methyl chloroformate; however, under
these conditions no nucleophilic addition of the isocyanide was ever seen, even when
using the chloroformate as the solvent.” In light of this information, and combined with
our discouraging attempts at alternative activation conditions, we began to rethink our

desired end game strategy toward 2.10.
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Scheme 2.23 Alternate cyclization attempts

In considering the studies done thus far as well as possible alternatives we were
left unconvinced that the cascade reaction would not work and began to wonder if the
model system had not adequately represented the desired cyclization precursor 2.23 (vide
supra, Scheme 2.17). In the natural product 2.10 a bicyclo[2.2.2]octane would form
upon lactonization, while in the model system a bicyclo[2.2.1]heptane ring is formed. In
considering this difference we became concerned that perhaps the excess ring strain
required to make the lactone in the model system was preventing the reaction from being
driven forward. With this in mind, and a desire to further investigate the desired cascade
cyclization in the real system, we decide to continue efforts toward the synthesis of

scholarisine A (2.10).

2.3 Synthetic Studies Toward Scholarisine A

2.3.1 1,4-Addition Route

In accord with the synthetic plan outlined above (Scheme 2.13) our synthetic
efforts toward the total synthesis of 2.10 began with investigations into the initial
conjugate addition of enoate 2.27. In contrast to the known syntheses of 2.10, our plan

called for incorporation of the indole from the beginning. Thus, for our initial step we
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envisioned preparing enoate 2.27 via a Stille coupling between known stannane 2.44 and

vinyl iodide 2.45.

(0]
0 SnBuj |
EtO OEt
. p— AN + /rIL

\<\ stile N

N otBs Coupling TBSO

H

2.27 2.44 2.45

Scheme 2.24 1,4-Addition route

Indole stannane 2.44 was derived from indole (2.47) via a known procedure that
involves the reaction with iodine and tosyl chloride in the presence of potassium
hydroxide (KOH) to initially furnish iodide 2.48 (Scheme 2.25).'® Exposure of 2.48 to
magnesium-iodide exchange conditions and subsequently treating with tributyltin
chloride (BusSnCl) produces stannane 2.44 in a 66% yield.!”

With 2.44 in hand, we now turned our attention to the formation of the vinyl
iodide. Following a known protocol, 1,3-propanediol was monoprotected with TBSCI
and oxidized to aldehyde 2.50 under Swern conditions.'® Premixing phosphonate 2.51,
iodine, and sodium hydride led to an intermediate a-iodophosphonate, which, upon
reaction with aldehyde 2.50, gave the Horner-Wadsworth-Emmons product 2.45 as a
mixture of olefin isomers.!”” Conjugate addition precursor 2.27 was produced through a
Stille coupling of stannane 2.44 with iodide 2.45 in the presence of Pdz(dba)s and

triphenylarsine (AsPhs), isolating the E olefin isomer in a 78% yield.*°
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a) Indole Stannane Formation
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Scheme 2.25 Enoate 2.27 formation

In order to attempt the 1,4-addition on enoate 2.27, we had to first access vinyl
iodide 2.46 (Scheme 2.26). To this end, reduction of commercially available propargyl
alcohol (2.52) with Red-Al in the presence of iodine produced vinyl iodide 2.53, which
when exposed to the illustrated trichloroacetimidate underwent smooth conversion to the
corresponding para-methoxybenzyl ether (2.46) in a good yield over two steps.?!
Unfortunately, metal halogen exchange of 2.46 to the vinyl cuprate (various conditions)
and subsequent exposure to enoate 2.27 did not lead to the desired coupling product 2.54.
Although it was unclear why 2.27 failed to undergo conjugate addition we decided to

move forward with a slight variation wherein cross coupling would deliver the desired

product (Scheme 2.26¢).
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a) Coupling Partner Synthesis o

N

PMBO ~ ~CClg

HO /\/ Red-Al, EtOAc, I, HO I _CSA PMBO [
Et,0 DCM/Cyclohexane

(56% vyield, 8:1, Z:E, 2 steps)

2.52 2.53 2.46
b) Vinyl Cuprate Addition Attempt
PMBO
OEt PMBO — [Cu]
o ‘z:& «
- ¢ EtO,C
N OTBS
Ts N OTBS
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2.27 2.54
¢) Suzuki Coupling Attempt
PMBO\
PMBO
CuCly, BoPin, 777':<_ N\
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Scheme 2.26 1,4-Addition attempts

In the event, it was found that a copper(I) catalyzed pB-boration was effective in
delivering the requisite boronic ester (2.55), albeit in low yield (32% yield).
Unfortunately, attempts to effect the B-alkyl Suzuki reaction under various cross
coupling conditions failed to deliver any of the desired coupling product.?> This was
perhaps not too surprising, as sp’-sp? cross-coupling reactions are known to be
challenging due to beta-hydride elimination and, in the realm of organoboron
nucleophiles for transmetallation, our substrate, which manifests as a B-Pin boronic ester,
is among the least reactive. Subsequent, attempts to address this latter issue by
converting boronic ester 2.55 to the corresponding (and more reactive) potassium
trifluoroborate (KBF4) also met with failure.”® At this point, it was necessary to find an

alternate pathway to access ester 2.24 (Scheme 2.27).
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2.3.2 Ireland-Claisen Rearrangement Route

A possible alternative way of accessing ester 2.24 presented itself, as it contains
and y,0-unsaturated ester motif, we believed the use of an Ireland-Claisen rearrangement
could produce the desired ester (Scheme 2.27). Therefore, ester 2.24 would arrive by
enolization of ester 2.57 to form a 1,5-diene (i.e., 2.56) that would be poised to undergo
the desired [3,3]-sigmatropic rearrangement to form a carboxylic acid, which upon

esterification would deliver 2.24.

PMBO

O
EtO <’\ M = LlKorS| N ‘g—\ 4§—\
N
N N

\
A\ <\ Ireland-Claisen
N

\

Rearrangement

OTBS OTBS

H
2.24

Scheme 2.27 Ireland-Claisen route

Initial efforts to prepare 2.57 are illustrated in Scheme 2.28 and began with
commercially available homopropargyl alcohol 2.58 which, upon hydroalumination and
subsequent trapping with iodine gave homoallylic alcohol 2.59 as 1:1 mixture of olefin
isomers.?* Silyl protection of 2.59 followed by lithium-halogen exchange with fert-butyl
lithium produced an intermediate vinyllithium that was reacted with known aldehyde
2.61 to generate alcohol 2.62 as a 1:1 mixture of olefin isomers.?>® Unfortunately, initial
esterification of 2.63 with alcohol 2.62 proved to be more difficult than anticipated, since
only trace product could be isolated. It was clear further optimization would be required
to obtain enough material to attempt the Ireland-Claisen rearrangement. Although we
had invested a considerable amount of effort in the Scholarisine project, we began to

question our ability to efficiently access a suitable isonitrile intermediate for cascade
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cyclization, a transformation that was itself proving somewhat dubious; thus, we chose to

abandon the Scholarisine project.

HO [ TBSCI TBSO I
HO AlMeg, DIBAL, I, N\ imidazole N\
\ o /) —— " \ R —— \
= DCM, — 78 °C DCM
(58% vyield) (73% yield)
2.58 2.59 2.60
OH
o opus { o PMBO
TBSO 0
2.61, tBuLi _\”W\ H 2.63 0
— > N T > /
THF, —78°C tort Hogz;_/
(52% yield, 1:1 Z:E) OPMB A\ (
N oTBS
2.62 2.57

Scheme 2.28 Ireland-Claisen attempts

2.4 Conclusion

In our approach toward the synthesis of scholarisine A (2.10), we sought to
develop a novel disconnection to set us apart from others who have or are currently
working toward the total synthesis. We were inspired by the work of Phil Baran and
coworkers who utilized isocyanides as electrophiles for cyclization reactions to form
cyclic imines. With regard to scholarisine we envisioned a pendent olefin acting as a
nucleophile in the attack of an activated isonitrile. In a cascade event, the derived
carbonium ion was seen as undergoing attack by an adjacent ester to deliver the
polycyclic imine 2.10. The feasibility of this proposed cascade cycloaddition was
explored in a model system that presented an analogous array of functionality within a
similar but not identical carbon framework. Although we were delighted to find that the
model substrate was capable of undergoing the desired cyclization process, it occurred in

low yield and only when using an acyl group as an activating agent. Unfortunately the
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acylated intermediate that is produced under these conditions is not suited as an
intermediate en route to 2.10. Attempts to find a traceless or cleavable activating agent
failed.

While the model system did establish that the desired bond connectivity could be
produced by this approach, it did not fully mimic the system presented by 2.10 and thus
the lack of desired reactivity was put aside in hopes of preparing a fully functionalized
substrate. With this in mind we initiated studies to prepare an intermediate that could be
advanced to the natural product. However, despite promising early results using an
Ireland-Claisen rearrangement, our efforts to access an advanced isonitrile-containing
intermediate met with only limited success and concerns regarding overall efficiency led

us to eventually abandon the scholarisine A effort.

2.5 Experimentals

General

Unless stated otherwise, all reactions were performed using flame or oven-dried
glassware and under an atmosphere of nitrogen. DCM, THF, diethyl ether, benzene, and
toluene were dried using a solvent purification system manufactured by SG Water
U.S.A., LLC. Acetonitrile, ethyl acetate, pentanes, hexanes, DMF, DMSO, and DCE
were supplied by either Fisher Scientific or Sigma-Aldrich and were used as received.
Triethylamine, diisopropylamine, and methanol were stirred over calcium hydride and
distilled before use. All other commercially available reagents were used as received.

Unless stated otherwise, reactions were monitored by thin-layer chromatography

using Silicycle SiliaPlate® TLC glass backed extra hard layer, 60 A (F-254 indicator,
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250 pm thickness). All purifications were performed using Silicyle SiliaFlash® P60
silica (40-63 pm, 230-400 mesh) as a stationary phase. High-resolution mass
spectroscopy was performed by the central instrument facility at Colorado State
University or on a Thermo Orbitrap ESI mass spectrometer at Baylor University. Single-
crystal X-ray crystallography was performed by Brian Newell at Colorado State
University or Prof. Caleb Martin at Baylor University. 'H and '*C-NMR spectra were
taken on Varian VNMRS 500, Varian Inova 400, Bruker Ascend 400, and Bruker Ascend
600 cryoprobe spectrometers. Infrared spectra were taken on a Nicolet Avatar 320 FTIR
or Bruker Alpha Platinum ATR. Chemical Shifts (8) are reported in parts per million
(ppm) and coupling constants (J) are reported in hertz (Hz). The reported chemical shifts

are relative to the residual solvent peaks of the indicated deuterated solvents.

Preparation of Cyclopentene 2.32'

o O

MeC)MOMe o o0
CIUCI %’ MeCO i OMe
(73% yield)

233 232
To a round bottom flask equipped with a magnetic stir bar was added dimethyl
malonate (2.30 g, 19.9 mmol), N,N'-dimethylpropylene urea (DMPU) (4.40 mL, 36.4
mmol), and THF (30.0 mL). The solution was cooled in an ice/water bath 15 minutes
before lithium hydride (0.395 g, 49.7 mmol) was added in one portion. After 1.5 hours of
stirring at 0 °C a solution of cis-1,4-dichloro-2-butene (2.73 g, 21.9 mmol) in THF (10.0
mL) was added and the reaction was heated to 45 °C. TLC was used to follow the
reaction progress and the TLC plates were developed using a 25% EtOAc/Hexanes

solution and visualized with KMnOa4. After 72 hours the reaction was quenched with the
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addition of sat. aq. NH4Cl (20.0 mL) and H20 (10.0 mL). The organic was then washed
with H20 (3 x 20.0 mL) and brine (30.0 mL) before drying over MgSO4. Concentration
and purification via silica gel flash column chromatography (5% gradient, 0% — 20%
EtOAc/Hex) afforded cyclopentene 2.32 (2.92 g, 73% yield) as a white solid.

Rr=0.38 (25% EtOAc/Hex); m.p. 61-63 °C; "H-NMR (400 MHz; CDCl3): § 5.60
(s (br), 2H), 3.73 (s, 6H), 3.01 (s (br), 4H); *C-NMR (100 MHz; CDCl3) § 172.8, 127.9,
58.9, 53.0, 41.1; FTIR (neat): 2959, 1720 cm™; HRMS (ESI) m/z Calc’d.for CoH1204

[M+H]": 185.0814, found: 185.0807.

Preparation of Dibromide 2.34

(0] (0]
(0] (0]
Bra MeO oM
MeO OMe —— > © ©
DCM, — 78 °C
Br Br
2.32 2.34

To a round bottom flask equipped with a magnetic stir bar was added
cyclopentene 2.32 (2.63 g, 14.3 mmol) and DCM (143 mL). The solution was cooled in
a dry ice/acetone bath and bromine (0.800 mL, 15.0 mmol) was added dropwise over 5
minutes. The reaction was stirred at this temperature for 2 hours before slowly warming
to room temperature over an addition 2 hours. TLC was used to follow the reaction
progress and the TLC plates were developed using a 25% EtOAc/Hexanes solution and
visualized with KMnOa. After reaching room temperature the reaction was diluted with
DCM and transferred to a separatory funnel. The solution was washed with sat. aq.
Na2S204 (30.0 mL), H20 (3 x 40.0 mL), and brine (40.0 mL) before drying over MgSOa.
Concentration and purification via silica gel flash column chromatography (10%

EtOAc/Hex) afforded dibromide 2.34 (4.70 g, 95% yield) as a white solid.

40



Ry= 0.43 (25% EtOAc/Hex); m.p. 48-49 °C; 'H-NMR (400 MHz; CDCls): & 4.47-
4.44 (m, 2H), 3.77 (d, J = 1.9 Hz, 6H), 3.48-3.38 (m, 2H), 2.73-2.67 (m, 2H); *C-NMR
(100 MHz; CDCls) 8 171.2, 58.6, 56.0, 53.6, 42.1; FTIR (neat): 2855, 1732 cm’; HRMS

(ESI) m/z Calc’d.for CoH12Br204 [M+H]": 342.9181, found: 342.9166.

Preparation of Aldehyde 2.30

o o O O
1) KHMDS MeO OMe
MeO OMe  THF,—-78°C e €
—_—
2) Acrolein, /
Br Br neat, 45 °C _
O
2.34 2.30

Diene Formation. To a round bottom flask equipped with a magnetic stir bar was
added the dibromide 2.34 (3.00 g, 8.77 mmol) and THF (88.0 mL). The solution was
cooled in a dry ice/acetone bath and potassium bis(trimethylsilyl)amide (KHMDS) (38.6
mL, 0.5 M in toluene, 19.3 mmol) was added. The reaction was allowed to slowly warm
to room temperature with the bath. TLC was used to follow the reaction progress and the
TLC plates were developed using a 50% EtOAc/Hexanes solution and visualized with p-
anisaldehyde stain. After 3 hours the reaction was diluted in EtOAc and washed with sat.
aq. NH4ClI (3 x 20.0 mL), H20 (2 x 20.0 mL), and brine (25.0 mL) before drying over
MgSOs4. Concentration delivered the crude diene, which was moved onto the next

reaction.

Diels-Alder. To a round bottom flask equipped with a magnetic stir bar and water
cooled condensor was added the crude diene and acrolein (14.7 mL, 220 mmol). The
flask was sealed and heated to 45 °C. The reaction progress was followed by 'HNMR.

After 85 hours the reaction was worked up by concentration and purification via silica gel
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flash column chromatography (10% gradient, 0% — 30% EtOAc/Hex) afforded aldehyde
2.30 (1.50 g, 71% yield from 2.34) as a yellow oil.

Ry = 0.44 (50% EtOAc/Hex); 'H-NMR (400 MHz; CDCl3): § 9.51 (d, J = 1.3 Hz,
1H), 6.21-6.12 (m, 1H), 6.03-5.99 (m, 1H), 3.79-3.77 (m, 1H), 3.73 (s, 3H), 3.64 (s, 3H),
3.47-3.44 (m, 1H), 3.20-3.11 (m, 1H), 2.07 (ddd, J = 12.8, 9.1, 3.8 Hz, 1H), 1.60 (dd, J =
12.7, 4.2 Hz, 1H); *C-NMR (100 MHz; CDCls) § 201.8, 168.7, 168.3, 136.6, 131.1,
76.7, 53.0, 52.9, 50.4, 48.4, 47.5, 26.0; FTIR (neat): 2955, 1719 cm™'; HRMS (ESI) m/z

Calc’d.for C12H1405 [M+Na]": 261.0733, found: 261.0735.

Preparation of Alcohol 2.35

MeO OMe NaBH, MeO OMe
— >
/ MeOH, 0 °C 7
~
o) HO
2.30 2.35

To a cone shaped flask equipped with a magnetic stir bar was added aldehyde
2.30 (0.81 g, 3.4 mmol) and MeOH (17 mL). The reaction was cooled in an ice/water
bath and sodium borohydride (NaBHa4) (0.15 g, 4.1 mmol) was added in one portion.
TLC was used to follow the reaction progress and the TLC plates were developed using a
75% EtOAc/Hexanes solution and visualized with KMnOas. After 1 hour the reaction was
quenched with the addition of 1M HCI (5.0 mL) and removal of MeOH. The solution
was extracted with EtOAc (20 mL) and the organic was washed with sat. ag. NaHCOs3 (2
x 10 mL), H20 (10 mL), and brine (10 mL) before drying over MgSO4. Concentration
and purification via silica gel flash column chromatography (50% EtOAc/Hex) afforded

alcohol 2.35 (0.64 g, 78% yield) as a white solid.
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Ry=0.32 (50% EtOAc/Hex); m.p. 67-69 °C; 'H-NMR (400 MHz; CDCl3): § 6.14-
6.11 (m, 1H), 6.03-6.00 (m, 1H), 3.71 (s, 3H), 3.63 (s, 3H), 3.50-3.48 (m, 1H), 3.40-3.23
(m, 3H), 2.46-2.36 (m, 1H), 2.09 (ddd, /= 12.7, 9.1, 3.9 Hz, 1H), 1.51 (s, 1H), 0.64 (dd,
J =123, 4.6 Hz, 1H); *C-NMR (100 MHz; CDCl3) § 169.5, 168.8, 135.3, 131.7, 77.0,
65.1,52.8,52.7, 48.6,47.0, 39.3, 27.5; FTIR (neat): 3175, 2934, 1721 cm™'; HRMS (ESI)

m/z Calc’d.for C12H160s5 [M+H]™: 241.1076, found: 241.1062.

Preparation of Amine 2.37

o 0
1) DPPA, PPhj, MeO oM
MeO OMe ' DEAD, THF,0°C _ ¢ ©
2) PPhs, H,0,
THF, 55°C
95"
HO (82% yield) HoN
2.35 2.37

Azide Formation. To a round bottom flask equipped with a magnetic stir bar was
added alcohol 2.35 (0.16 g, 1.9 mmol), PPhs (1.0 g, 3.9 mmol), and THF (19 mL). The
solution was cooled in an ice/water bath before the addition of diphenyl phosphoryl azide
(DPPA) (0.88 mL, 3.9 mmol) and diethyl azodicarboxylate (DEAD) (2.0 mL, 40%, 3.9
mmol). The reaction was allowed to slowly warm to room temperature with the bath.
TLC was used to follow the reaction progress and the TLC plates were developed using a
75% EtOAc/Hexanes solution and visualized with KMnOa. After 19 hours the reaction
was diluted with EtOAc and washed with H2O (2 x 15 mL) and brine (15 mL) before
drying over MgSO4. Concentration and purification via silica gel flash column
chromatography (2% gradient, 0% — 10% EtOAc/Hex) afforded the slightly impure

azide (0.76 g) as a colorless oil.
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Staudinger Reduction. To a round bottom flask equipped with a magnetic stir bar
was added the azide (0.76 g, 2.9 mmol) and THF (29 mL). PPhs (1.1 g, 4.3 mmol) and
H20 (0.26 mL, 14 mmol) were then added and the reaction heated to 55 °C. TLC was
used to follow the reaction progress and the TLC plates were developed using a 75%
EtOAc/Hexanes solution and visualized with KMnOas. After 24 hours the reaction was
worked up by concentration and purification via silica gel flash column chromatography
(2% gradient, 0% — 10% EtOAc/Hex) afforded amine 2.37 (0.18 g, 82% yield from

alcohol 2.35) as a yellow oil.

Azide. Ry=0.61 (50% EtOAc/Hex); 'H-NMR (600 MHz; CDCl3): 6 6.18 (dd, J =
6.0, 3.0 Hz, 1H), 6.00 (dd, J = 6.0, 3.0 Hz, 1H), 3.72 (s, 3H), 3.64 (s, 3H), 3.48-3.47 (m,
1H), 3.35-3.34 (m, 1H), 3.08-2.93 (m, 1H), 2.49-2.44 (m, 1H), 2.14 (ddd, J = 12.6, 9.0,
3.8 Hz, 1H), 0.68 (dd, J = 12.5, 4.5 Hz, 1H); 3C-NMR (150 MHz, CDCl3) § 169.2,
168.5, 136.0, 131.3, 77.04, 54.2, 52.9, 52.8, 49.1, 47.1, 36.7, 28.6; FTIR (neat): 2953,
2092, 1731 cm’'; HRMS (ESI) m/z Calc’d.for C12H1sN304 [M+Na]*: 288.0955, found:

288.0957.

Amine. "H-NMR (400 MHz; CDCLs): § 6.12 (dd, J = 6.0, 2.9 Hz, 1H), 5.98 (dd, J
=6.0, 2.9 Hz, 1H), 3.70 (s, 3H), 3.62 (s, 3H), 3.45-3.43 (m, 1H), 3.32-3.30 (m, 1H), 2.46-
2.38 (m, 2H), 2.23-2.18 (m, 1H), 2.12 (ddd, J = 12.5, 8.9, 3.8 Hz, 1H), 1.29 (s, 2H), 0.65
(dd, J = 11.9, 4.3 Hz, 1H); 3C-NMR (100 MHz; CDCl3) § 169.6, 168.8, 135.3, 131.5,
77.03, 52.7, 52.6, 49.0, 47.1, 45.4, 40.3, 28.9; FTIR (neat): 2952, 1730, 1658 cm’!;

HRMS (ESI) m/z Calc’d.for C12H17NO4 [M+H]": 240.1236, found: 240.2134.

44



Preparation of Isonitrile 2.28

O O o O
MeO OMe 1) Formic Acetic Anhydride MeO OMe
THF, 0°C _
2) POCI3, NEt3
DCM, 0 °C ®
HoN (66% yield, 2 steps) @C///N
2.37 2.28

Formamide Formation. To a round bottom flask equipped with a magnetic stir
bar was added amine 2.37 (0.27 g, 1.1 mmol) and THF (13 mL). The solution was
cooled in and ice/water bath and formic acetic anhydride (0.12 mL, 1.6 mmol) was added
dropwise. TLC was used to follow the reaction progress and the TLC plates were
developed using a 75% EtOAc/Hexanes solution and visualized with KMnOs4.  After 2
hours, concentration and purification via silica gel flash column chromatography (10%

gradient, 40% — 100% EtOAc/Hex) afforded the amide (0.27 g) as a colorless oil.

Isonitrile Formation. To a round bottom flask equipped with a magnetic stir bar
was added the amide (0.10 mL, 0.37 mmol) and DCM (3.7 mL). The solution was
cooled in an ice/salt/water bath and EtsN (0.17 mL, 1.9 mmol) was added. After
thorough cooling POCI3 (0.77 mL, 3.7 mL) was added drowise. TLC was used to follow
the reaction progress and the TLC plates were developed using a 50% EtOAc/Hexanes
solution and visualized with KMnO4. After 45 minutes the reaction was quenched with
the addition of H2O (4.0 mL). The aqueous layer was extracted with DCM (3 x 8.0 mL)
and the combined organics were dried over Na2SO4. Concentration and purification via
silica gel flash column chromatography (50% EtOAc/Hex) afforded the isonitrile 2.28

(0.067 g, 66% yield from amine 2.37) as a white solid.
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Ry = 0.40 (50% EtOAc/Hex); m.p. 73-75 °C; 'H-NMR (400 MHz; CDCl): § 6.26
-6.23 (m, 1H), 6.06-6.04 (m, 1H), 3.76 (s, 3H), 3.66 (s, 3H), 3.58-3.54 (m, 1H), 3.42-3.37
(m, 1H), 3.17-3.05 (m, 2H), 2.67-2.64 (m, 1H), 2.19 (ddd, J = 12.0, 8.0, 4.0 Hz, 1H), 0.70
(d, J = 16.0, 4.0 Hz, 1H); 3C-NMR (100 MHz; CDCLs) § 168.8, 168.2, 156.6, 136.8,
130.7, 77.1, 53.0, 52.8, 49.0, 47.4, 44.1 (t, J = 6.0 Hz), 36.7, 28.4; FTIR (neat): 2935,
2143, 1738, 1717 em’'; HRMS (ESI) m/z Calc’d.for CizHi7NOs [M+H]": 250.1079,

found: 250.1077.

Preparation of Ether 2.36

o o o o
MeO OMe Br,, ZnBr, MeO OMe
; —_— Br
DCM, 0 °C
HO o
2.35 2.36

To a vial equipped with a magnetic stir bar was added alcohol 2.35 (0.050 g, 0.21
mmol), zinc bromide (0.047 g, 0.21 mmol), and DCM (0.70 mL). The solution was
cooled in an ice/water bath and bromine (0.011 mL, 0.21 mmol) was added dropwise.
TLC was used to follow the reaction progress and the TLC plates were developed using a
75% EtOAc/Hexanes solution and visualized with KMnOa. After 1 hour the reaction was
diluted with DCM (6.0 mL) and washed sat. aq. Na2S203 (2 x 2.0 ml), H20 (6.0 mL), and
brine (6.0 mL) before drying over NaxSOas. Concentration and purification via silica gel
flash column chromatography (10% gradient, 0% — 60% EtOAc/Hex) afforded ether
2.36.

'H-NMR (400 MHz; CDCl3): § 4.90-4.88 (m, 1H), 3.89-3.85 (m, 1H), 3.79-3.70
(m, 7H), 3.68-3.63 (m, 1H), 3.25-3.19 (m, 1H), 2.99 (s (br), 1H), 2.59-2.51 (m, 1H),

2.46-2.41 (m, 1H), 1.24-1.19 (m, 1H); *C-NMR (100 MHz; CDCl3) & 169.0, 168.9, 88.9,
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74.8, 69.5, 55.7, 53.1, 53.0, 51.3, 48.5, 37.1, 35.6; HRMS (ESI) m/z Calc’d.for

C12H15BrOs [M+NHa4]": 336.0441, found: 336.0436.

Preparation of Ketone 2.38

O O
Q9 MeO OMe
MeO OMe PivCl, then
aqueous workup 7

4 DCM, —78 °C
Q. |§\14a 10) N‘
Cc- OH

Bu
2.28 2.38

To a vial equipped with a magnetic stir bar was added isonitrile 2.28 (0.015 g,
0.060 mmol) and DCM (0.60 mL). The solution was cooled in a dry ice/acetone bath and
pivaloyl chloride (0.0078 g, 0.063 mmol) was added. TLC was used to follow the
reaction progress and the TLC plates were developed using a 25% EtOAc/Hexanes
solution and visualized with KMnOs. After 8 hours at this temperature the reaction was
removed from the cooling bath and warmed to room temperature overnight. The reaction
was quenched with the addition of sat. ag. NaHCOs (0.6 mL) and diluted with DCM.
The organic layer was washed with H2O and brine. Concentration and purification via
silica gel flash column chromatography (10% gradient, 0% — 100% EtOAc/Hex)
afforded ketone 2.38.

Ry = 0.23 (50% EtOAc/Hex); 'H-NMR (400 MHz; CDCls): & 6.89 (s (br), 1H),
6.22-6.18 (m, 1H), 6.07-6.02 (m, 1H), 3.71 (s, 3H), 3.63 (s, 3H), 3.38-3.32 (m, 2H), 3.05-
3.01 (m, 2H), 3.43-3.35 (m, 1H), 2.13 (ddd, J = 12.7, 9.1, 3.8 Hz, 1H), 1.32 (s, 9H), 0.72
(dd, J = 12.4, 4.5 Hz, 1H); *C-NMR (100 MHz; CDCl3) § 203.6, 169.2, 168.6, 159.7,

1359, 131.5, 77.1, 52.9, 52.8, 49.1, 47.2, 43.1, 41.8, 36.7, 28.8, 26.4; FTIR (neat): 3369,
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2955, 1733, 1672, 1519 cm’'; HRMS (ESI) m/z Calc’d.for CioHisNOoS [M+H]":

352.1760, found: 352.1761.

Preparation of Imine 2.39

o o o ©
MeO OMe PivCl, then o OMe
AgOTY
/ DCM, —78 °C to rt
e,ﬁ o N
c tBu
2.28 2.39

To a vial equipped with a magnetic stir bar was added isonitrile 2.28 (0.025 g,
0.10 mmol) and DCM (1.0 mL). The solution was cooled in a dry ice/acetone bath and
pivaloyl chloride (0.013 g, 0.11 mmol) was added. The reaction was allowed to warm to
room temperature, with the bath, over 3 hours and the vial was sealed. After a total of 19
hours AgOTf (0.028 g, 0.11 mmol) was added, in one portion, and the vial was recapped
and stirred at room temperature. TLC was used to follow the reaction progress and the
TLC plates were developed using a 50% EtOAc/Hexanes solution and visualized with
KMnOs. After a total of 48 hours the reaction was quenched with the addition of sat. aq.
NH4Cl (1.0 mL) and diluted with DCM. The organic layer was washed with H20 and
brine before drying over MgSOa4. Concentration and purification via silica gel flash
column chromatography (5% gradient, 0% — 40% EtOAc/Hex) afforded imine 2.39
(0.011 g, 34% yield) as a white solid.

Ry = 0.43 (50% EtOAc/Hex); m.p. 152-154 °C; 'H-NMR (400 MHz; CDCl3): &
4.559d, J = 2.6 Hz, 1H), 4.14 (d, J = 24.0 Hz, 1H), 3.85-3.74 (m, 4H), 3.17-3.15 (m,
1H), 2.87-2.86 (m, 1H), 2.67-2.65 (m, 1H), 2.55 (s (br), 1H), 2.04 (ddd, J = 16.7, 11.3,

5.4 Hz, 1H), 1.31 (d, J = 1.7 Hz, 9H), 1.03 (dd, J = 14.2, 6.3 Hz, 1H); 3C-NMR (150
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MHz, CDCL3) § 171.2, 167.2, 162.8, 81.7, 67.6, 54.3, 53.1, 51.2, 44.0, 39.2, 32.1, 27.3,
24.0; FTIR (neat): 2954, 1781, 1738, 1678 cm™'; HRMS (ESI) m/z Calc’d.for C17H21NOs

[M+H]": 320.1498, found: 320.1503.

Preparation of Stannane 2.44

I SnBujg
PrMgCl, BuzSnCI
® #PrMgCl, BugSnCl _ @
N THF, — 40 °C N
Ts Ts
2.48 2.44

To a round bottom flask equipped with a magnetic stir bar was added iodide 2.48
(0.79 g, 2.0 mmol) and THF (12.0 mL). The reaction was cooled in a dry ice/MeCN bath
and /PrMgCl (1.3 mL, 1.7M, 2.2 mmol) was added dropwise. After 1 hour, tributyltin
chloride (BusSnCl) (0.81 mL, 1.5 mmol) was added dropwise and the reaction was
allowed to slowly warm to room temperature with the bath. TLC was used to follow the
reaction progress and the TLC plates were developed using a 25% EtOAc/Hexanes
solution and visualized with KMnOas. After 3 hours the reaction was quenched with the
addition of sat. aq. NH4Cl (4.0 mL). The organic was washed with H2O (15 mL) and
brine (15 mL) before drying over MgSO4. Concentration and purification via silica gel
flash column chromatography (96%:2%:2% Hex:EtOAc:Et:N) afforded stannane 2.44

(0.074 g, 66% yield) as a colorless oil. [CAS: 156021-25-9]

Preparation of o,p-Unsaturated Ester 2.27

o) OEt
SnBug | w)\oa Pd,(dba)s o]
N + | AsPhj, LiCl
N DMF, 50 °C AN
T N OTBS
TBSO Ts
2.44 2.45 2.27
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To a round bottom flask equipped with a magnetic stir bar was added stannane
2.44 (0.28 g, 0.50 mmol), Pd2(dba)s (0.012 g, 0.013 mmol), and AsPhs (0.015 g, 0.050
mmol). A solution of vinyl iodide 2.45 (0.19 g, 0.50 mmol) in DMF (2.0 mL) was added
and the entire solution was degassed (freeze-pump-thaw). The reaction was then heated
to 60 °C. TLC was used to follow the reaction progress and the TLC plates were
developed using a 25% EtOAc/Hexanes solution and visualized with KMnOa. After 43
hours the reaction was worked up by the addition of H20 (60 mL) and diluting with Et2O.
The organic layer was washed with H20 (2 x 60 mL) and brine (60 mL) before drying
over Na2SO4. Concentration and purification via silica gel flash column chromatography
(0% — 8% Et20/Toluene) afforded a,p-unsaturated ester 2.27 (0.21 g, 78% yield) as a
yellow oil.

Ry = 0.54 (25% EtOAc/Hex); '"H-NMR (400 MHz; CDCl3): § 7.96 (m, 1H), 7.78-
7.71 (m, 2H), 7.50 (s, 1H), 7.32-7.13 (m, 6H), 4.16 (q, J = 7.1 Hz, 2H), 3.65 (t, J = 6.3
Hz, 2H), 2.35-2.22 (m, 6H), 1.18 (t, J= 7.1 Hz, 3H), 0.85 (s, 9H), 0.00 (s, 6H); 3*C-NMR
(100 MHz; CDCIs) 6 166.6, 144.9, 135.4, 134.9, 130.7, 132.0, 127.0, 126.3, 125.1, 124.7,
123.4, 120.8, 116.9, 113.8, 110.2, 61.9, 61.0, 33.7, 26.1, 21.7, 18.5, 14.3, -5.2; FTIR
(neat): 2928, 1713, 1597 cm™'; HRMS (ESI) m/z Calc’d.for C2sH37NOsSSi [M+Na]':

550.2054, found: 550.2055.

Preparation of Allylic Alcohol 2.53

HO \ Red-Al, EtOAc, I, HO —;I:<_
Et,0
2.52 2.53

To a round bottom flask equipped with a magnetic stir bar was added Red-Al (2.1

mL, 7.1 mmol) and Et2O (9.7 mL). The solution was cooled in an ice/water bath and a
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solution of alcohol 2.52 (0.30 g, 3.6 mmol) in Et2O (3.0 mL) was added. The reaction
was removed from the cooling bath and warmed to room temperature. After 8 hours the
reaction was again cooled to 0 °C and EtOAc (0.35 mL, 3.6 mmol) was added. The
reaction was immediately placed into a dry ice/acetone bath and iodine (1.4 g, 5.4 mmol)
was added. The reaction was then removed from the cooling bath and stirred at room
temperature overnight. TLC was used to follow the reaction progress and the TLC plates
were developed using a 10% EtOAc/Hexanes solution and visualized with KMnOas. The
reaction was worked up by washing the organic layer with sat. aq. Na>S203, H20, and
brine before drying over Na2SO4. Concentration and purification via silica gel flash
column chromatography (25% EtOAc/Hex) afforded allylic alcohol 2.53 (0.45 g, 60%

yield) as an orange oil. [CAS: 161630-78-5 (Z); 161530-76-3 (E)]

Preparation of Vinyl lodide 2.46

X
HO— | PMB%SA CCls PMBO—, |
777:<; DCM/Cyclohexane %
2.53 2.46

To a round bottom flask equipped with a magnetic stir bar was added allylic
alcohol 2.53 (0.20 g, 0.94 mmol), DCM (4.4 mL), cyclohexane (1.1 mL), PMB
acetimidate (0.30 mL, 1.4 mmol), and CSA (0.022 g, 0.094 mmol). TLC was used to
follow the reaction progress and the TLC plates were developed using a 25%
EtOAc/Hexanes solution and visualized with KMnOas. After 21 hours the reaction was
worked up by washing with sat. aq. NaHCOs3 before drying over Na2SO4. Concentration
and purification via silica gel flash column chromatography (0% — 12% EtOAc/Hex)

afforded vinyl iodide 2.46 (0.29 g, 94% yield, 8:1 E:Z) as an orange oil.
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R/ = (50% EtOAc/Hex); 'H-NMR (400 MHz; CDCL3): § 7.32-7.24 (m, 2H), 7.11-
7.06 (m, 0.25H), 6.92-6.85 (m, 2H), 6.83-6.81 (m, 0.25H), 5.82-5.79 (m, 1H), 4.52 (s,
0.25H), 4.46(s, 2H), 4.16 (dt, J = 5.7, 1.3 Hz, 0.25H), 4.07 (dt, J = 5.6, 1.2 Hz, 2H), 3.81
(s, 3H), 3.78 (s, 0.38H), 2.58 -2.51 (m, 2H), 2.28-2.22 (m, 0.25H), 1.16 (t, J = 7.5 Hz,
0.38H), 1.09 (t, J = 7.3 Hz, 3H); *C-NMR (100 MHz; CDCL3) & 159.34, 157.96, 133.77,
130.77, 130.21, 129.81, 129.79, 129.58, 113.91, 113.89, 112.18, 74.43, 72.31, 71.08,
57.45, 55.36, 55.32, 40.20, 39.15, 14.77, 13.96, 12.59; FTIR (neat): 2967, 1611, 1510 cm’

I HRMS (ESI) m/z Calc’d.for C13H17102 [M+Na]": 355.0165, found: 355.0165.

Preparation of Boronic Ester 2.55

OEt BL'L
(0]

(0] CuCly, BoPin, B -0
- NaOBu, MeOH EtO,C
—_—

A\ THF

N OTBS N\

Ts N OTBS

Ts

2.27 2.55

To a round bottom flask equipped with a magnetic stir bar was added CuCl
(0.0060 g, 0.061 mmol), NaOsBu (0.016 g, 0.17 mmol), and THF (0.5 mL). After 30
minutes a solution of bis(pinacolato)diboron (B2Pin2) (0.27 g, 1.0 mmol) in THF (0.7
mL) was added. After 10 additional minutes a solution of o,B-unsaturated ester 2.27
(0.50 g, 0.95 mmol) in THF (0.7 mL) was added, followed immediately by MeOH (0.080
mL, 1.9 mmol). TLC was used to follow the reaction progress and the TLC plates were
developed using a 5% Et20/Toluene solution and visualized with KMnOa4. After 16
hours the reaction was worked up by vacuum filtration through celite. Concentration and

purification via silica gel flash column chromatography (0% — 6% Et2O/Toluene)
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afforded boronic ester 2.55 (0.20 g, 32% yield) as an inconsequential mixture of
diastereomers.

Rr= 0.43 (25% EtOAc/Hex); 'H-NMR (400 MHz; CDCl3): 8 7.99 (d, J = 8.2 Hz,
1H), 7.85-7.57 (m, 3H), 7.35-7.18 (m, 5H), 4.20-3.90 (m, 3H), 3.72-3.48 (m, 2H), 2.37-
2.35 (m, 3H), 2.05-1.73 (m, 2H), 1.56-1.48 (m, 1H), 1.31 (d, J = 16.4 Hz, 9H), 0.95-0.87
(m, 12H), 0.11-0.01 (m, 6H); *C-NMR (100 MHz; CDCl3) & 173.87, 173.41, 144.81,
144.78, 135.55, 135.41, 135.28, 134.79, 130.35, 130.19, 129.88, 129.85, 128.50, 128.47,
128.33, 128.26, 126.87, 125.53, 124.99, 124.75, 124.69, 124.67, 123.19, 123.04, 120.53,
120.45, 120.42, 120.33, 113.76, 113.44, 83.45, 83.43, 83.31, 77.48, 77.16, 76.84, 62.75,
62.54, 60.95, 60.86, 44.51, 43.96, 33.15, 32.17, 26.09, 26.06, 25.03, 24.81, 24.56, 24.44,
21.60, 18.46, 18.41, 14.22, 14.14, -5.13, -5.17, -5.22, -5.03; FTIR (neat): 2928, 1730,
1598 ¢cm’'; HRMS (ESI) m/z Calc’d.for C34Hso0BNO7SSi [M+Na]": 678.3063, found:

678.3065.

Preparation of Homoallylic Alcohol 2.59

HO AlMes DIBAL, [, O '

2.58 2.59
To a round bottom flask equipped with a magnetic stir bar was added 3-hexyn-1-
ol 2.58 (0.56 mL, 5.1 mmol) and DCM (20 mL). AlMes; (3.1 mL, 2.0M in heptanes, 6.1
mmol) was added dropwise at room temperature. After 30 minutes diisobutylaluminum
hydride (5.3 mL, 1.0M in hexanes, 5.3 mmol) was added. After an additional 48 hours
the reaction was cooled in a dry ice/acetone bath and I (3.1 g, 12 mmol) was added in
one portion. The reaction was immediately placed into and ice/water bath and stirred 30

minutes. TLC was used to follow the reaction progress and the TLC plates were
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developed using a 25% EtOAc/Hexanes solution and visualized with KMnOas. The
reaction was quenched with the dropwise addition of sat. ag. Na2S203 (3.0 ml) and sat.
aq. NH4ClI (3.0 mL). The solution was then washed with Rochelle’s salt, H20, and brine
before drying over MgSO4. Concentration and purification via silica gel flash column
chromatography (0% — 35% EtOAc/Hex) afforded homoallylic alcohol 2.59 (0.67 g,
58% yield) as a 1.1:1 mixture of olefin isomers.

Ry = 0.28 (25% EtOAc/Hex); 'H-NMR (600 MHz; CDCls): § 6.16 (t, J = 7.6 Hz,
1H), 5.58 (t, J= 6.7 Hz, 0.9H), 3.71 (q, J = 6.1 Hz, 1.8H), 3.65 (q, /= 6.1 Hz, 2.0H, 2.47
(q,J=7.3 Hz, 1.8H), 2.45-2.39 (m, 3.8H), 2.32 (q,J = 6.7 Hz, 2.0H), 1.40 (t, /=5.7 Hz,
1.0H), 1.34 (t, J = 5.6 Hz, 0.90H), 1.10-1.04 (m, 5.7H); "*C-NMR (150 MHz; CDCl3) &
136.2, 129.8, 114.1, 108.1, 61.6, 61.5, 39.9, 39.2, 34.1, 32.6, 15.1, 14.6; FTIR (neat):
3311, 2967, 1629 cm’!; HRMS (ESI) m/z Calc’d.for CéHi110 [M+Na]*: 248.9747, found:

248.9748.

Preparation of Vinyl lodide 2.60

HO | TBSCI TBSO |
imidazole
\ —_— \
DCM

2.59 2.60

To a vial equipped with a magnetic stir bar was added homoallylic alcohol 2.59
(0.58 g. 2.6 mmol), imidazole (0.44 g, 6.5 mmol), tert-butyldimethylsilyl chloride (0.46
g, 3.1 mmol), and DMF (1.4 mL). TLC was used to follow the reaction progress and the
TLC plates were developed using a 50% EtOAc/Hexanes solution and visualized with
KMnOs4. After 19 hours, the reaction was diluted with EtOAc and washed with sat. aq.

NH4Cl. Concentration and purification via silica gel flash column chromatography (0%
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— 12% EtOAc/Hex) afforded vinyl iodide 2.60 (0.76 g, 73% yield) as a 1.4:1 mixture of
olefin isomers.

Rr= 0.67 (25% EtOAc/Hex); 'H-NMR (400 MHz; CDCls): § 6.14 (tt, J = 7.6, 0.9
Hz 0.7H), 5.56 (tt, J = 6.7, 1.3 Hz, 1H), 3.65 (t, J 6.7 Hz, 2H), 3.60 (t, J = 6.7 Hz, 1.4H),
2.54-2.47 (m, 2H), 2.44-2.38 (m, 1.4H), 2.38-2.31 (m, 2H), 2.28-2.23 (m, 1.4H), 1.09-
1.02 (m, 5.1H), 0.90-0.88 (m, 15.4H), 0.06-0.05 (m, 10.3H); “C-NMR (100 MHz,
CDCl) 6 136.9, 130.5, 113.0, 107.1, 62.1, 61.8, 40.1, 39.2, 34.4, 32.6, 26.1, 26.1, 18.5,
15.1, 14.6, -5.08, -5.13; FTIR (neat): 2928 cm™'; HRMS (ESI) m/z Calc’d.for C12H2s10Si

[M+H]": 341.0792, found: 341.0792.

Preparation of Alcohol 2.62

o oPMB
TBSO
TBSO [
S _\WW\ 2.61, tBuLi _\VM\
THF, —78°C tort HO
OPMB
2.60 2,62

To a round bottom flask equipped with a magnetic stir bar was added vinyl iodide
2.60 (0.50 g, 1.5 mmol) and THF (5.0 mL). The solution was cooled in a dry ice/acetone
bath and 7BuLi (1.8 mL, 1.7M in hexanes, 3.1 mmol) was added dropwise. After 40
minutes a solution of aldehyde 2.61 (0.29 g, 1.6 mmol) in THF (2.5 mL) was added.
TLC was used to follow the reaction progress and the TLC plates were developed using a
25% EtOAc/Hexanes solution and visualized with KMnOa. After 45 minutes the reaction
was removed from the cooling bath and allowed to stir at room temperature for an
additional 40 minutes. The reaction was quenched with the addition of sat. aq. NH4Cl

and the organic layer was dried over Na2SOas. Concentration and purification via silica
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gel flash column chromatography (0% — 3% EtOAc/Hex) afforded alcohol 2.62 (0.30 g,
52% yield) as a 1:1 mixture of olefin isomers.

Ry = 0.43 (25% EtOAc/Hex); 'H-NMR (400 MHz; CDCl3): § 7.30-7.23 (m, 4H),
6.92-6.85 (m, 4H), 5.48 (t, /= 7.2 Hz, 1H), 5.27 (t, J = 8.0 Hz, 1H), 4.72-4.69 (m, 1H),
4.54-4.47 (m, 4H), 4.29-4.25 (m, 1H), 3.81-3.79 (m, 6H), 3.64-3.59 (m, 4H), 3.54-3.40
(m, 4H), 3.34 (t, J = 8.0 Hz, 1H), 2.40-2.26 (m, 4H), 2.21-2.08 (m, 2H), 2.06-1.94 (m,
2H), 1.04-0.98 (m, 6H), 0.90 (m, 18H), 0.06-0.04 (m, 12H); *C-NMR (100 MHz,
CDCls) & 159.42, 159.37, 141.70, 141.46, 130.26, 130.14, 129.52, 129.49, 123.37,
123.11, 113.96, 113.93, 74.11, 74.03, 73.07, 73.00, 69.98, 63.07, 62.93, 55.36, 31.36,
31.16, 26.09, 25.09, 21.26, 18.53, 18.48, 14.30, 13.32, -5.15, -5.20; FTIR (neat): 3446,
2954, 2856, 1612, 1512 cm’'; HRMS (ESI) m/z Calc’d.for C22H3g04Si [M+NHa4]":

417.2437, found: 417.2437.
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CHAPTER THREE

Studies Toward the Total Synthesis of the Phomoidrides

3.1 Isolation, Biological Activity, and Biosynthesis

3.1.1 Isolation’

Phomoidrides A (CP-225,917) and B (CP-263,114) (3.10 and 3.11, respectively)
were isolated by a group at Pfizer in 1996 from an unidentified fungus, believed to be a
steril Phoma variant, found on the twigs of a juniper tree in Dripping Springs, Texas.
The structures assigned to 3.10 and 3.11 were based on intensive spectroscopic
experiments that included FTIR, UV, FAB-MS (FAB = fast atom bombardment), and
both 1-D and 2-D NMR spectroscopy. Mass spectrometry helped deliver the molecular
formulas (C31H338010 and C31H3609, for 3.10 and 3.11, respectively) and molecular
weights (570 and 552). UV spectroscopy indicated the presence of an o,B-unsaturated
carbonyl (250 nm) and FTIR spectroscopy indicated the presence of a carboxylic acid
(3500-3200 cm™"), an anhydride (1830, 1760 cm'), and long chain methylene motifs
(720 cm™). The specific rotations were found to be [a]*’p = + 23° and — 11° (for 3.10
and 3.11, respectively). The basic structural makeup was determined by 'H, *C, and
DEPT, while their structural connectivities were elucidated using COSY and HMBC
NMR studies. The relative configuration of H7 in 3.11 was determined by H7-H10
ROESY correlations. The trans configuration of H17 and H9 was obtained by NOE and
bond distance modeling. It was also determined, based on interconversion experiments,

that the stereochemistry at C7 was the same in both 3.10 and 3.11. The absolute
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stereochemistry as illustrated by Scheme 3.10 was confirmed by total synthesis, which

will be discussed later.

3.10 3.11
Phomoidride A (CP-225,917) Phomoidride B (CP-263,114)

3.12 3.13
Phomoidride C Phomoidride D

Figure 3.10 The phomoidride family

Phomoidride D (3.13) that is epimeric at C7, was later isolated in 1999 by
Danishefsky and coworkers (from the 3.10 and 3.11 producing fungus) during their
synthetic studies toward 3.10 and 3.11.> They were able to fully characterize and assign
absolute stereochemistry of 3.13 through comparison of their synthetic and isolated
samples. They were also able to make a synthetic sample of the 7R-epimer of 3.10,
which was later isolated from the same organism and named phomoidride C (3.12).*

A key feature present in the phomoidrides is a bicyclo[4.3.1]decadiene core
containing an “anti-bredt” olefin. Originally, Bredt’s rule stated that tortional strain on
the n-system of a bridgehead double bond made such a system too reactive to exist.” The

rule was later revised to include only the ring systems studied by Bredt, of the camphene-
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and pinene-like structures, while bridgehead olefins in larger ring systems (i.e
bicyclo[4.3.1]decene) are considerably less strained. Even though compounds containing
a bridgehead olefin in larger rings are isolable they are generally referred to as anti-
Bredt.® Natural products containing bridgehead olefins are well represented in the
literature and have offered synthetic chemist excellent challenges for total synthesis (e.g.,
phomactins, and taxanes).”

A second interesting feature is the maleic anhydride substituent, which is fused to
a nine-membered ring. This combination of functional groups allows one to classify the
phomoidrides as members of the nonadride family.® The term “nonadride” was given to
the family upon isolation of its earliest members, which include glaucanic acid (3.14),
glauconic acid (3.15) and byssochlamic acid (3.16).” The proposed biogenesis of the

phomoidrides is based on analogy to the biosynthetic origins of 3.14.

~ 0

o O
3.14 Glaucanic AcidR =H 3.16
3.15 Glauconic Acid R = OH Byssochlamic Acid

Figure 3.11 Early nonadride examples

3.1.2 Phomoidride Biogenesis

Upon isolation of 3.10 and 3.11, Kaneko and coworkers proposed that the
biogenesis of the phomoidrides was analogous to that of 3.14 (Scheme 3.10).% '
Sulikowski and coworkers later expounded upon this by drawing relation to polyketide
and fatty acid biosynthesis.!! They proposed that a condensation between oxaloactic acid

(3.18) and an enzyme bound dodecadiene 3.20 would deliver maleic anhydride 3.21. A
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dimerization of 3.21 via successive conjugate addition is proposed to deliver enolate 3.23
that could further react in an intramolecular aldol fashion. Loss of CO2 and oxidation at
C6 and C7 furnishes phomoidride A (3.10) which, upon dehydration, would produce

phomoidride B (3.11).

COOH 0. _COOH
( — Lo —
H
COO 0
3.17 3.18
Succinic Acid Oxaloactic Acid L e
_ \
Q —
— —
CoAS J\ SCoA
o}
3.19 3.20 3.21
Acetyl-CoA
e
Coo (oo
SCoA SCoA
~—COSCoA ~—COSCoA +H®
\ \ -CO
IR e 2
© o Oxidation
X X
3.22 3.23

7
WO

3.10 3.1
Phomoidride A (CP-225,917) Phomoidride B (CP-263,114)

Scheme 3.10 Biosynthesis of phomoidrides A and B!

To support this biosynthetic proposal, Sulikowski and coworkers prepared two
unsaturated maleic anhydrides. One (3.24) contained an N-acyl cysteamide (SNAC) ester

and the other (3.25) a hydrogen. Feeding studies using the phomoidride isolating
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organism (ATCC 74256) were performed on both 3.24 and 3.25, and only the thioester

3.24 produced [d]-3.11 with deuterium incorporated.'?

ATCC 74256
—

only 3.24

[d]-3.11
deuterio-Phomoidride B (CP-263,114)

Scheme 3.11 Sulikowski’s deuterium labeling studies

3.1.3 Biological Activity

Upon isolation, Phomoidrides A (3.10) and B (3.11) were shown to exhibit
moderate biological activities toward the inhibition of the squalene synthase (SQS)
protein (ICso = 43 uM and 160 pM, respectively). SQS promotes the formation of
squalene from farnesyl pyrophosphate, which is also known as the first committed step of
cholesterol biosynthesis. Both molecules have also shown the ability to inhibit RAS-
farnesyl transferase in rats, with ICso values of 6 uM and 20 uM, respectively. Although
both 3.10 and 3.11 have shown good activity toward inhibition of SQS and RAS-farnesyl

transferase, phomoidride C’s (3.12) and D’s (3.13) bioactivities remain untested.

3.1.4 Interconversion and Epimerization

Experiments performed during the course of the isolation work and subsequent
synthetic studies toward 3.10 and 3.11, established conditions whereby these natural
products could be interconverted. Specifically, Kaneko and coworkers showed that 3.10

undergoes dehydration to furnish 3.11 upon treatment with methanesulfonic acid
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(MsOH),?> while Nicolaou and coworkers observed the conversion of 3.11 to 3.10 upon

exposure of the former to aqueous lithium hydroxide (LiOH)."?

3.1
Phomoidride B (CP-263,114)

MsOHi % LiOH

3.13
Phomoidride D

MSOHTl LiOH

LiOH

3.12 epi-3.26
Phomoidride C

Scheme 3.12 Phomoidride interconversion and epimerization
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Sulikowski and coworkers performed studies to elucidate the mechanism of the
interconversion (Scheme 3.12). They found that treating 3.10 with MsOH opened the
lactone to give ketone 3.26,> which exists in equilibrium with hemi-acetal 3.27, and 3.11
is formed upon lactonization. The reverse of this transformation also holds true. 3.11 can
react with LiOH to form hemi-acetal 3.27 through the addition to the lactone carbonyl,
then hemi-acetal 3.27, that is in equilibrium with ketone 3.26, delivers 3.10 in the
presence of LiOH.

During their synthetic efforts toward the phomoidrides, Danishefsky and
coworkers observed the epimerization of 3.11 to 3.13 in the presence of MsOH.> This
was proposed to occur due to the relief of steric strain imposed upon the molecule when
the C7 side chain changes from endo (7S-epimer, 3.11) to exo (7R-epimer, 3.13), relative
to the bicyclic ring system. While it remains unclear why the 7R-epimer (3.12) of the
open form is preferred over the 7S-epimer (3.10), Sulikowski and coworkers proposed
that hemi-acetal 3.27, in the presence of LiOH, epimerizes to give epi-3.27, which exists
in equilibrium with epi-3.26.> Similar to the aforementioned pathway, epi-3.26 can then
form 3.12 in the presence of LiOH. Finally, Danishefsky also demonstrated that the
interconversion between 3.12 and 3.13 occurs in the same manner as was observed for

interconversions between 3.10 and 3.11.

3.2 Completed Total Syntheses of the Phomoidrides

3.2.1 Synthetic Challenges

The phomoidrides’ structural features make them an intriguing and challenging
target for organic synthesis. As illustrated for 3.11 (Figure 3.12) challenging synthetic

features include: a hydrolytically labile maleic anhydride, a stereogenic all carbon
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quaternary center, a labile bridged spiroacetal (vide supra), two side chains containing
olefins (which present an oxidation liability), and an epimerizable stereocenter; structural
features which are all present on a bicyclo[4.3.1]decadiene carbocyclic core that contains
a bridgehead olefin. As one might expect, this combination of intriguing structural
features has attracted the attention of many synthetic chemists and led them to design
creative and novel synthetic strategies for the synthesis of the phomoidrides. As a result,
numerous interesting and remarkably diverse approaches have been developed,
particularly for accessing the carbocyclic core.'* Despite all these synthetic efforts, only

four total syntheses have been reported to date.

Bridgehead Olefin

Maleic
Anhydride _

) Bicyclo[4.3.1]decadiene Core

O, All Carbon Quaternary
Center

Olefin-Containing™ ~~~--_ e Bridged Spiroacetal

Side Chains TEAN N
Epimerizable Center

3.11
Phomoidride B (CP-263,114)

Figure 3.12 Synthetic challenges presented by the phomoidrides

3.2.2 K. C. Nicolaou and Coworkers

The first reported total synthesis of a member of the phomoidride family was
completed in the laboratory of K. C. Nicolaou. Their synthetic strategy targeted
phomidride A (3.10) and provided access to 3.11 via the acid-catalyzed dehydration

eluded to previously (Scheme 3.13). As illustrated retrosynthetically, Phomoidride A
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(3.10) was formed from the bicyclo[4.3.1]decene 3.28, which was obtained from a key

intra-molecular Diels-Alder (IMDA) cycloaddition of diene 3.29."

CsHg .
Acid Catalyzed
Interconversion
——
: “CgH1s _
CO.H CO.H
3.1 3.10
Phomoidride B (CP-263,114) Phomoidride A (CP-225,917)

OTBDPS PMBO

PMBO OTBDPS O |
o) N =
CeH
o L IMDA gHis
: CeHis 0o
‘f\o;

3.28 3.29

Scheme 3.13 Nicolaou’s retrosynthetic analysis

In a forward sense, Nicolaou and coworkers began their synthesis with the
sequential alkylation of dimethyl malonate with alkyl iodide 3.31 and allyl bromide in the
presence of sodium hydride (NaH) (Scheme 3.14). Reduction of the esters and protection
of the diol as the acetonide produced alkene 3.32. Ozonolysis of the terminal alkene 3.32
then allowed them to extend their system through an enamine assisted aldol condensation
of 3.33, which effectively installed what would become the C17 side chain.

The key Diels-Alder cycloaddition, which delivers the bicyclic core of the
phomoidrides, was effected using dimethyl aluminum chloride in DCM, to give 3.28 in
90% yield. Silyl deprotection and oxidation of the resultant aldehyde provided an
electrophilic coupling partner for the installation of the C7 side chain, which was

incorporated using the nucleophilic addition of alkyllithium 3.37 to give alcohol 3.36.
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Scheme 3.14 Nicolaou’s access to the phomoidride core

Upon successful formation of the bicyclo[4.3.1]decene core and installation of the
two olefin-containing side chains, Nicolaou and coworkers directed their attention toward
introducing the maleic anhydride (Scheme 3.15). The sequence began with ketone 3.36,
which upon undergoing palladium catalyzed carbonylation and subsequent ester
reduction, provided allylic alcohol 3.39. Epoxidation of the olefin and syn addition of a
cyano group then furnished diol 3.40, which then underwent a three-step sequence
consisting of epoxide formation, B-elimination, cyclization and air oxidation to deliver
maleic anhydride 3.41. Further protecting group manipulations delivered alcohol 3.42, a

substrate positioned for the formation of the y-lactone and introduction of the spiroacetal.
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o KO:[’ 2) Me,C(OMe),, CSA, DCM
= 3) TBSOTf, 2,6-utidine
0 “iCgHys  DCM
%\ : 4) DDQ, H,0, DCM
o— (44% yield)

3.41

Scheme 3.15 Nicolaou’s formation of the maleic anhydride

To complete the synthesis, alcohol 3.42 was oxidized and deprotected to furnish
cyclized hemi-acetal 3.43 (Scheme 3.16). Further oxidations and protecting group
manipulations delivered silyl acetal 3.44, which was subjected to an Arndt-Eistert
homologation sequence to deliver an intermediate acid which, upon condensation with
indoline, TBS-deprotection, and oxidation of the resultant lactol to the gamma-lactone,
delivered amide 3.46. A two-step conversion of the amide to the acid delivered
phomoidride A (3.10) in 46 steps from dimethyl malonate. The use of Kaneko’s
conditions for the conversion of 3.10 to 3.11 resulted in the first total synthesis of

phomoidride B.?
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1) DMP, Benzene

1) PDC, DCM 2) TFA, MsOH
2) AcOH (aq) H,0, DCM
— 3) DMP
8)TESOTY, 2,6-lutidine 4) TBSOTY, 2,6-lutidine
(67% yield) DCM
(34% yield)
3.42
o
1) NaCIO,, NaH,PO, CsHo 1) Ag,0, DMF/H,0
2-methyl-2-butene 2) indoline, EDC
tBUOH/H,0 0= DMAP, DCM

“1CgHys 3 TFAH,0, DCM

2) MsCl, EteN, THE 4) DMP, NaHCO3, DCM

3) CHoNy, Et,O/THF

>N (20% yield, overall)
o)
3.44 3.45
0
CsHy
1) p-chloroanil MsOH
Toluene 0=<0
2) LiOH (aq), THF “1CgHis  (90% yield)
(50% vyield)
~CO-H
3.10 3.11
Phomoidride A (CP-225,917) Phomoidride B (CP-263,114)

Scheme 3.16 Nicolaou’s completion of 3.10 and 3.11

Nicolaou and coworkers also sought to perform the first asymmetric synthesis
toward 3.10 and 3.11 (Scheme 3.17). Using (+)-glycidol (3.47) as their point of
departure, they were able to prepare Diels-Alder precursor 3.50 in six synthetic steps.
The Diels-Alder reaction was accomplished using an aluminum catalyst 3.52, which upon
silyl deprotection and oxidation intercepted an intermediate (3.51) employed in their
racemic synthesis. Following their previously developed synthetic route, they were able
to form enantioenriched amide (+)-3.46, which was compared to an analogous indoline
amide formed from natural (—)-3.11. They found their synthetic material had the
opposite optical rotation compared the indoline derived from natural material. They

concluded that the absolute configuration was that illustrated in Figure 3.10, and that it
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could be obtained via total synthesis utilizing their previously demonstrated route, but

originating from (5)-glycidol instead.

1) TMSC=CH
0 nBuLi, THF oTBS __TMS 1) KoCOg, MeOH oTBS
HO 2 TBSOTE M 2) [CaZrHICIL 15 M
N 2) TBSOTY TBSO - 2) [Cppzr(H)CIl, 1, TBSO %
3.47 2,6-lutidine 3.48 Benzene 3.49
(R)-(+)-glycidol (54% vyield, 4 steps)
PMB
oTBS O © | PMBO  oHc
, 1) 3.52 (20 mol%) o)
1) nBuLi, 3.53 THF  1BSO N NI CH,s | Toluene L
_— o R ——
2) DMP, NaHCO4 N 2) TBAF, THF % “1CgHys
DCM 00 3)Nalo, <’\ .
(63% yield) (79% yield) o~
3.50 3.51
o]
o CsHg Cl) PMBO |
0= 0T TGy
— “1GH N OAIClI,
E—— \ 815 00
%N
0 3.53 3.52

(+)-3.46

Scheme 3.17 Nicolaou’s asymmetric synthesis

In summary, Nicolaou and coworkers completed the first total synthesis of
phomoidrides A and B, in 46 and 47 synthetic steps, respectively, by utilizing an
intramolecular Diels-Alder cycloaddition to form the bicyclo[4.3.1]decene core and
installing the maleic anhydride from ketone 3.36. Acid catalyzed conditions discovered
by Kaneko and coworkers were employed to convert phomoidride A to B in one synthetic
step. Adaptation of the racemic synthesis employing (+)-glycidol as the point of

departure allowed the eventual assignment of absolute stereochemistry.
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3.2.3 Fukuyama and Coworkers

MeO,C CO,Me MeO,C CO,Me

o CO,fBu

(-)-3.11 3.54 3.55
phomoidride B (CP-263,114)

Scheme 3.18 Fukuyama’s retrosynthetic analysis

In 2000, Fukuyama and coworkers’ published a synthesis of (—)-3.11 that also
employs an intramolecular Diels-Alder cycloaddition strategy to establish the
bicyclo[4.3.1]decadiene core of phomoidride B (Scheme 3.18). In contrast to the
Nicolaou approach, Fukuyama’s synthesis directly furnished 3.11 instead of utilizing the

acid catalyzed conversion from 3.10.'°

E1S 1) LIHMDS, CICOMe T
’ 2!
I 1) DBU,THF B\ /7 Ceths T ThF Xp EiS /—CeHis
2) TMSCI, HMPA MeO,C 2) Cs,C0;,3.59, MeCN :
COMe  Cui~~ Cng-SG (69% yield) MeO,C CO,Me
3.57 (80% vyield) 3.58 3.60

\ cozlyl SO« _ciH
Ls o O“Z/

1) Bu,BOTH, Et3N, o© Q P H
3.61, DCM |/, 7> CgHg 1) ZnCl,*OEt,, Py, DCM 04[ SR
2) SOz°py, iProNEt Xp CeHis 2) allyl thioglycolate, C.H
DMSO LiIHMDS, Et,0O 815
(60% yield) g (53% yield) 5
MeOZC COZMe MGOZC COzMe
3.62 3.63
o}
(0] (0]
ok .
CsHg Bn" Bn"
3.61 3.59 Xp

Scheme 3.19 Fukuyama’s intramolecular Diels-Alder (IMDA)
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As illustrated in Scheme 3.19, Fukuyama and coworkers began by converting
alkyne 3.57 to the corresponding allene which was subjected to 1,4-addition of a vinyl
cuprate to install the C17 side chain. Installation of the Evans chiral auxiliary set the
stage for a diastereoselective aldol addition to introduce the C7 side chain and form diene
3.62. Intramolecular Diels-Alder cycloaddition of the derived diene occurred smoothly

to give intermediate 3.63 and establish the bicyclo[4.3.1]decene core.

2) Pd(OAc),, PPhg S 1) TBSCI, DBU, DCM

o o

COallyl CaH CaH

o - *°  1)DBU, THF = 5o
o O O

H Ac
2. S __ pyrrolidine, MeCN_ -, 2) NIS, DCM
3) Py, Acs0 CeHys  3) AINO DMSO
(81% yield) (59% vyield)
MeO,C CO,Me
3.63 3.64

‘ 8‘ CsHy
N LiOH (aq), Ba(OH), (aq)

P N >
MeOH
CegHis

MeO,C CO,Me

MeO,C CO,H
3.65 3.66

Scheme 3.20 Fukuyama’s maleic anhydride synthesis

With the core structure assembled, Fukuyama and coworkers turned their
attention to the formation of the maleic anhydride. To this end, an intramolecular aldol
condensation and decarboxylation furnished thiobutenolide 3.64, which was further
oxidized to give thiomaleic anhydride 3.65. Under the condition of lithium hydroxide
and barium hydroxide, both the hydrolysis of the thiomaleic anhydride to the maleic
anhydride and hydrolysis of the less hindered methyl ester were accomplished, delivering

acid 3.66.
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1) mCPBA, DCM
2) TFAA, iProNEt, Toluene

P
t

CsHg
' 1) (COCI),, DCM
N then, CH2N2, Etzo
.“ —_—
2) PhCO,Ag, tBuOH
(54% vyield, 3 steps)

3) AcOH (aq)
(54% vyield, 3 steps)

1) Jones Ox.
S ——

2) HCOH
(96% vyield)

o COH

3.68 (-)-3.11
phomoidride B (CP-263,114)

Scheme 3.21 Completion of Fukuyama’s synthesis

In a manner analogous to Nicolaou, Fukuyama and coworkers completed their
synthesis by employing an Arndt-Eistert homologation sequence to deliver tert-butyl
ester 3.67. Oxidation of the thioether to the ketone and subsequent acetonide
deprotection delivered spiroacetal 3.68. A Jones oxidation and hydrolysis of the fert-
butyl ester completed the total synthesis of (—)-3.11 in 27 linear steps from commercially
available starting materials.

Although they achieved the total synthesis of phomoidride B, they later reported
an alternative route for maleic anhydride formation.!” Utilizing the same chemistry as
previously reported to form diene 3.60, they then performed diastereoselective aldol
reaction on a similar aldehyde subunit lacking the C7 side chain. Subsequent
intramolecular Diels-Alder provided the desired bicyclo[4.3.1] core of thioester 3.71. At

this point the synthetic strategy deviates from their previous report, instead of an
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aldol/thiomaleic anhydride sequence, they opted to install a vinyl triflate precursor

(Scheme 3.22).

o 1) Bu,BOTH, EtN,
X Eis oo 3.69, DCM o) 1) ZnCl,*OEt,, Py, DCM
P 815 —_———— >
\ 7 2) SO4'py, ProNEt Xp L, 2) LiSEt, THF
S DMSO (66% yield)
MeO,C CO,Me (52% yield) .
MeO,C CO,Me
3.60 3.70

1) Ba(OH), (aq), MeOH

2) allyl bromide, K,CO3, DMF

3) Tf{,Np-NO,Ph, NaH, DMF .
(71% yield)

CgHys

MeO,C CO,Me MeO,C CO,allyl
3.71 3.72

Scheme 3.22 Fukuyama’s second-generation strategy

To complete their second-generation synthesis of 3.11 (Scheme 3.23), Fukuyama
and coworkers selectively removed the allyl ester in 3.73 and performed an Arndt-Eistert
sequence to deliver fert-butyl ester 3.74. Subsequent oxidation and Pummerer
rearrangement of the thioether furnished ketone 3.75, which, upon palladium-catalyzed
carbonylation and acetonide removal furnished intermediate 3.76. The final steps of this
second-generation synthesis involved installation of the side-chain attached at C7 via
alcohol oxidation to the acid, conversion to the corresponding thioester and palladium
catalyzed coupling between the thioester and an alkyl zinc reagent. The derived ketone
was subjected to ester hydrolysis which furnsished phomoidride B.

In summary, Fukuyama and coworkers were able to prepare phomoidride B (3.11)
utilizing a strategy similar to that reported by Nicolaou. Both groups exploited an

intramolecular Diels-Alder cycloaddition to construct the bicyclic core of the
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phomoidrides. Additionally, they both introduced the olefin-containing side chains early
in the synthesis, followed by the installation of the maleic anhydride moiety and
spiroacetal in a linear fashion. Although the routes were very similar overall,
Fukuyama’s asymmetric total synthesis was 20 synthetic steps shorter than that of
Nicolaou, partially due to their quick access to the maleic anhydride and relatively few

protecting group manipulations.

0 1) Pd(PPhg),, HCO,H
EtgN, DCM
2) (COCI),, DMF, DCM
then CH,N,, Et,0
3) PhCO,Ag, EtgN, tBUOH
(55% yield)

1) mCPBA, DCM

_—
2) TFAA, ProNEt, Et,0
(92% yield)

MeO,C COsallyl
3.73

1) Pd(OAc),, P(2-furyl)s 1) Jones Ox.

EtsN, H,O 2) (COCl),, DMF, DCM
DMF, CO (1atm) then, EtSH, imidazole 311
2) AcOH (aq) 3) PdCl(PPh3),, ZnICsHg
(34% yield) THF/Toluene
4) HCO,H
(49% yield)

Scheme 3.23 Fukuyama’s second-generation synthesis

3.2.4 Shair and Coworkers

Shair and coworkers’ approach toward (+)-3.11 was quite different to previous
known syntheses. While Fukuyama made the natural enantiomer, both Nicalaou and
Shair formed the unnatural isomer. In contrast to the previous syntheses, which utilized
an intramolecular Diels-Alder cycloaddition, Shair and coworkers envsioned an anion
accelerated oxy-cope rearrangement as giving rise to the bicyclo[4.3.1]decene core of the

phomoidrides (Scheme 3.24).
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(+)-3.11
Phomoidride B (CP-263,114)

[\
o, O

BrMg W CeHo
OMOM
Oxy-Cope 3.79
Rearrangement |FCBH15
é\COZMe
~opPmB
3.78

Scheme 3.24 Shair’s retrosynthetic analysis

1) Pdy(dba)s, PPhs, DMF

Measn\/\w\/ 381 o .0
5 ' o /\/\A/\/\
2) TMSCI, THF W\ Brvg” X Z

PMBO ~[Cu] 3.82 379 Suom
. > / TCOMe
3) nBuLi, NCCO,Me, Et,O o Toluene
4) (+)-Me-CBS, catecholborane —~OPMB (53% yield)
DCM
(+)-3.78

(15% yield, 99% ee)

Scheme 3.25 Shair’s approach toward the core

Beginning with cyclopentenone 3.80, Shair and coworkers were able to form

densely functionalized derivative (+)-3.78 in a 99% ee via Stille coupling, conjugate

addition,

acylation, and kinetic resolution (Scheme 3.25). The reaction of
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cyclopentanone (+)-3.78 with vinyl Grignard 3.79 induced the desired oxy-cope

rearrangement, resulting in the formation of bicycle 3.77.'

1) KHMDS, NCCO,Me

2) BClg 1) MOMCI, EtsN, DCM
-1 OMOM R —
3) DMP, DCM 2) KHMDS, NCCO,Me
4) Pinnick Ox.
M902C .
“COH
3.77 3.83

TMSOTf 1) MsCl, EtgN, THF
HC(OMe), then, CHyN,
—_—
DCM 2) hv, tBuOH
MeO,C (40% yield, 7 steps) \Me0,C (12% yield)

3.85

1) KDA, Tf,0, Et,0
2) Pd(OAc),, P(OMe)s, CO (500 psi)
EtgN, THF/MeCN

3) HCO,H

Y

(30% yield)

“—COoH

(+)-3.11
Phomoidride B (CP-263,114)

Scheme 3.26 Shair’s completion of (+)-3.11

Acylation and oxidation of 3.77 using Mander’s reagent provided acid 3.83,
which was further functionalized to afford ketene acetal 3.84. The ketene acetal was
subjected to a Fries-type rearrangement followed by subsequent cyclization to form the
spiroacetal and y-lactone of 3.85. Lastly, an Arndt-Eistert type homologation, a
carbonylative maleic anhydride formation of the vinyl triflate generated from the [-
ketoester 3.86, and hydrolysis of the ester completed the total synthesis of (+)-3.11 in a

total of 22 linear steps.
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In summary, Shair and coworkers’ synthesis of 3.11 is the most efficient to date,
consisting of only 22 linear steps from commercially available starting materials. The
efficiency of their approach derives from the convergent manner in which they access the
anionic oxy-Cope substrate and the elegant Fries-type rearrangement cascade that

furnishes the spiroacetal and y-lactone simultaneously.

3.2.5 Danishefsky and Coworkers

0 TBS
(0] Sequential Pz
Aldol-Heck o — 1)
p— | 3.89
H (0]
NN 3.88
3.13
Phomoidride D 3.87

Scheme 3.27 Danishefsky’s retrosynthetic analysis

Danishefsky and coworkers were the last to report a completed total synthesis of a
member of the phomoidride family. In this effort it was envisioned that the
bicyclo[4.3.1]decene core of the phomoidrides would arise from a sequential aldol-Heck
cyclization between furan 3.89 and cyclohexenone 3.88. In addition, this approach
featured a silylated furan as a masked precursor to the maleic anhydride that could be
carried through several synthetic operations..

In the forward sense, Danishefsky and coworkers began with furan 3.90, which in
five steps was converted to cyanide 3.91 (Scheme 3.28). Reduction of the cyano group to
the aldehyde, followed by an aldol reaction with 3.88 and Heck cyclization, delivered

bicyclo[4.3.1]decene 3.92. Alcohol protection (TBS) followed by allylic oxidation,
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enone formation and halogenation furnished vinyl iodide 3.93. Installation of a precursor
to the C17 side chain via palladium mediated cross coupling, followed by allylation, and

reduction provided diol 3.94.

1) TBSCI, iProNEt, DCM
2) nBuLi, HMPA, THF

then, nBuLi, BuzSnClI TBS 1) DIBAL, Toluene

HO K@ 3) I, then KF, DCM NG 2) LDA,3.88, THF
—> — )

S 0o 4) MsCl, EtsN, DCM ~ 0] 3) TBSOTf
5) KCN, DMF | 2,6-lutidine, DCM
(72% yield) 4) [Pd(OAc),(PPhs),]
NEt,, THF
3.90 3.91 (45% yield)

1) [PdCly(dppf)], Cs,CO3
AsPhg, B((Ch,)sOBn)5
2) HF, py

) TBSOTf
SeO,, Dioxane

1
2)

—
3) TPAP, NMO, DCM

4)

3) allyltrimethylsilane

I2, py, DCM TiCl,, DCM
(68% yield) 4) LiAIH,, Et,0
(43% yield)
3.93 3.94

Scheme 3.28 Danishefsky’s formation of the phomoidride core

As illustrated in Scheme 3.29, the bicyclic core was completed from 3.94 by
installing the bridgehead olefin via an elimination sequence that delivered enone 3.87."
The formation of the y-lactone and spiroacetal commenced with an olefination and [2+2]
ketene cycloaddition to deliver spirocyclobutane 3.95. Thioether formation, Baeyer-
Villager reaction, and dihydroxylation of the primary olefin produced hemiacetal 3.96,
which upon methanolysis and Swern oxidation delivered lactone 3.97.2

In the final stages of the synthesis, the C7 side chain was installed by addition of
alkyl magnesium bromide 3.98 to aldehyde 3.97 followed by oxidation. Deprotection of
the benzyl ether, oxidation to the aldehyde, and olefination formed the C17 side chain
and produced furan 3.99 (Scheme 3.30). Conversion of the furan to the maleic anhydride

was effected in two-steps via exposure of 3.99 to singlet oxygen followed by TPAP.
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Subsequent hydrolysis of the methyl ester produced phomoidride C, which was converted
to phomoidride D (3.13) in the presence of acid. At this point, neither 3.12 nor 3.13 had
been isolated previously and thus it was unknown if it was a natural product; hence,
Danishefsky performed a seven-step sequence to epimerize the C7 stereocenter and

obtained phomoidride A (3.10).!

TBS TBS
1) Swern [O] 1) szTiMez, THF .
2) MsCl. DMAP 2) tnchloroacetyl chloride
EtsN,‘DCM lo) Zn, Et,0, ultrasound O
— 3) Zn, MeOH .
3) DBU, Toluene 4) TBAF, THF
HO (63% yield) . N (43% vyield) . N
(CH,)60Bn (CH,)s0Bn (CH,)s0Bn
3.94 3.87 3.95
TBS
o)
1) PhSSPh S /
NaH/KH, THF 1) NaOMe =
2) DMP, DCM 2) Swern [0]
3) Hy0,, MeOH on  (42% yield) MeOoC— 0
4) 0sO,4, NMO, s 7
H50, Acetone
35% yield : :
(85% yield) (CH,)sOBn (CH,)sOBn
3.96 3.97

Scheme 3.29 Spiroacetal and y-lactone formation

In summary, Danishefsky completed the first total synthesis of phomoidrides C
(3.12) and D (3.13) in 39 and 40 synthetic steps, respectively, from commercially
available starting materials. They utilized a sequential aldol-Heck cyclization process to
form a [4.3.1]bicycle which upon dehydrative installation of the bridgehead double bond
produced the phomoidride core. Incorporation of the 5-membered lactone and spiro-
acetal preceded a late stage transformation of the furan motif to the maleic anhydride and

completion of the total synthesis.
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1)W

MgBr
Et,O 3.98
2) DMP, DCM 1) hv, O,, Rose-Bengal
3) DDQ, DCM 2) TPAP, NMO, DCM
—_—» e
4) DMP, DCM 3) LiOH ,
5) E:,EllaiioTcLoFethane . (36% yield)
- Cly : M
(éHz)GOBn (20% yield) : (@)
3.97
) )

MsOH _ HO2C_ 4>7 steps HOC .

.

(90% yield)
-, CsHg CsHg
: : I :
z @) : (0] H (o)
CgH1s CgHys CgHys
3.12 3.13 3.10
Phomoidride C Phomoidride D Phomoidride A (CP-225,917)

Scheme 3.30 Completion of phomoidride D

3.2.6 Comparison of the Completed Total Syntheses

Each prior synthetic strategy contains a unique approach to one of the key
features contained in the phomoidrides (Figure 3.13). Nicolaou, Fukuyama, and Shair all
installed the side chains prior to the construction of the bicyclic core. Additionally, all of
the syntheses incorporated the spiroacetal and maleic anhydride substituents after the
formation of the bicyclic core, although Danishefsky utilized a furan functionality that
served as a latent precursor to the maleic anhydride. Although each synthesis differed in
term of the tactics employed for introducing functionality, the overall strategies were
fairly similar and key transformations were involved during assembly of the

bicyclo[4.3.1]decadiene core.
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a) Nicolaou's Intramolecular Diels-Alder (IMDA)

OTBDPS
PMBO oteops o MBO |
o) x =
0 CeH
o L B IMDA sHis
N ' CgHis 00
~CoH o~ A
3.1

Phomoidride B (CP-263,114) 3.28 3.29

b) Fukuyama's Intramolecular Diels-Alder (IMDA)

o} CO,Bu

(-)-3.11 3.54 3.55
phomoidride B (CP-263,114)

¢) Shair's Oxy-Cope Rearrangement

Cyclization
(0]
/_COZH
(+)-3.11
Phomoidride B (CP-263,114) 3.77 ™\
/\/\O%O
BrMg x 7 CsHg
OMOM
Oxy-Cope 3.79
Rearrangement C.H
BrMgO 0 |r 815
7 COyMe Iil}\COZMe
L ~OPwmB ~oPMmB
3.77b 3.78
d) Danishefsky's Sequential Aldol-Heck Cyclization
TBS

Sequential o=

0
Aldol-Heck | 3.89
@

3.88

3.13
Phomoidride D 3.87

Scheme 3.31 Comparison of synthetic approaches
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A comparison of the different approaches employed to access the core is
illustrated in Scheme 3.31. In addition this Scheme illustrates the phomoidride structures
as rendered in the original publications. Interestingly, as one often finds, different
retrosynthetic disconnections become apparent when viewing the molecules from a
different perspective and this, in turn, leads to the diversity of synthetic approaches

reported for the same target.

3.3 The Wood Group’s Previous Synthetic Efforts Toward the Phomoidrides

3.3.1 Evolution of a Fragmentation Strategy Toward the Bicyclo[4.3.1]decadiene Core

~—CO-H Cope
\ Rearrangement

WO

3.11
Phomoidride B

Scheme 3.32 Proposed oxy-Cope disconnection

Studies toward the phomoidrides within the Wood group began over a decade ago
and, as with the syntheses illustrated above, the initial focus of this effort was the
formation of the bicyclo[4.3.1]deca-1,6-diene core. At the time, considerable work in the
Wood Group was occuring in the area of [3,3]-sigmatropic rearrangement chemistry and
the rendering of phomoidride B (3.11) illustrated in Scheme 3.32, wherein the retron,
(i.e., 1,5-diene) for this type of reaction is clearly evident, was most intriguing. Thus, in
the very early days of the phomoidride project it was proposed that a Cope rearrangement

synthon (3.100) would serve as a late stage intermediate. It is worth noting that this Cope
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synthon contains a functionalized norbornane core with pendant butenolide, side-chain,
and spirocyclic maleic anhydride units oriented with a defined relative stereochemsitry.

As such this intermediate itself represented a major synthetic challenge.

OMe

HO — .—COxH
\C\—COZH Cope v i o
Rearrangement
O O
e
WO
3.11 3.101 3.102

Phomoidride B

Scheme 3.33 Initial Cope disconnect

As illustrated retrosynthetically in Scheme 3.33, a plan calling for late-stage
maleic anhydride installation of an advanced decadiene intermediate (3.101) allows one

to envision a simpler Cope substrate (3.102, Scheme 3.33).

HO. _/— .—COxH
o) ————
0
WO
3.102 3.103

Scheme 3.34 Model simplification

To determine if a Cope rearrangement could occur on such a system, we
constructed a simplified model substrate (i.e., 3.103 in Scheme 3.34). To this end, known
diketone 3.104 was protected as its TBS-enol ether and then alkylated by addition of
vinyl Grignard. Acylation of the resultant tertiary alcohol followed by hydrolysis of the
enol ether furnished ketone 3.105, which, upon olefination and saponification furnished

the model Cope substrate (3.103). Although 3.103 was found to undergo Cope
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rearrangement to deliver bicyclo[4.3.1]decene 3.106 upon addition of KHMDS in
refluxing benzene, these were considered to be rather forcing conditions for what was
expected to be an anion accelerated reaction;?* thus prior to committing to this
rearrangement approach a second, more densely functionalized, model Cope substrate
was prepared (i.e., 3.111). As illustrated in Scheme 3.35b this substrate was prepared in
a manner similar to 3.103; however, in contrast to 3.103, it was found that 3.111 would
not undergo Cope rearrangement, even under the more forcing conditions of toluene at

reflux.

a) 15t Cope rearrangement study

o) 1) TBSOTf,Et;N,DCM o — , HO . — KHMDS o
2) vinylMgBr, THF 1) CpoTiMe, Toluene, A
_— O ———————>» —_—
O 3) Ac,0, Et,N, DMAP 2) K,COg, MeOH (99% yield)
4) 1M HCI o vi
(20% vyield) (59% yield)
3.104 3.105 3.103 3.106

b) 2nd Cope rearrangement study

1) Bu,Sn(OMe i ;
OH on )Beﬁzer(,e, ,elzﬁ,x OP"’OH 1) Swern [O] OT H 1) DIBAL-H
2) Pivaloyl chloride 2) DBU, TMPA CO,Me 2) TBSCI, Imidazole
EtsN LiCl, MeCN (85% vyield)
(68% yield) (68% yield)
3.107 3.108 3.109
KHMDS
HO
OH H 1) Swern =~ H Toluene, A (6] H oTBS
PR T———" —xX— »
7 —~OTBS  3)\inyiMgBr, THF #-0TBS
(55% yield)
3.110 3111 3.112

Scheme 3.35 Initial Cope rearrangement studies

Interestingly, we were not the only group attempting to employ a Cope
rearrangement to access the phomoidride bicyclic core; Clive (U. Alberta) and Leighton
(Columbia) also developed model substrates to test an analogous rearrangement. In
Clive’s model studies, they induced rearrangement of 3.113 to the corresponding bicycle

3

3.114 by heating in dichlorobenzene at reflux.?®> Similarly, Leighton and coworkers
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utilized butenolide 3.117, generated in situ through a carbonylation of 3.116, in a thermal
rearrangement to form 3.118.

Importantly, both groups found it necessary to have the butenolide functionality
embedded in the ring system in order for the Cope rearrangement to be productive. It
was speculated that ring strain imparted by this subunit facilitated the rearrangement.
Due to the harsh reaction conditions and level of strain required for the reaction to occur,
we decided that implementing a Cope rearrangement on a heavily functionalized late
stage intermediate was to risky and thus began to consider alternative approaches that

would deliver 3.11.

a) Clive's Model System

MOMO MOMO
MOMO OR 1,2-Dichlorobenzene . MOMO
reflux
95% yield
0°=0 (95% yield)
3.113
b) Leighton's Model System
TESO
= PA(PPhg)s EtsN TESO Cope TESO
- CO (600 psi) Rearrangement
OTf  PhCN, 110 °C
o Y (46% vield) o bo o
3.116 3.117 3.118

Scheme 3.36 Other model studies toward the Cope rearrangement

Although the Cope rearrangement itself is most often a concerted process; one can
view the reaction as consisting of disinct bond-forming and bond-breaking events. Thus,
in considering alternatives to the Cope reaction a logical alternative was one wherein the
bond forming and bond breaking steps of this rearrangement are performed at different
stages of the synthesis. When considered in this fashion the latter stage, our synthetic

strategy changes from late stage rearrangement to late stage fragmentation. When
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considering the potential viability of advancing either vinylogous acid intermediates
3.101 or 3.119, the Cope-inspired fragmentation approach leads one to two possible

precursors, norbornane derivative 3.120 or isotwistane 3.121, respectively (Scheme 3.37).

3.1
Phomoidride B

Scheme 3.37 Fragmentation retrosynthetic analysis

To determine the potential feasibility of each fragmentation route, we again
turned to a model system study. As illustrated in Scheme 3.38 alkylation of norbornane
3.122 with lithiated 1-bromo-3-butene furnished an intermediate tertiary alcohol, which
following acylation and enol ether hydrolysis, was subjected to Sml> initiated radical
cycloaddition to deliver alcohol 3.123. Mesylation of the alcohol and subsequent
fragmentation upon exposure to methanolysis conditions produced bicyclo[4.3.1]decene
3.124 in excellent yield.??> Similarly, isotwistane 3.126 was prepared through an
alkylation and acylation of an intermediate silyl enol ether followed by a radical
cyclization process utilizing tributyltin hydride and AIBN. Functionalization of alcohol
3.126 with MsCl and methanolysis-induced fragmentation delivered bicycle 3.127 in
good yield. We were delighted that bicycles 3.124 and 3.127 could be obtained via

fragmentation under such mild conditions; a stark contrast to the harsh conditions

88



required by the Cope rearrangement. Given that the fragmentation approach appeared
much more suited to implementation at a late stage of a synthesis wherein the substrates
are complex and potentially labile, we began focusing on further developing this
approach. Preliminary investigations into methods for preparing fully functionalized
fragmentation substrates similar to 3.123 proved untenable and efforts eventually

switched to the isotwistane type intermediates.

a) Norbornane fragmentation

1) A"y
(o] Li, THF

2) Ac,0, EtgN AcO o]
DMAP, DCM 1) MsCl, DMAP, Py
otes _DMARDCM Me DMSCLDMAR Py _ Ve
3) 1M HCl o 2) K,CO3, MeOH

4) Sml,, HMPA, THF (95% vyield)
o2
3.122 (43% yield) 3.123 3.124
b) Isotwistane fragmentation
1) KHMDS, THF, then
TBSOTf, HMPA
o) 2) allylMgBr AcO o
3) Ac,0, DMAP, EtsN, DCM Me 1) MsCl, DMAP, Py Me
» _——— >
O 4) 1M HCI, THF 2) K,CO3, MeOH
5) BugSnH, AIBN, Benzene OH (82% yield)
(36% yield)
3.125 3.126 3.127

Scheme 3.38 Fragmentation model studies

3.3.2 Completing the Retrosynthetic Analysis

Taken together, the strategic shift (rearrangement to fragmentation) and greater
synthetic access of isotwistane systems led to our developing the approach outlined
retrosynthetically in Scheme 3.39. As illustrated we envisioned 3.11 as arising from f-
keto ester 3.119 wherin the [4.3.1]bicyclic core results from the fragmentation reaction of
isotwistane 3.121 (Scheme 3.39). The success with radical ring closing reactions in our
model system studies led us to further proposed that 3.121 would derive from a 5-endo-
trig cyclization of bicyclo[2.2.2]octene 3.128 which, in turn, was seen as accessible by

means of a Diels-Alder reaction of a diene such as 3.129.
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~—COH  Maleic Anhydride

Formation Fragmenation
—

WO

3.11
Phomoidride B

OzH Radical MeO [4+2]

Cychzatlon Z Cycloaddmon’? i
0 0
QOR

0

3.128 3.129

Scheme 3.39 Revised retrosynthetic analysis

In exploring the literature for dienes akin to 3.129, we were intrigued by a report
by Liao and coworkers who prepared a similar diene in the course of a sequential
phenolic oxidation/Diels-Alder reaction (Scheme 3.40a).?* 1In fact, Liao obtained a
bicyclo[2.2.2]octane product (3.133) that contained a cyclic acetal quite similar to that
found in our proposed intermediate (3.128). Further investigation into methods for
accessing catechol substrates for incorporation into the Liao-type aryl-oxidation/Diels-
Alder cascade revealed a known protocol to prepare catechol 3.137 that required only

four synthetic steps from commercially available diketone 3.134.%
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a) Liao's tandem phenolic oxidation/Diels-Alder
HO _~ .~ MeO,C MeO,C
MeO,C OMe 3.131 2 ‘ 2
PhI(OAc), 0 le}
> /) >
OH DCM, rt OMe OMe
(74% vyield) 0
3.130 3.132 3.133

b) Formation of catechol 3.137

IO Et:N, TMSCI EOTMS MeO,C—=—COMe MO ]O[OTMS
—_—
(o) DMF, 60 °C OTMS neat, A MGOZC OTMS
(60% yield) (83% yield)
3.134 3.135 3136

1) S, neat, 210 °C Meozo]@iOH
1) S, neat, 210°C
2)H0, 1t MeO,C OH

(95% vyield, 2 steps)

3.137

Scheme 3.40 Accessing bicyclo[2.2.2]octenes

Having identified good literature precedents for both an interesting cascade
sequence and known starting materials that when combined could lead to a bicycle
similar to 3.128 we again revised our strategy to phomoidride B (3.11) as illustrated
retrosynthetically in Scheme 3.41.° The evolved approach now consists of a late-age
maleic anhydride formation of maleate 3.138, and continues with a Grob-type
fragmentation of diester 3.139 to form the bicyclic decadiene core. The carboxylic acid
of 3.139 is envisioned to arise from 3.140 through acetal opening and oxidation. The
isotwistane architecture and quaternary center would be installed by a radical cyclization
process that involves the maleate, exo-methylene, and alkyl bromide functionalities of
3.141.

The bicyclo[2.2.2]octene is seen as deriving via the previously described phenolic
oxidation/Diels-Alder sequence originating from phenol 3.144. Importantly, all of the
relative stereochemical elements needed for the synthesis are set in the course of this

Diels-Alder reaction. Finally, phenol 3.144 would be obtained from a coupling reaction
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between known catechol 3.137 and bromoketone 3.145. Unlike the previous syntheses,
we planned to introduce the two side chains as a single unit and differentiate them during
the Diels-Alder reaction.

M6‘02C
MeO,C

~—CO,H Maleic Anhydride ~COM

Formation Fragmentation
P — 0
o
P Y 0 X 0
3.11 3.138
MeO,C
~TCOMH ) etal Radical
o Opening Cyclization
p— —
/WO
3.139 3.140
CO,Me CO,Me
Lactone/Acetal MeO,C Intramolecular MeOC |
Formation 2 (0] Diels-Alder Z v (0]
—— ——
o OAc OAc
7/\ Br : o) @)
WO XN \O
3.142 3.143
MeO,C OH MeOoC OH
Phenolic ]@[ 3.137
Oxidation MeO.,C OH
_—— MeO,C 0 —_— ’ +  Br
X
\/\}74/\/\)\[(\/\/ _ . _ e
(0]
3.145 O

3.144

Scheme 3.41 Evolved first-generation retrosynthetic analysis

3.3.3 First-Generation Synthetic Route Toward Phomoidride B

Our synthetic investigations toward phomoidride B (3.11) began with the
formation of a-bromoketone 3.145. This was performed in a six-step process originating
from 1,5-dibromopentane 3.146. Displacement of the bromides with sodium acetylide

and subsequent methylation formed diyne 3.147 in 35% yield over two steps. Reduction
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of the internal alkyne to the frans alkene was affected under dissolving metal conditions
in the presence of sodium amide; vinyl iodide 3.148 was produced upon
hydroalumination of the enyne followed by an iodine quench. Addition of the vinyl
cuprate, generated from vinyl iodide 3.148, to the known enone 3.149 and subsequent
trapping of the enolate with TMSCI furnished silyl enol ether 3.150. Trapping the
enolate as the silyl enol ether allowed the regioselective formation of bromoketone 3.145

upon reacting silyl enol ether 3.150 with NBS.

1) Acetylene 1) NaNH,
Br >""py 4>N3/NH3 = R 4>Na/NH3 | A NN
2) CHgl, NaNH, 2) DIBAL-H
NH3, reflux 15, Et,0
3.146 (35% yield) 3147 (61% yield) 3.148
o}
\)J\/\/\ 3.149 o
tBuLi, Cul, DMS, TMSCI OTMS NBS \ P
THF, — 78°C X NS 7 THF, 0°C S 4
(82% yield) Br
3.150 3.145

Scheme 3.42 Side chain synthesis

With the side chain fragment in hand, the known catechol 3.137%° was prepared
for coupling by mono-protecting with allylbromide. Exposure of the derived allyl ether
to bromoketone 3.145 in the presence of cesium carbonate delivered ketone 3.151
(Scheme 3.43). At this point, the ketone was protected as the ethylene glycol acetal and
the phenol deprotected using Pd(PPhs3)4 to afford 3.152. In the absence of the protecting
group, the ketone was found to cyclize to the hemi-acetal upon allyl deprotection and the
subsequent phenolic oxidation could not proceed. Subjecting phenol 3.152 to phenolic
oxidation conditions generated an intermediate diene, which underwent an intramolecular

Diels-Alder reaction to give bicycle 3.153 as a mixture of separable C7 epimers. The
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diastereomeric ratio favored -3.153, which would be the isomer en route to phomoidride

D (3.13); therefore, we decided to target 3.13 during our initial investigations.

MeO,C O~ 1) Ethylene Glycol
MeO.C on 1 Alllbromide, K,CO, ]@i TMSCI, TMSOTS
2 ]@ Acetone, reflux MeO,C o 1,2-DCE
MeO,C OH 2)3.145, Cs,CO; s 2)Pd(PPhy), (3 mol%)
Acetone, reflux Z W EtOH
3.137 (31% yield) 3151 O (92% yield)

N 1,2-DCE, reflux

MeO,C : OH MeO,C
SO PP e
0o

7
7 (94% yield) : 8
(1:3 a:p) /\/\/‘r
N
v/
3.152 -3.153

Scheme 3.43 Phenolic oxidation/Diels-Alder synthetic sequence

Having successfully completed the aryl-oxidation/Diels-Alder cascade we next
investigated the radical cascade cyclization. To this end, 3-3.153 was deacylated and the
resultant hemi-acetal was protected as the TMS ether. The resultant ketone (3.154) was
treated with the lithium enolate of methyl propionate 3.155 to produce aldol adduct 3.156
in excellent yield. A Cope elimination was followed by fluoride promoted lactonization
to deliver y-lactone 3.157. Functionalization of the tertiary alcohol with bromoacetal
3.158 produced cyclization precursor 3.159.

With ethyl acetal 3.159 in hand, the desired 5-exo-trig/5-exo-trig cyclization was
attempted using tributyltin hydride and AIBN as a radical initiator. Although we were
pleased to obtain our desired cyclization product 3.160, it was accompanied by a
significant amount of the 6-endo-trig/4-exo-trig isomer 3.161. Although the yield of
3.160 was synthetically useful, we decide to explore alternative conditions in hopes of

improving efficiency; optimizations studies revealed that changing conditions from
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Bu3sSnH and AIBN to samarium diiodide improved the yield of the desired product
(3.160) to 97% and completely suppressed the formation of the unwanted isomer

(3.161).

CO,Me
MeoN > 2
1) K,CO3, MeOH 27 |pa 3.155
_—
2) TMSCI, EtgN THF

DCM (94% yield)

(71% yield)

Br

Br
1) mCPBA, — 78 °C OEt 3.158
Al;03, DCM N,N-Dimethylaniline
2) TBAF, AcOH, THF DCM
(90% yield) (94% yield)

BugSnH, AIBN
T

PhH, reflux 0 o
(0] (0]
o/ o/
3.160 3.161
(56% yield) (24% vyield)

Scheme 3.44 Radical cascade cyclization
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3.159
Sml, (1 equiv) Sml, (1 equiv)
and/or

MeO CO,Me
1,5MO N\ A

3.159a'

smi, (1 em and/or A (1 equiv)

1m0 CO,Me

OEt

3.159¢ 3.160

Scheme 3.45 Proposed mechanism for Sml2 promoted cyclization

The surprising differences in reactivity between the similar sets of reaction

conditions used for the radical cyclization led us to speculate that a different mechanism

was operating (Scheme 3.45). Specifically, we speculated that the dimethyl maleate

motif was undergoing reduction through two single-electron transfers (SET) from two
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separate equivalents of Smlz. This would effectively produce dienolate 3.159b, which
could undergo a conjugate addition with the enone to deliver enolate 3.159¢. The enolate
could then further react to give ethyl ester 3.160 upon the displacement of the bromide.?
To further support this mechanistic proposal, two test reactions were conducted.
First, alcohol 3.157 was subjected to the reaction conditions and was found to produce
isotwistane 3.162 in 84% yield. The second reaction consisted of exposing bromide
3.159 to the same reaction conditions at —78 °C and quenching after 30 minutes. This
produced the 5-endo-trig cyclization product 3.163 in a 37% yield. Taken together these
results suggest that the Sm-mediated cyclization reaction occurs through a top-down

process that can be classified as a 5-endo-trig/5-exo-tet cyclization.

Sml,

THF, rt
(84% yield)

Sml,

THF, -78 °C
(37% yield)

Scheme 3.46 Mechanistic investigation of the cascade cyclization

Having developed a viable route to isotwistane 3.160 we moved on to preparing
the fragmentation precursor 3.165 (Scheme 3.47). To this end, ethyl acetal 3.160 was

subjected to transacetalization to form the thioacetal and the resultant tertiary alcohol was
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functionalized as the targeted xanthate (3.165). Unfortunately, treating 3.165 with Smlo,

failed to induce fragmentation to 3.167.%’

1,3-propanedithiol KH, CS,, Mel
e s —

BF;+OEt,, DCM THF, 0 °C
(71% yield) (28% yield)
Meo,c FOMe :>
Sml,, HMPA oS
THF

(0]

S
I
3.167
Not Observed

Scheme 3.47 First Grob fragmentation attempt

In considering potential reasons for the failed fragmentation, we speculated that
the adjacent carbonyl functionality might be problematic due to the stability it would
provide as a possible a-elimination pathway; hence, we decided to reduce lactone 3.164
to its corresponding acetal (Scheme 3.48). Thus, reduction of 3.164 to an intermediate
hemi-acetal followed by conversion to the corresponding mixed acetal and xanthate
formation furnished modified fragmentation substrate 3.168. Treatment of xanthate
3.168 with Sml> and HMPA in THF resulted in desired Grob fragmentation to the desired

bicyclo[4.3.1]decene core of the phomoidrides (3.169).
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1) DIBAL-H
THF, - 20 °C

2) p-TsOH
MeOH, reflux

3) KH, CS,, Mel
THF, 0 °C
(35% vyield)

Sm|2
HMPA, THF

Various
Attempts

3.169 3.170

Scheme 3.48 Successful fragmentation to deliver the phomoidride core

At this point, in order to complete the synthesis of phomoidride D, 3.169 was
required to undergo the formation of the maleic anhydride, removal of the thioacetal and
thioketal, followed by oxidiation to form the lactone and the carboxylic acid.
Unfortunately, all attempts to effect an unsaturation to produce the dimethyl maleate
were futile.?® Unable to transform the diester into the requisite maleic anhydride we were
forced to develop a new end-game strategy. Of numerous possibilities, we decided to
explore methods developed in previous syntheses of the phomoidrides and proposed to
introduce the maleic anhydride via a carbonyl insertion akin to that developed by Shair

and Fukuyama in their syntheses of 3.11 (Scheme 3.49).!7:18
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a) Shair and Coworkers

1) Pd(OAc),, P(OMe),, EtsN
CO (500 psi), THF:MeCN

2) HCO.H
(70% vyield)

b) Fukuyama and Coworkers

MeOZC

1) PA(OAG),, P(2-furyl)s
IPerEt, Hzo, coO (1 atm)

DCM, 90 °C
2) AcOH
(34% vyield, 2 steps) !
~OH
3.75 3.76

Scheme 3.49 Carbonylative maleic anhydride formation

3.3.4 Second-Generation Studies Toward the Synthesis of Phomoidride D

Maleic 0
Anhydride < Wharton
~—CO,H  Formation MeO,C :> Fragmentatlon
N p—

O
3.171 3.172 3.173
BnO CO,Me Radical OBn
Acetal M Cascade MeO,C Lactonization/
Opening Cyclization Acetal Formation
p—
0" ©
0%y er
OEt
3.175

OBn Phenolic Oxidation/
MeO,C Intramolecular BnO OH
[e) —— :Ej: —

3.178
oH MeO,C 0NN H
0 NN
3.176 3.177 3.179

Scheme 3.50 Second-generation approach toward phomoidride D
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Our second-generation approach toward phomoidride D (3.13) is illustrated
retrosynthetically in Scheme 3.50.% Given that the changes reflected in the second-
generation approach were to be made at a late stage in the sequence we opted to perform
these exploratory studies on a simplified model system. As illustrated, the target for
these investigations was maleic anhydride 3.171, which was envisioned as arising from
3.172 through vinyl triflate formation and palladium catalyzed carbonylation. The
requisite B-keto ester would derive from a Wharton fragmentation of isotwistane 3.173
which, in turn, was seen as the product of a phenolic oxidation/Diels-Alder and cascade
radical cyclization strategy similar to that employed in the first-generation synthesis.
Thus, the point of departure was defined as a coupling reaction of phenol 3.178 and

1odide 3.179 which would furnish the first cascade substrate 3.177.

B 1) allyl bromide BnO 1) NBS, SiO,, DCM
nO OH K,CO4, DCM n Oy 2) 3179, K,CO4 BnO 0
2) mCPBA, DCM Acetone :@ ~X
o ——— > _A >
3) KzCO3, MeOH OH 3) nBuLli, THF, then A
H 85% yield) MeOGOCI MeO.C °
(48% vyield)
3.180 3.181 3.182
OBn OBn OBn
)E?OPHP" MeO,C MeO,C TMSOT EtN  MeO,C
EEEse—
DCM 0
2)Pb OAc i
DCE reflux (99% yield) oTMS
0
3.183 3.176 3.185
(59% vyield) (20% vyield)
Si0,, DCM
(95% yield)

Scheme 3.51 Phenolic oxidation/Diels-Alder sequence

In a forward sense, benzaldehyde 3.180 was protected with allyl bromide and

carried through a Dakin oxidation that furnished phenol 3.181 (Scheme 3.51). Alkylation
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with the model side chain 3.179 and acylation with methyl chloroformate then produced
protected phenol 3.182. Allyl deprotection and treatment with Pb(OAc)s formed a
mixture of acylated and deacylated Diels-Alder adducts 3.183 and 3.176. Upon stirring
with silica gel in DCM, 3.183 was converted to 3.176 in excellent yield. Alcohol
protection with TMSOTT then gave ketone 3.185.

Having completed the first cascade sequence we began setting the stage for the
second by carrying 3.185 into an aldol reaction with the lithium enolate of propionate
3.155. Subsequent Cope elimination of the aldol product generated methyl ester 3.186
which, upon fluoride promoted lactonization and functionalization of the tertiary alcohol
with bromoacetal 3.158 gave the cyclization precursor 3.175. Finally, a bottom up 5-exo-

trig/5-exo-trig cyclization gave isotwistane 3.174 along with its 6-endo-trig isomer 3.189.

OBn CO.Me OBn
1 N2
MeO,C ) Me,N 3155  MeO,C 1) TBAF, AcOH
o LDA, THF THF
2) mCPBA, —78 °C CO,Me 2)pr
OTMS Al,Og, DCM ;OTMS Y\Bf
o OOH OEt 3-158
N,N-dimethylaniline
3.185 3.186 DCM
(72% vyield, 4 steps)
OBn OBn
MGOZC M602C
BusSnH, AIBN
+
0”0 Toluene, reflux
0 (99% yield)
O~ “Br (3.174:3.189, 2:1)
OEt
3.175 3.174

Scheme 3.52 Radical cascade cyclization

Having completed the second cascade sequence, acetal 3.174 was advanced
toward the fragmentation substrate by transacetalization with 1,3-propanedithiol and
conversion of the resultant tertiary alcohol to the corresponding mesylate (Scheme 3.53).

Benzyl deprotection of 3.173 was performed employing BBr3 and furnished the
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corresponding alcohol, however the expected concomitant fragmentation was not
observed. Spectroscopic studies eventually indicated that epimerization at C11 had
accompanied the benzyl deprotection to give alcohol 3.190 in 94% yield. This puzzling
result indicated that our system might not be suitable for fragmentation. As a small
amount (4% yield) of the unepimerized Cl11-epi-3.190 was obtained; we decided to
investigate this reaction further by subjecting this product to potassium hydride in THF
and again no desired fragmentation product 3.172 was obtained (Scheme 3.53). Instead,

a retro-aldol process occurred that upon cyclization delivered our observed C11 epimer

3.190.
BnO COyMe BnO CO,Me s
y 1) 1,3-propanedithiol ) . >
BF5-OEt,, DCM s BBr,
— 2
2) MsCl, EtgN DCM
DMAP, DCM (94% vyield)
(75% yield)
S
— > MeO,C
S KH
—X>
THF
C11-epi-3.190 3.190a 3.172

i retro-aldol

Scheme 3.53 Initial fragmentation attempt
To confirm that the non-productive retro-aldol pathway was derailing the desired
fragmentation event we reduced 3.190 to the corresponding alcohol, thereby removing

the driving force behind the undesired reactivity. As illustrated in Scheme 3.54, treating
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the derived diol (3.191) with aqueous potassium hydroxide resulted in a 67% yield of
3.192, the product of concomitant Wharton fragmentation and acetal opening. The latter
is consistent with the interconversion studies performed by Nicolaou and coworkers

using LiOH (section 3.1.4)."

S
_< > HO
s LiAIH,

R ——
o) THF THF/H,0
(80% yield) (67% yield)
3.190 3.191

Scheme 3.54 Wharton fragmentation

Although we were able to successfully perform the key fragmentation reaction on
the second-generation substrate, the additional redox manipulations required to avoid the
deleterious retro-aldol reaction greatly diminished efficiency. In order to avoid
unnecessary redox manipulations, we decided to install the ester functionality at a later
stage in the synthesis. Hence, we decided to redesign our synthetic strategy toward
phomoidride D (3.13) to include a late stage esterification and maleic anhydride

formation (Chapter Four).

3.4 Conclusion
Since the initial isolation of the phomoidrides in 1996, they have drawn the
attention of many synthetic chemists and inspired the development of many creative
synthetic approaches. Despite considerable interest, only four syntheses have been
completed to date. Each synthesis contained a unique approach toward one or many of

the key structural features.
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Utilizing a tandem phenolic oxidation/Diels-Alder sequence and radical cascade
cyclization, we were able to quickly assemble a fully functionalized isotwistane precursor
containing the side chains, spiroacetal, and quaternary center found in the phomoidrides.
We were pleased to find that fragmentation of this precursor proceeds to furnish the
desired bicyclic core. Unfortunately, the last key functionality necessary to complete the
synthesis, the maleic anhydride, proved an insurmountable obstacle and led to our
developing a second-generation approach designed to take advantage of existing methods
for maleic anhydride incorporation. Unfortunately, the second-generation approach
failed as the result of an unanticipated retro-aldol process that derailed the planned
fragmentation reaction. Since overcoming this latter obstacle required additional redox

manipulations it was decide to again redesign the end-game strategy.
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CHAPTER FOUR

Model Studies Toward the Synthesis of Phomoidride D: A 3" Generation Approach

4.1 A Retrosynthetic Approach

4.1.1 Phomoidride D Model Substrate Retrosynthetic Analysis

To continue our ongoing synthetic studies toward Phomoidride D, we needed to
reconsider our approach. Our first-generation strategy was very successful initially, but
stalled when attempting to introduce the maleic anhydride. To circumvent this, a second-
generation plan was developed wherein a late stage carbonylation would deliver the
maleic anhydride. Unfortunately, this route failed due to early incorporation of a
requisite B-hydroxy ester which, due to an unanticipated retro-aldol reaction, thwarted the
key Wharton fragmentation. Subsequent studies revealed that the Wharton fragmentation
could be performed successfully following ester reduction; however, the additional redox
manipulations diminished the efficiency of the route and led us to propose the current,
third-generation, synthetic strategy toward phomoidride D. As with our second-
generation approach, our initial efforts were performed using a model substrate which we
hoped would help us to define not only the appropriate starting aromatic substrate but
also develop the late-stage sequence leading to the maleic anhydride (Figure 4.10). A

retrosynthetic analysis for the third generation approach is shown in Scheme 4.10.
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Phomoidride D 4.10

Figure 4.10 Model of the phomoidride core
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Scheme 4.10 A retrosynthetic analysis for our third-generation model study

As illustrated, the initial disconnection envisions late-stage introduction of the
maleic anhydride via carbonylation of an intermediate derived from B-keto ester 4.11
(Scheme 4.10). To avoid the unproductive retro-aldol reaction observed in the second-
generation approach, the current plan calls for preparation of beta-keto ester 4.11 using
ketone 4.12 as substrate. The latter, in turn, is envisioned to derive from Wharton

fragmentation of acetate 4.13. The core isotwistane unit found in 4.13 and 4.14 will arise
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via a radical cascade closely paralleling that employed in the early generation approaches
and thus the current strategy calls for the intermediacy of ethyl acetal 4.15. The lactone
and ethyl acetal of 4.15 are seen as being introduced into the [2.2.2]bicycle 4.16 using
reagents and conditions that are akin to those which had proved fruitful in our early
generation approaches. Also, similar to our previous studies is the envisioned aryl
oxidation/intramolecular Diels-Alder cycloaddition cascade (proceding through the
intermediacy of cyclohexadiene 4.17) that is illustrated as the initial key reaction

sequence.

4.2 Model Studies Toward the Synthesis of Phomoidride D

4.2.1 The Phenolic Oxidation/Diels-Alder Sequence

In the previous two generations toward phomoidride D, our group utilized a
phenolic oxidation/Diels-Alder sequence to form the [2.2.2]bicycle of 4.16. The
distinguishing feature in the substrates employed for this reaction in the first- and second-
generation approaches is the number of ester moieties (two vs. one, respectively).
Interestingly, exploiting this reaction in the third-generation approach toward 4.16
requires a similar change; however in this instance the number of ester substituents is
reduced from one to none. As illustrated in Table 4.10, the requisite catechol substrate
now possesses a single additional alcohol substituent.

In contrast to generations one and two, wherein the aryl-oxidation proceeded
smoothly with all substrates we employed, our efforts to advance diol 4.18a through a
similar reaction failed to produce any of the desired product (Table 4.10). By simply

comparing the nature of 4.18a to the substrates employed in generations one and two, we
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believed that the lack of an electron withdrawing substituents on the intermediate diene
was causing of the loss of reactivity. In an effort to address this electronic difference we
prepared a variety of substrates possessing a range of what could be considered electron
withdrawing protecting groups. As indicated in Table 4.10, the presence of an acetate or
trifluoroacetate did nothing to promote cycloaddition; however,, to our delight, substrates
possessing sulfonyl-protecting groups, such as methanesulfonyl (4.18d) or 2-
nitrobenzenesulfonyl (4.18e), underwent the desired aryl oxidation/Diels-Alder reaction
to furnish bicycles (4.16d and 4.16e, respectively). Given that the nosyl protected phenol
(4.18e) gave us the best results we chose to move forward with this as our first major

intermediate.’

Table 4.10 Optimization of the phenolic oxidation/Diels-Alder reaction

oP
PO \@EOH Pb(OAC), o
—_—
o™X~ DCE90°C OAc
(0]
4.18 a-e 4.16 a-e

P Yield

H (4.18a) 0%

Ac (4.18b) 0%
COCFj (4.18¢) 0%
Ms (4.18d) 42%

Ns (4.18¢) 62%

As illustrated in Scheme 4.11 synthesis of the nosylated intermediate (4.16€) on-
scale began with nosylation and allylation of the commercially available 2,4-
dihydroxybenzaldehyde 4.19. As one might anticipate, this is not a particularly

regioselective transformation and nearly equimolar amounts of 4.20 and 4.21 are initially
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produced. However, we discovered that filtering and washing the worked-up reaction
mixture with methanol allows for the isolation of a 5:1 mixture of regioisomers, favoring
the desired benzaldehyde 4.20. Subsequent Dakin oxidation of 4.20 (mCPBA) delivers
phenol 4.22. At this point, the regioisomers were separated and the desired regioisomer
was functionalized with allyl iodide 4.23 to produce 4.24 in 44% yield.” The aryl
oxidation/Diels-Alder substrate was completed by removal of the allyl protecting group

in 4.24 using Pd(PPhs), and potassium carbonate (K»COj3) in methanol.’

I) NSC', K2C03

HO OH acetone, rt NsO O 0 ONs
\@ ii) allyl bromide \Cg = Z \@
"
\ iii) Filtration, MeOH wash \ \
(0] (0] (0]

(5:1 regioisomeric ratio)

Y

419 4.20 4.21
Desired Undesired

A
i) mCPBA, DCM, ' 423

0°Ctort NSO\C[O\/\ K2COg3, Cs,CO;3 NSO\C[O\/\
R E— -
ii) K,CO3, MeOH OH DMF, 50 °C S S
(56% vyield, 2 steps) (44% vyield)
4.22 4.24
Pd(PPhs)s, K,CO3 NS°\©[OH Pb(OAG),
MeOH, rt OW DCE, 90 °C
(64% yield) (62% yield)
4.18e
ONs
NsO o) | ONs
\E;/[OA = 0 e 0
PN /L one OAc
o) o]
419 419 4.16e

Scheme 4.11 Phenolic oxidation/Diels-Alder sequence

As with material prepared in our initial small scale studies, the resultant phenol
4.18e was treated with lead tetraacetate (Pb(OAc)s) in 1,2-dichloroethane (DCE) at reflux

to induce formation of diene 4.19 via Wessely oxidation. Although this intermediate is
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observable (in some instance isolable) under the 90 °C reaction conditions employed here
the intermeidate undergoes further reaction via a [4+2] cycloaddition to give
[2.2.2]bicycle 4.16e. The resultant Diels-Alder adduct (4.16e) was isolated in a 62%

yield, along with a small amount (<5%) of the deacylated product.

4.2.2 Formation of the Isotwistane Core

Having successfully implemented the first cascade sequence and accessed 4.16e,
we turned next toward setting the stage for the second, a radical-mediated cascade. The
two carbon atoms that would serve as the linchpin in this cascade, along with the lactone
carbonyl, would be introduced using an aldol reaction that was analogous to that
employed in the earlier generation approaches. As is evident from the chemistry
illustrated in Scheme 4.12, we chose to employ fert-butyl 3-(dimethylamino)propionate
(4.25) as the nucleophilic component in the aldol reaction. This choice to use a t-butyl
ester was dictated by our interest in developing an acid promoted procedure that would
allow us to advance the aldol product through acetate hydrolysis and lactonization in a
single pot. After a thorough study of the reaction conditions, it was determined that the
best yields of alcohol 4.27 are observed when magnesium bromide is used as a Lewis-
acid to activate ketone 4.16e and the lithium enolate derived from 4.25 is used as the
nucleophile.” The nosyl protecting group was removed from the aldol product using
thiophenol (PhSH) and cesium carbonate (Cs,CO;)® and the resulting keto-alcohol was
subjected to oxidation (mCPBA) and Cope elimination to generate o,-unsaturated ester
4.27 in 30% yield over three steps.” In accord with our plan, exposure of 4.27 to
hydrochloric acid resulted in acetate hydrolysis and lactonization to furnish the desired

lactone 4.28 in excellent yield.
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CO,tBu
ONs Me,N > V-2 ONs 0]
2 4.25 ~NMe2 | 1) PhSH, Cs,CO4
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4.28 415 414

Scheme 4.12 Isotwistane formation

With lactone 4.28 in hand, the final two carbons needed to complete construction
of the radical cyclization substrate were introduced via coupling of 4.28 to bromoacetal
4.29 using N,N-dimethylaniline as a base in DCM at reflux, conditions developed by
Stork for delivering 4.29 to hindered tertiary alcohols.® The desired radical cyclization
substrate (4.15) was produced as an inconsequential mixture (1:1) of diastereomeric
acetals (4.15) in 68% yield. In previous studies several methods had been employed in
our group to initiate similar radical cascade reactions. Of these, the use of Sml, has often
proven to be the most efficient. Thus, we were delighted to find that exposure of 4.15 to
Sml, in THF at 0 °C resulted in smooth conversion to isotwistane 4.14 (54% yield).
Although no detailed mechanistic studies have been done we speculate (Scheme 4.13),
based on previous studies, that this cascade event is initiated by formation of a ketyl
radical (4.15a) which upon 5-endo ring closure produces an intermediate radical that
undergoes further reduction to a lactone enolate (4.15b) capable of terminating the
cascade by intramolecular alpha alkylation.” It is important to note that in addition to

allowing for the efficient construction of the requisite isotwistane core, the radical

114



cascade reaction stereoselectively produces the all-carbon quaternary center, a

synthetically challenging structural element.

0]
Sml,
Sml,
60 0] THF
0 Br
OEt
4.15
HO
m
) ('30 2 0
Y Cer OEt
OEt
4.15b 4.14

Scheme 4.13 Possible mechanism for the radical cascade cyclization

4.2.3 Formation of the Bicyclo[4.3.1] Core

Having accessed isotwistane 4.14, the bicylodecadiene core structure found in the
phomoidrides was now potentially accessible via Wharton fragmentation. As in the
second-generation approach we envisioned the fragmentation proceeding by deacylation
and loss of the mesylate nucleofuge. Installation of these functionalities was
accomplished in a three-step sequence that began with acylation of the resident tertiary
alcohol followed by transacetalization to the corresponding thioacetal, a transformation
which was readily accomplished upon exposure of the acylated 4.14 to 1,3-propanedithiol
in the presence of BF;*OEt,. The resultant crude tertiary alcohol was reacted with
methanesulfonyl chloride (MsCl), delivering fragmentation precursor 4.13 in 86% yield
over the three steps. Inducing fragmentation to the desired bicyclo[4.3.1] core was
accomplished by the addition of aqueous potassium hydroxide (KOH) in THF. Initial

analysis of the crude reaction mixture by "H NMR spectroscopy clearly indicated that the
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fragmentation had occurred due to the characteristic vinyl resonance; however, loss of the
distinct diastereotopic resonances associated with the protons residing on the closed
acetal, coupled with the polar nature of the product, suggested that the fragmentation
reaction had been accompanied by acetal opening to furnish diol 4.30. In subsequent
studies we determined that subjecting the crude reaction mixture to 4-toluenesulfonyl
chloride (TsCl) and DMAP in pyridine, transforms the diol into the desired ketone 4.12
which can be isolated in 11% yield over two steps. To our delight, switching the latter
conditions to NsCl and Et;N in DCM improved the yield of ketone 4.12 to 72% yield

from mesylate 4.13.

1) AC20, Mg(ClO4)2
DCM, rt

2) 1,3-propanedithiol, BF g+OEt, AcO
DCM, 0 °C tort

|

3) MsCl, EtzN, DMAP
DCM, 0°C tort
(86% yield, 3 steps)

4.13

TsCl, DMAP
pyridine, 105 °C
(11% yield, 2 steps)

NsCl, EtgN

DCM, rt
4.30 (72% vyield, 2 steps) 4.12

Scheme 4.14 Wharton fragmentation

At this point our model study had clearly demonstrated feasibility in the two-
cascade sequences leading up to the proposed Wharton fragmentation of isotwistane 4.13.
Moreover, the latter fragmentation, in contrast to the retro-aldol plagued second-
generation approach, proved effective in delivering the phomoidride core and put us in
position to begin addressing potential concerns associated with maleic anhydride

installation.
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4.2.4 p-Keto Ester Formation

As outlined in Chapter 3, our first generation approach had been successful in
delivering a diester intermediate that was only one oxidation level removed from the
natural product. Our inability to complete the synthesis by oxidation of the diester to the
maleic anhydride led to our developing the second-generation approach, which ultimately
failed due to an unanticipated retro-aldol reaction. Although, contrary to synthetic
dogma, which often calls for maximizing convergency, the results obtained from our first
and second-generation attempts indicated that our fragmentation based strategy would
only be successful if the carbonyl carbons of the maleic anhydride were introduced one at
a time (i.e., in the least convergent manner).

Thus, as illustrated in the retrosynthetic analysis for our current approach (vide
supra, Scheme 4.10) our plan is to first install a beta-keto ester and then, in a fashion
similar to that of Shair and Fukuyama in their syntheses of phomoidride B (4.35),
introduce the final carbon via a cabonylation reaction. Although there is a strategic
similarity to the work of Shair and Fukuyama with regard to maleic anhydride
construction, it is noteworthy that these groups employed the regioisomeric beta-keto
ester as a substrate (Scheme 4.15). Thus, this past precedent provided some hope but by
no means assured success. In any event, as outlined is Scheme 4.16, our plan next called
for conversion of ketone 4.12 to the corresponding beta-keto ester, a transformation that

is often best performed under conditions developed by Mander and coworkers.'?

117



a) Shair and Coworkers

1) Pd(OAc),, P(OMe)s, EtsN
CO (500 psi), THF:MeCN

2) HCOH
(70% vyield)

1) Pd(OAc),, P(2-furyl)s
iProNEt, H,0, CO (1 atm)
DCM, 90 °C

2) AcOH

(34% yield, 2 steps)

»
'

4.36 4.37

Scheme 4.15 Shair and Fukuyama’s maleic anhydride formation

As illustrated in Scheme 4.16, Mander’s conditions for converting a ketone to the
corresponding beta-keto ester involve initial formation of a lithium enolate followed by
acylation using methyl cyanoformate (a.k.a., Mander’s Reagent). A complicating factor
with 4.12 is the fact that the ketone is flanked by four protons, any of which could
potentially be removed by a strong base. This presents a potential regioisomeric issue,
which we hoped would be controlled to some extent by the quaternary center adjacent to
one of the methylenes. If the quaternary center directed enolization away from the
neopentyl methylene the outcome would be the desired enolate regioisomer 4.11 and 4.31
(Scheme 4.16). To our chagrin, initial studies utilizing kinetic enolization conditions
(super-stoichiometric LDA) akin to those employed by Mander, furnished an acylated
product which, after 'H and °C NMR studies was determined to be the undesired

regioisomer 4.32.
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a) Kinetic Enolization Conditions with LDA

(0]

N

MeO~ "CN
LDA(1.1 equiv)
HMPA, THF
-78°C
(21% yield)

4.12

b) Thermodynamic Enolization with LDA

LDA(0.9 equiv)

HMPA, THF MeO
-40°C

4.12 4.31 4.1 4.32
(27% yield) (7% yield) (26% yield)

¢) Thermodynamic Enolization with LIHMDS

™ 1
o S__S MeO~ "CN
T LIHMDS(0.95 equiv)

HMPA, THF MeO
o -40°Ct0°C

4.12 4.31 4.11 4.32
(53% vyield) (14% vyield) (Trace)

Scheme 4.16 B-Keto ester formation

Due to the poor yields and undesired regioselectivity observed in our initial
studies, we decided to more closely examine the reaction conditions. It is known that one
can sometimes influence the course of enolate formation by performing the deprotonation
under thermodynamic conditions instead of the more common kinetic. It is, a priori,
difficult to predict if a “kinetic enolate” (generated with a superstoichiometric amount of
base) will be regioisomerically different from a “thermodynamic enolate” (generated with
a substoichiometric amount of base, hence under equilibrating conditions); thus, we set
out to explore these various conditions on our substrate (4.12). In the event, we

decreased the equivalents of LDA from 1.1 to 0.9 and warmed the reaction to — 40 °C.
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To our delight, we found that we could indeed influence the regioisomeric ratio and
under these conditions the regioisomeric outcome favored the desired p-keto ester 4.11
(and 4.31) (Scheme 4.16b). In addition to delivering the desired ester 4.11 (and 4.31)
these conditions also resulted in a significant increase in the yield (21% to 53%). Further
optimization studies revealed that the use of a sub-stoichiometric amount of a bulkier
base (LIHMDS), followed by warming the reaction to 0 °C prior to the addition of
Mander’s reagent, results in the formation 4.11 (and 4.31) in 67% yield (Scheme 4.16c¢).
Interestingly the desired beta-keto ester is produced as a mixture of isolable tautomers
that favors enol (4.31) over the corresponding keto (4.11) form. The indicated yields for

this transformation reflect the combined weight of the tautomers.

a) Basic Tautomerization Conditions

EtaN
—_—
DCM, rt
48 hours

(>10% vyield)

Scheme 4.17 Tautomerization experiments

Typically one finds that keto-enol tautomerization of B-keto esters is rapid and the
mixtures are inseparable. Given the unusual observation in this system we decided to test
the keto-enol tautomerization under both basic and acidic conditions (Scheme 4.17).

Subjecting the keto form (4.11) to EtsN in DCM did produce a minimal amount of enol
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tautomer, but only after 48 hours, while acidic conditions resulted in no tautomerization
at all.

Initial studies to form vinyl triflate 4.33 were performed on keto-tautomer 4.11
(Scheme 4.18). As might have been anticipated from our studies with Et;N (vide supra)
treatment of 4.11 with Hiinig’s base and triflic anhydride failed to produce any vinyl

triflate.!!

Thus, we decided to use a stronger base (KHMDS) in conjunction with N-
phenyl triflimide (Tf,NPh). In the event, deprotonation employing a substoichiometric
amount of KHMDS in the presence of Tf,NPh, produced desired vinyl triflate 4.33 in

53% yield."” Tt is worth noting that we employed a slight substoichiometric amount of

base simply to avoid any complications that may have arisen due to excess base.

a) Standard Triflation

iProEtN, Tf,0

DCM, —78°C tort

KHMDS (0.95 equiv)
Ti,NPh

HMPA, THF
—40°Ctort
(53% yield)

Scheme 4.18 Triflation attempts

Similarly, the enol form was converted to vinyl triflate 4.33 using KHMDS with
Tf,NPh as the triflating agent to provide vinyl triflate 4.33 in corresponding 68% yield

(Scheme 4.19).
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MeO o > KHMDS, Tf,NPH
S —_—
0°=0

THF, —40°C tort
o) (68% vyield)

4.31

Scheme 4.19 Enol triflation

4.2.5 Maleic Anhydride Formation and Completion of the Model Study

Having prepared vinyl triflate 4.33 from either keto or enol-tautomer, we turned
next to completion of the maleic anhydride. Two slightly different sets of conditions for
this reaction had already been developed on similar systems and are reported in the
syntheses of phomoidride B (4.35) by the groups of Shair and Fukuyama (Scheme
4.15).1

In our initial studies to advance the vinyl triflate we explored Shair’s conditions
and in accord with their protocol exposed 4.33 to a mixture of palladium(Il) acetate
(Pd(OACc),), trimethyl phosphite (P(OMe)s;), and Et;N, in an atmosphere of CO.
Unfortunately, only decomposition of the starting enol triflate was observed (Scheme
4.20a). Turning next to the conditions developed by Fukuyama, vinyl triflate 4.33 was
exposed to a DMF solution of Pd(OAc),, tri(2-furyl)phosphine (P(2-furyl)s), Hiinig’s
base, and water, all under an atmosphere of CO. After heating to 90 °C we were
delighted to find that these conditions produced the required maleic anhydride 4.38 in
58% yield, the structure of which was confirmed by single crystal X-ray analysis

(Scheme 4.20b).
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a) Shair Conditions

Pd(OAc),, P(OMe),
Et3N, CO (500 psi)
MeO -

THF:MeCN
(Decomposition)

4.33

b) Fukuyama Conditions

oTIO s Pd(OAG), (100 mol%)
P(2-tfuryl)s, iProEtN
MO = H,0, CO (1 atm)
S F o
oX=o DMF, 90 °C
(58% yield)

4.33

Scheme 4.20 Maleic anhydride formation

With maleic anhydride 4.38 in hand, all that was left to finish the model system
synthesis was removal of the thioacetal and oxidation of the derived aldehyde to the acid.
Initial attempts using iodination conditions, such as [bis(trifluoroacetoxy)iodo]benzene
(BTIB) or iodine, did not give aldehyde 4.39.'* Similar conditions were attempted on

vinyl triflate 4.33, but this too did not deliver the desired aldehyde.

BTIB

— X
MeCN:H,0 (9:1), rt

Scheme 4.21 Initial thioacetal deprotections

123



Given the difficulties encountered with the milder deprotection reagents we
decided to attempt conditions which had been developed by Nicolaou for the removal
thioketals.'” Under these conditions, which involved exposing thioacetal 4.38 to N-
bromosuccinimide (NBS) and silver(I) perchlorate in aqueous acetone, we were excited
to see removal of the thioacetal protecting group. However, we were unable to separate
the aldehyde intermediate 4.39 from succinimide and thus carried the crude mixture
through the subsequent Pinnick oxidation, which furnished the final product in an
unoptimized 23% yield. Importantly, this final step completed the model study and

validated our third generation strategy.

NaClO,, NaH,PO, o
NBS, AgCIO, H30,

—_—
H,O/Acetone H,O/MeCN OH

(23% vyield, 2 steps)

4.39

Scheme 4.22 Completion of the model study

4.3 Conclusion

In a first-generation approach toward phomoidride D, we began developing a
strategy that centers around two cascade sequences as key steps in delivering the
phomoidride carbocyclic core. In the first of these sequences a tandem phenolic
oxidation/Diels-Alder reaction is employed to produce a [2.2.2]bicycle, which is readily
transformed into a bromo acetal that is poised for conversion to a key isotwistane. The
latter transformation is performed via the second cascade sequence which is mediated by
Sml, and delivers not only the isotwistane but also sets the quaternary stereogenic center

that is imbedded in the phomoidride core. Functional group manipulation sets the stage
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for a Grob fragmentation which provides access to the bicyclo[4.3.1]decadiene core
found in the phomoidrides (Chapter 3, section 3.47). Unfortunately, the first generation
approach met its demise when conversion of a late stage diester to the corresponding
maleic anhydride proved impossible. To circumvent this issue, a model study was
launched to investigate an alternative (second-generation) approach wherein
carbonylation of an advanced beta-keto ester would give rise to the maleic anhydride.
Unfortunately, due to a deleterious retro-aldol reaction, this approach also met with an
untimely demise, failing prior to the Wharton fragmentation. In our third-generation
approach, which has been the focus of this chapter, we combine the strategic elements of
the first two generations with a better understanding of the late stage reactivity into an
approach that calls for generating the maleic anhydride unit from an isolated ketone. As
described above, this approach was explored in a model study that has allowed us to
define suitable substrates for the initial aryl-oxidation/Diels-Alder cascade sequence. In
addition, the model study established that a simple ketone can be combined with an exo-
methylene lactone and bromoacetal in a cascade cyclization that delivers the requisite
isotwistane intermediate. Importantly, these studies also revealed that the desired
Wharton fragmentation can be induced under mild conditions to furnish a ring opened
acetal that can be reclosed and thus positioned for subsequent incorporation of the maleic
anhydride. With regard to the latter, these models studies helped to establish feasibility
with regard to the requisite regioselective acylation under Mander’s conditions and
established that an enol triflate derived from the resultant beta-keto ester is a viable
carbonylation substrate using conditions developed by Fukuyama. Finally this model

study aided in establishing the feasibility of thioacetal removal and oxidation in the
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presence of the phomoidride core functionality. Efforts can now be focused on
translating the model system chemistry onto substrates containing the full complement of

carbons and functional groups found in natural phomoidride D.

4.4 Experimentals

General

Unless stated otherwise, all reactions were performed using flame or oven-dried
glassware and under an atmosphere of nitrogen. DCM, THF, diethyl ether, benzene, and
toluene were dried using a solvent purification system manufactured by SG Water
U.S.A., LLC. Acetonitrile, ethyl acetate, pentanes, hexanes, DMF, DMSO, and DCE
were supplied by either Fisher Scientific or Sigma-Aldrich and were used as received.
Triethylamine, diisopropylamine, and methanol were stirred over calcium hydride and
distilled before use. All other commercially available reagents were used as received.

Unless stated otherwise, reactions were monitored by thin-layer chromatography
using Silicycle SiliaPlate® TLC glass backed extra hard layer, 60 A (F-254 indicator,
250 pm thickness). All purifications were performed using Silicyle SiliaFlash® P60
silica (40-63 pm, 230-400 mesh) as a stationary phase. High-resolution mass
spectroscopy was performed by the central instrument facility at Colorado State
University or on a Thermo Orbitrap ESI mass spectrometer at Baylor University. Single-
crystal X-ray crystallography was performed by Brian Newell at Colorado State
University or Prof. Caleb Martin at Baylor University. 'H and ?C NMR spectra were
taken on Varian VNMRS 500, Varian Inova 400, Bruker Ascend 400, and Bruker Ascend

600 cryoprobe spectrometers. Infrared spectra were taken on a Nicolet Avatar 320 FTIR
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or Bruker Alpha Platinum ATR. Chemical Shifts (8) are reported in parts per million
(ppm) and coupling constants (J) are reported in hertz (Hz). The reported chemical shifts

are relative to the residual solvent peaks of the indicated deuterated solvents.

Preparation of Phenol 4.22

1) NsCl, K,COg, allyl bromide

HO \(:L(i" Acetone NSO\O:O\/\
2O 2)mCPBA, DCM, 0 °C tort OH

then K,CO3, MeOH

4.22

Benzaldehyde Functionalization. To a round bottom flask equipped with a
magnetic stir bar was added 2,4-dihydroxybenzaldehyde (40.0 g, 290 mmol), 2-
nitrobenzenesulfonyl chloride (NsClI) (64.2 g, 290 mmol), potassium carbonate (K,COs)
(96.2 g, 608 mmol), and Acetone (965 mL). The flask was capped with a rubber septum
containing a 16 gauge needle open to air and stirred vigorously at room temperature.
After 25 hours allyl bromide (36.5 mL, 434 mmol) was added rapidly via syringe and
TLC was used to monitor the reaction progress. The TLC plates were developed using a
25% EtOAc/Hex solution and visualized by KMnO4. The reaction was worked up after a
total of 47 hours by light concentration and transferring to a separatory funnel containing
EtOAc (600 mL). The organic layer was washed with 1M HCI (750 mL) and brine (250
mL) before drying over MgSO,4. Concentration delivered a mixture of regioisomers as a
tan solid that was washed with MeOH (~ 500 mL) and filtered by vacuum filtration
through a fritted funnel until the filtrate appeared colorless. The resultant white solid
contained the functionalized benzaldehyde as a 5:1 (desired:undesired) mixture of

regioisomers (56.9 g) which was moved onto the next step without further purification.

127



Dakin Oxidation. To a round bottom flask equipped with a magnetic stir bar was
added the benzaldehyde (56.9 g, 157 mmol) and dichloromethane (DCM) (500 mL). The
solution was cooled in an ice/water bath and mCPBA (35.1 g, 77%, 157 mmol) was
added. The flask was capped with a rubber septum fitted with a 16 gauge needle open to
air and the reaction was allowed to slowly warm to room temperature within the bath.
After 19 hours K,CO; (32.5 g, 235 mmol) and MeOH (660 mL) were added all at once.
After 67 hours the reaction was concentrated and dissolved again in HyO:EtOAc (1:2).
The layers were separated and the aqueous extracted with EtOAc (2x) and the combined
organics were washed with brine and dried over MgSO,. Concentration and purification
via silica gel flash column chromatography (10% gradient elution from 0% — 50%
EtOAc/Hex) afforded phenol 4.22 (53.1 g, 56% yield) as a brown solid.

Ry = 0.49 (50% EtOAc/Hex); m.p. 81-83 'C; 'H-NMR (600 MHz; CDCl;): §
7.95-7.91 (m, 1H), 7.84-7.80 (m, 2H), 7.67 (ddd, J=7.9, 5.9, 2.9 Hz, 1H), 6.81 (dd, J =
5.7 Hz, 2H), 6.65 (dd, J = 8.7 hz, 2.6 Hz, 1H), 5.99 (ddt, J=17.2, 10.5, 5.6 Hz, 1H), 5.60
9s, 1H), 5.41-5.29 (m, 2H), 4.55 (d, J = 12.0 Hz, 2H); *C-NMR (150 MHz; CDCl;): &
145.8, 145.3, 141.8, 135.4, 132.5, 132.0, 132.0, 128.4, 124.9, 119.3, 115.0, 114.6, 107.3,
70.3; FTIR (thin film/NaCl): 3498, 3098, 2923, 1545, 1504 cm™'; HRMS (ESI) m/z

Calc’d for C;5H;3NO5S [M+Na]": 374.0305, found: 374.0305.

Preparation of Allyl Ether 4.24

| A
4.23
NSO\E:[O ~ X K2CO3, Cs,CO; NSO\E:[O X
_— >
OH DMF, 50 °C o A
4.22 4.24
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To a round bottom flask equipped with a magnetic stir bar was added phenol 4.22
(46.7 g, 133 mmol), alkyl iodide 4.23, potassium carbonate (91.9 g, 665 mmol), cesium
carbonate (2.17 g, 6.65 mmol), and dimethylformamide (DMF) (200 mL). The flask was
capped with a polyethylene stopper and stirred at 50 'C. TLC was used to monitor the
reaction progress. The TLC plates were developed using a 25% EtOAc/Hex solution and
visualized by KMnO,. The reaction was removed from heat after 23 hours and allowed
to cool to room temperature. The reaction was slowly transferred to a separatory funnel
containing 1M HCI (700 mL) and the aqueous was extracted with EtOAc (3 x 700 mL).
The combined organics were then washed with 1M HCI, brine and dried over Na;SOs.
Concentration and purification via silica gel flash column chromatography (10% gradient
elution from 0% — 60% EtOAc/Hex) afforded allyl ether 4.24 (24.7 g, 44% yield) as a
brown viscous oil.

Ry = 0.24 (25% EtOAc/Hex); 'H-NMR (600 MHz; CDCls): & 7.89 (d, J = 7.9 Hz,
1H), 7.83-7.79 (m, 2H), 7.65 (ddd, J="7.9, 6.4, 2.4 Hz, 1H), 6.78-6.69 (m, 3H), 5.96 (ddt,
J=17.2,10.5,5.2 Hz, 1H), 5.61-5.53 (m, 1H), 5.50-5.45 (m, 1H), 5.36 (dd, /= 17.4 Hz,
1.8 Hz, 1H), 5.24 (dd, J=10.2, 1.2 Hz, 1H), 4.48 (d, /= 5.4 Hz, 2H), 3.95 (t, /= 7.0 Hz,
2H), 2.50 (m, 2H), 1.66 (d, J = 6.0 Hz, 3H); *C-NMR (150 MHz; CDCls): & 148.9,
148.8, 148.3, 142.3, 135.4, 132.7, 132.5, 132.0, 128.3, 128.1, 126.4, 124.8, 118.1, 114.4,
113.4, 108.8, 70.1, 69.2, 32.6, 18.2; FTIR (thin film/NaCl): 2918, 1544, 1504 cm;

HRMS (ESI) m/z Calc’d for CyoH2NO-S [M+Na]": 442.0931, found: 442.0934.

Preparation of (E)-3-hydroxy-4-(pent-3-en-1-yloxy)phenyl 2-nitrobenzenesulfonate 4.18e

NSO\C[O\/\ Pd(PPhg)4, KoCO4 NsO OH
_— >
o MeOH, rt I S
4.24 4.18e
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To a round bottom flask equipped with a magnetic stir bar was added the allyl-
protected phenol 4.24 (24.9 g, 59.3 mmol), potassium carbonate (10.7 g, 77.1 mmol),
tetrakis(triphenylphosphine)palladium(0) (Pd(PPhs)s) (2.1 g, 1.8 mmol), and methanol
(200 mL). The flask was purged with an over-pressure of nitrogen and then allowed to
stir at room temperature overnight. TLC was used to monitor the reaction progress. The
TLC plates were developed using a 25% EtOAc/Hex solution and visualized by KMnOs.
The reaction was worked up by filtration through a plug of silica, using ethyl acetate to
flush out the organics. Concentration and purification via silica gel flash column
chromatography (10% gradient elution from 0% — 70% EtOAc/Hex) afforded phenol
4.18e (14.5 g, 64% yield) as a brown solid.

R, =0.16 (EtOAc/Hex); m.p. 84-85 'C; 'H-NMR (400 MHz; CDCl3): & 7.93 (d, J
= 8.0 Hz, 1H), 7.83-7.78 (m, 2H), 7.66 (ddd, J=17.9, 6.4, 2.8 Hz, 1H), 7.76-7.67 (m, 3H),
5.74 (s, 1H), 5.61-5.54 (m, 1H), 5.49-5.41 (m, 1H), 4.01 (t, J = 6.7Hz, 2H), 2.46 (q, J =
6.5 Hz, 2H), 1.68 (d, J = 6.3 Hz, 3H); “C-NMR (100 MHz; CDCls): & 146.6, 145.3,
143.0, 135.42, 132.4, 132.0, 128.7, 128.4, 126.2, 124.9, 113.6, 112.0, 109.1, 69.2, 32.5,
18.1; FTIR (thin film/NaCl): 3507, 3099, 3027, 2941, 1605, 1546, 1504 cm™; HRMS

(ESI) m/z Calc’d for C17;H;7NO-S [M+H]": 380.0805, found: 380.0801.
Preparation of a-Acetoxy Ketone 4.16e and o-Hydroxy Ketone 4.16e-OH
NsO OH _ PDOAS)s
\QOW DCE 90 °C OAC
4.18e 4.16e 4.16e-OH

To a sealed tube equipped with a magnetic stir bar was added phenol 4.18e (2.0 g,

5.3 mmol), lead(IV) acetate (2.8 g, 6.3 mmol), and 1,2-dichloroethane (DCE) (53 mL).
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The reaction vessel was sealed and heated at 90 "C for 14 hours. Upon cooling the
reaction progress was analyzed by TLC. The TLC plates were developed using 50%
EtOAc/Hex solution and visualized by KMnQOy. The reaction was then concentrated and
purified immediately by silica gel flash column chromatography (10% gradient from 20%
— 100% EtOAc/Hex) affording the product as a 20:1 mixture favoring 4.16e (1.4 g, 62%

yield) as and orange foam.

a-Acetoxy Ketone 4.16e. Ry = 0.22 (50% EtOAc/Hex); 'H-NMR (400 MHz;
Benzene-Dg): 8 7.67 (dd, J = 7.4, 2.0 Hz, 1H), 6.85 (dd, J = 7.8, 1.5 Hz, 1H), 6.67-6.57
(m, 2H), 5.82 (dd, J = 7.6, 2.8 Hz, 1H), 3.64-3.58 (m, 2H), 3.26 (td, J = 12.0, 4.0 Hz,
1H), 3.14 (t, J = 2.8 Hz, 1H), 1.51 (s, 3H), 1.39-1.29 (m, 2H), 1.09 (p, J = 3.6 Hz, 1H),
0.735 (q, J = 2.8 Hz, 1H), 0.75-0.69 (m, 1H), 0.66 (d, J= 7.2 Hz); >*C-NMR (100 MHz,
Benzene-Dg) & 198.91, 195.14, 168.13, 146.40, 135.15, 132.02, 131.63, 128.44, 124.72,
116.48, 93.62, 62.19, 57.80, 40.63, 37.21, 35.61, 28.34, 21.44, 20.00; FTIR (thin
film/NaCl): 3099, 2963, 1754, 1653, 1592, 1547 cm’'; HRMS (ESI) m/z Calc’d.for

Ci1oH1oNOoS [M+H]": 438.0859, found: 438.0850.

a-Hydroxy Ketone 4.16e-OH. R, = 0.27 (75% EtOAc/Hex); m.p. 60-62 "C; 'H-
NMR (400 MHz; CDCl3): 6 8.01 (dt, J = 7.8, 1.0 Hz, 1H), 7.88-7.82 (m, 2H), 7.75-7.69
(m, 1H), 6.04 (dd, J = 7.6, 2.8 Hz, 1H), 3.86 (ddt, J=11.2, 5.6, 1.2 Hz, 1H) 3.53 (td, J =
12.5, 2.7 Hz, 1H), 3.18 (t, J = 2.7 Hz, 1H), 2.68 (dd, J = 7.6, 3.6 Hz, 1H), 2.11-2.05 (m,
2H), 1.94-1.85 (m, 1H), 1.82 (p, J= 3.2 Hz, 1H), 1.63-1.58 (m, 1H), 1.13 (d, J = 7.0 Hz,
3H); *C-NMR (100 MHz, CDCl3) & 206.51, 194.81 (instrument artifact), 144.61, 135.89,

133.28, 132.36, 127.74, 125.12, 119.64, 90.18, 61.50, 57.74, 42.80, 39.32, 37.17, 34.92,
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28.80, 20.20; FTIR (neat): 3382, 3099, 2961, 1742, 1651, 1592, 1543 cm’'; HRMS (ESI)

m/z Calc’d.for C19H{9NOoS [M+H]+: 396.0753, found: 396.0755.

Preparation of tert-Butyl Enoate 4.27

ONs 1) Me,N /\/COZIEUZS (6]
LDA, MgBr,*OEt,, THF, —40 °C _

2) PhSH, Cs,CO3, MeCN OACCOZtBU
o |
o 3) mCPBA, Al,O3 DCM, 0 °C O OH
(80% vyield, 3 steps)
4.16e 4.27

Lithium tert-Butyl 3-(dimethylamino)propionate formation. To a flame dried
round bottomed flask equipped with a magnetic stir bar was added freshly distilled
diisopropylamine (1.5 mL, 10.5 mmol) and THF (12 mL). The solution was then cooled
in a dry ice/acetone bath and n-butyllithium (6.6 mL, 1.6 M in hexanes, 10.5 mmol) was
added dropwise. After 20 minutes the reaction was placed into and ice water bath. After
20 more minutes the reaction was recooled to — 78 "C and a solution of methyl 3-
(dimethylamino)propionate (1.8 g, 10.5 mmol) in THF (3.0 mL) was added. The reaction
was allowed to stir at this temperature for 20 minutes.

To a flame dried round bottomed flask equipped with a magnetic stir bar was
added ketone 4.16e (1.4 g, 3.3 mmol), MgBr,*OEt, (1.7 g, 6.6 mmol), and THF (33 mL).
The solution was then cooled in an acetonitrile/dry ice bath. The lithium enolate was
added via cannula over 25 minutes as the solution slowly turns red. The reaction
progress was followed by TLC and the TLC plates were developed using 50%
EtOAc/Hex solution and visualized by KMnOy4. After an additional 25 minutes of
stirring at — 40 "C the reaction was quenched by adding saturated ammonium chloride
(5.0 mL). The solution was the allowed to warm to room temperature when it was

diluted with water and extracted three times with EtOAc. The combined organics were
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washed with brine and dried over MgSO4. Concentration afforded a brown oil which was

moved forward crude.

Deprotection of the Nosyl Enol Ether. To a round bottomed flask equipped with a
magnetic stir bar was added the crude enol ether, thiophenol (0.51 mL, 4.9 mmol),
cesium carbonate (1.6 g, 4.9 mmol), and MeCN (17 mL). The reaction progress was
followed by TLC and the TLC plates were developed using 50% EtOAc/Hex solution
and visualized by KMnOy4. The solution was allowed to stir 1 hour when it was quenched
with the addition of saturated ammonium chloride (10 mL). The solution was then
extracted three times with EtOAc and the combined organics were washed with brine and
dried over Mg,SO4. Concentration afforded the ketone as a brown oil that was carried

forward to the next reaction crude.

Enoate Formation. To a round bottomed flask equipped with a magnetic stir bar
was added the crude aminopropionate and DCM (25 mL). The solution was then cooled
in an ice water bath and mCPBA (2.4 g, 77%, 10.5 mmol) was added. The cooling bath
was removed and the reaction was allowed to warm for 20 minutes before basic ALLO3
(5.4 g) was added. The reaction progress was followed by TLC and the TLC plates were
developed using 50% EtOAc/Hex solution and visualized by KMnOy. The reaction was
stirred 6 hours before it was filtered to remove the solid, using DCM to rinse. The filtrate
was then washed twice with saturated sodium bicarbonate and once with brine. The
combined organics were then dried over Na,SO4 and concentrated. The crude was
purified via silica gel flash column chromatography (5% gradient from 0% — 35%

EtOAc/Hex) affording 4.27 as a white solid in 30% yield over 3 steps.
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R, = 0.58 (50% EtOAc/Hex); m.p. 133-135 “C; 'H-NMR (400 MHz; CDCly): &
6.03 (d,J= 1.6 Hz, 1H), 5.76 (d, J= 1.2 Hz, 1H), 5.38 (d, J = 1.2 Hz, 1H), 4.45-4.39 (m,
1H), 4.36-4.30 (m, 1H), 3.36 (d, J = 3.5 Hz, 1H), 2.67-2.67 (m, 1H), 2.60 (m, 1H), 2.26
(dd, J=19.6, 1.6 Hz, 1H), 2.14-2.06 (m, 2H), 1.95 (s, 3H), 1.84-1.76 (m, 1H), 1.74-1.69
(m, 1H), 1.50 (s, 9H), 0.94 (d, J = 7.6 Hz, 3H); *C-NMR (100 MHz; CDCl3) § 212.24,
194.96 (instrument artifact), 168.62, 167.43, 144.11, 123.66, 103.70, 82.21, 77.87, 64.07,
61.48, 38.29, 35.47, 34.29, 32.10, 30.91, 28.22, 22.38, 20.94; FTIR (thin film/NaCl):
3524, 2975, 2931, 1729, 1626 cm’™'; HRMS (ESI) m/z Calc’d.for CooHysNO; [M+Na]':

403.1733, found: 403.1735.

Preparation of y-Lactone 4.28

O 0
HCI aq.
CO,Bu 0
LOAc 2 DCM e}
o OH o OH
4.27 4.28

To a cone-shaped flask equipped with a magnetic stir bar was added the zerz-butyl
enoate 4.27 (0.38 g, 1.0 mmol) and DCM (5.2 mL). Concentrated HCI (0.05 mL, 12 M,
0.60 mmol) was added dropwise and the reaction was allowed to stir. The reaction
progress was followed by TLC, and the TLC plates were developed using 50%
EtOAc/Hex solution and visualized by KMnQO,. After 1.5 hours the reaction was filtered
to remove the y-lactone 4.28 as a white solid. The filtrate was then washed once with
water and the aqueous was extracted three times with DCM. The combined organic
layers were washed with brine and dried over MgSO,4. Concentration afforded the y-
lactone 4.28 which was combined (0.25 g, 95%) and moved forward without further

purification.
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R, = 0.31 (50% EtOAc/Hex); 'H-NMR (400 MHz; DMSO-ds): & 6.61 (s, 1H),
6.31 (s, 1H), 5.96 (s, 1H), 4.56 (td, J= 12.2, 3.7 Hz, 1H), 3.98 (dd, J= 11.5, 6.5 Hz, 1H),
2.56 (d, J=2.7 Hz, 1H), 2.36 (ddd, J = 7.1, 4.6, 2.7 Hz, 1H), 2.18 (dd, J = 20.0, 3.5 Hz,
1H), 2.08 (q, J = 3.0 Hz, 1H), 1.91-1.81 (m, 3H), 1.60 (dt, J = 13.2, 3.2 Hz, 1H), 0.91 (d,
J=17.0, 3H); *C-NMR (100 MHz; DMSO-dy) § 209.45, 166.16, 140.49, 128.88, 105.35,
74.60, 63.08, 61.93, 39.97, 38.18, 37.61, 29.13, 27.89, 20.60; FTIR (neat): 3443, 3109,
2977, 2921, 2908, 2863, 1777, 1728, 1661 cm™; HRMS (ESI) m/z Calc’d.for C14H,¢Os

[M+H]": 265.1076, found: 265.1078.

Preparation of a-Bromo Ethyl Acetal 4.15

o Br Y\ Br o)
OEt 4.29
N,N-dimethylaniline
(0] O °
0 DCM, 40 °C 0
O OH OF ey
OEt
4.28 4.15

To a flame dried round bottomed flask, equipped with a magnetic stir bar and
fitted with a water cooled condenser, was added y-lactone 4.28 (2.5 g, 9.4 mmol), the
bromoacetal (5.6 g, 2.4 mmol), dimethylaniline (3.0 mL, 2.4 mmol) and DCM (94 mL).
The reaction was heated to 40 ‘C and after an hour at this temperature more bromoacetal
(5.6 g, 2.4 mmol) and dimethylaniline (3.0 mL, 2.4 mmol) were added. This was
repeated every hour for 5 more additions. After the final addition the reaction was
allowed to stir 14.5 more hours at 40 ‘C, where the reaction progress was followed by
TLC. TLC plates were developed using 50% EtOAc/Hex solution and visualized by
KMnO4. Upon cooling the reaction was filtered, using DCM to rinse the solid, and the
filtrate was washed with water. The aqueous was extracted three times with DCM and

dried over MgSO,4. Concentration and silica gel flash chromatography (10% gradient
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from 0% — 70% EtOAc/Hex) afforded the a-bromo ethyl acetal 4.15 (2.7 g) in a 68%
yield.

R;= 0.47 (50% EtOAc/Hex); 'H-NMR (400 MHz; CDCl;): § 6.68 (s, 0.6H), 6.61
(s, 0.4H), 6.00 (s, 0.6H), 5.84 (s, 0.4H), 4.85 (t, /= 4.3 Hz, 0.6H), 4.71 (dd, J = 5.9, 4.3
Hz, 0.4H), 4.61 (td, J = 12.4, 4.4 Hz, 0.4 H), 4.52 (td, J = 12.0, 4.4 Hz, 0.6H), 4.16-4.10
(m, 1H), 3.52-3.36 (m, 4H), 2.87 (d, J = 2.3 Hz, 0.6H), 2.75 (d, J = 2.7 Hz, 0.4H), 2.60-
2.48 (m, 1H), 2.25-1.96 (m, 4H), 1.81 (br. s, 1H), 1.71-1.62 (m, 1H), 1.19 (t, J = 7.2 Hz,
1.8H), 1.12 (t, J = 7.2 Hz, 1.2H), 1.01 (dd, J = 7.2, 1.8 Hz, 3H); >C-NMR (100 MHz;
CDCls) 6 208.63, 208.49, 194.91 (instrument artifact), 165.77, 135.74, 1353.30, 132.46,
130.29, 106.06, 105.65, 97.20, 97.16, 80.07, 63.73, 61.89, 61.69, 61.42, 61.30, 40.70,
40.31, 38.72, 38.61, 38.51, 38.25, 31.86, 31.75, 29.58, 29.55, 28.65, 28.19, 20.88, 15.12,
14.93; FTIR (neat): 2966, 2914, 1765, 1727, 1657 cm™'; HRMS (ESI) m/z Calc’d.for

C3H,3BrOg [M+Na]™: 437.0576, found: 437.0576.

Preparation of Ethyl Acetal 4.14

0
HO
%{J&o e S (o |
! THF, 0°C tort 0 =0
(@] |
°Fy e OO/QOEt
OEt
4.15 4.14

In the following reaction special precautions were taken to avoid light. All
reaction vessels were wrapped in aluminum foil and the reaction was carried out in a
darkened hood. The THF used in the following procedure was degassed over 4 A

molecular sieves via FPT.
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Purification of 1,2-diiodoethane. 1,2-diiodoethane was taken up in Et;O and
placed into a separatory funnel. The organic was washed with a 50/50 mixture of
saturated sodium thiosulfate and brine. The aqueous was extracted twice with Et,O and
the combined organics were dried over Na,SO4. Concentration afforded a white solid

that was further dried under high vacuum.

Preparation of Sml,. To a flame dried round bottomed flask, equipped with a
magnetic stir bar and water cooled condenser, was added samarium powder (0.75 g, 5.0
mmol) in THF (19 mL). A separate solution of 1,2-diiodoethane (0.79 g, 2.8 mmol) in
THF (9.0 mL) was added to the samarium solution. After 20 minutes of stirring the
reaction mixture had turned deep blue in color and the reaction was heated to 55 “C for 14

hours.

Preparation of Ethyl Acetal 4.14. To a solution of Sml, (0.10M in THF) cooled
in an ice water bath was added the a-bromo ethyl acetal 4.15 (0.39 g, 0.93 mmol) in THF
(8.5 mL). After 30 minutes the brown solution was allowed to warm to room
temperature. The reaction progress was followed by TLC. TLC plates were developed
using 50% EtOAc/Hex solution and visualized by KMnOy4. After 1.5 more hours the
reaction solution was filtered and the organic was washed with saturated aqueous sodium
thiosulfate and 1M HCI. The acidic layer was extracted twice with EtOAc. The
combined organics were washed with brine and dried over MgSO,4. Concentration
followed by purification via silica gel flash chromatography (10% gradient from 20% —

70% EtOAc/Hex) delivered the ethyl acetal 4.14 (0.17 g) in a 54% yield.
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Ethyl Acetal Diastereomer A: Ry=0.32 (50% EtOAc/Hex); 'H-NMR (400 MHz;
CDCls): 6 5.46 (dd, J = 5.9, 2.0 Hz, 1H), 4.20 (td, J = 12.5, 3.1 Hz, 1H), 3.99 (dd, J =
11.7,5.9 Hz, 1H), 3.77 (dq, J=9.8, 7.0 Hz, 1H), 3.53 (dq, /= 9.8, 7.0 Hz, 1H), 2.71 (dd,
J=14.1, 59 Hz, 1H), 2.32-2.29 (m, 2H), 2.21-2.03 (m, 3H), 1.99-1.90 (m, 3H), 1.82-
1.68 (m, 3H), 1.48 (dt,J=13.3,2.7 Hz, 1H), 1.28 (d, J = 7.4 Hz, 3H), 1.21 (t,J= 7.0 Hz,
3H); "C-NMR (100 MHz,) § 177.70, 109.50, 106.94, 95.91, 77.85, 63.97, 63.03, 56.94,
53.83, 52.04, 44.23, 39.39, 38.38, 37.82, 30.71, 27.74, 20.99, 15.34; FTIR (neat): 3469,
2929, 1759 cm™; HRMS (ESI) m/z Calc’d.for C1sHxO¢ [M+H]": 337.1651, found:

337.1648.

Ethyl Acetal Diastereomer B: Ry=0.20 (50% EtOAc/Hex); 'H-NMR (400 MHz;
CDCls): 8 5.30 (d, J=4.3 Hz, 1H), 4.21 (td, J=12.5, 3.1 Hz, 1H), 3.94 (dd, J=11.9, 6.1
Hz, 1H), 3.83 (dq, J = 9.0, 7.2 Hz, 1H), 3.35 (dq, J = 9.3, 6.8 Hz, 1H), 2.63 (d, J = 12.9
Hz, 1H), 2.18 (d, J = 12.9 Hz, 1H), 2.10-1.89 (m, 8H), 1.81 (p, J = 3.6 Hz, 1H), 1.68 (dt,
J=14.7,2.2 Hz, 1H), 1.45 (dt, J=13.4, 2.9 Hz, 1H), 1.26 (d, J=7.8 Hz, 3H), 1.13 (t,J =
7.0 Hz, 3H); "C-NMR (100 MHz; CDCls) & 194.23 (instrument artifact), 177.30, 107.67,
107.16, 95.35, 79.32, 62.53, 62.35, 56.24, 54.19, 50.87, 43.74, 39.63, 38.65, 38.44, 30.81,
27.8, 20.92, 14.68; FTIR (neat): 34.36, 2913, 1789 cm™'; HRMS (ESI) m/z Calc’d.for

CisH2406 [M+Na]': 359.1471, found: 359.1466.

Preparation of isotwistane 4.13

1) ACzO, MQ(C|O4)2

HO DCM, rt
2) 1,3-propanedithiol, BF3*OEt, AcO S
DCM, 0°C tort w— >
Y . S
0S50  3) MsCl, EtgN, DMAP o0
| /[L‘ » =31 Y |
DCM, 0°C to rt
00 OEt or 0 OMs
4.14 4.13
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Acetate protection. To a cone shaped flask equipped with a magnetic stir bar was
added ethyl acetal 4.14 (0.90 g, 2.7 mmol), acetic anhydride (0.82 mL, 8.0 mmol),
Mg(Cl0O4); (0.09 g, 0.27 mmol), and DCM (11 mL). The reaction vessel was capped and
the solution was allowed to stir 23 hours. The reaction progress was followed by TLC.
TLC plates were developed using 50% EtOAc/Hex solution and visualized by KMnOs,.
The reaction was worked up by washing with brine and drying over Na,SOs. Upon
concentration the crude was azeotroped twice with EtOH and twice with toluene. The

crude solid was moved on to the next reaction without further purification.

Preparation of the thioacetal. To a cone shaped flask equipped with a magnetic
stir bar was added the protected tertiary alcohol, 1,3-propanedithiol (1.36 mL, 13.5
mmol), and DCM (27.0 mL). The solution was cooled in an ice water bath and BF;*OEt;
(1.70 mL, 13.5 mmol) was added. The reaction was allowed to stir at 0 'C for 45 minutes
after which it was allowed to warm to room temperature. The reaction progress was
followed by TLC. The TLC plates were developed using 50% EtOAc/Hex solution and
visualized by UV light. After a total of 2.5 hours the reaction was recooled to 0 ‘C and
acetone (5.00 mL) was added slowly. The solution was then washed with water and
brine and dried over MgSO,4. Concentration yielded the solid thiophenol which was

moved forward to the next reaction without further purification.

Mesylate functionalization. To a round bottomed flask equipped with a magnetic
stir bar was added the thiophenol, 4-(dimethylamino)pyridine (DMAP) (0.99 g. 8.1
mmol), triethylamine (1.1 mL, 8.1 mmol), and DCM (27 mL). The solution was cooled

in an ice water bath and methanesulfonyl chloride (0.63 mL, 8.1 mmol) was added. The
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reaction progress was followed by TLC. The TLC plates were developed using 50%
EtOAc/Hex solution and visualized by KMnO4.  After 3 hours of stirring at this
temperature the reaction was quenched with the addition of 1M HCIl (10 mL). The
solution was then washed with brine and dried over MgSO,. Concentration and silica gel
flash chromatography (10% gradient, 20% — 60% EtOAc/Hex) delivered the isotwistane
4.13 (1.2 g, 86% yield) as a white solid.

Ry = 0.36 (50% EtOAc/Hex); 'H-NMR (400 MHz; CDCls): & 4.76 (dd, J = 8.2,
3.9 Hz, 1H), 4.33, (td, /= 12.1, 3.9 Hz, 1H), 4.01 (dd, J=12.3, 5.7 Hz, 1H), 3.24 (s, 4H),
3.02-2.88 (m, 3H), 2.82-2.74 (m, 2H), 2.54-2.44 (m, 3H), 2.33 (dd, /= 15.7, 3.9 Hz, 1H),
2.23 (dd, J=14.7, 3.7 Hz, 1H), 2.10-2.02 (m, 1H), 2.00 (s, 3H), 1.97-1.88 (m, 1H), 1.85-
1.72 (m, 4H), 1.56 (d, J = 13.3 Hz, 1H), 1.21 (d, J = 7.4, 3H); "C-NMR (100 MHz;
CDCls) 6 194.95 (instrument artifact), 174.61, 169.54, 105.50, 97.14, 79.82, 62.81, 52.32,
50.02, 47.53, 42.27, 40.89, 39.97, 38.40, 37.67, 36.55, 31.40, 30.75, 30.01, 27.03, 25.49,
21.73, 20.80; FTIR (neat): 2911, 1765, 1737 cm'l; HRMS (ESI) m/z Calc’d.for

C1H3005S; [M+H]™: 519.1182, found: 519.1177.

Preparation of ketone 4.12

AcO S 1) 1M Aq. KOH ° S
w } MeOH:THF, 40 °C w }
S s
0°=0 00

2) NsCl, Et,N

|
0 OMs DCM, rt o

4.13 4.12

Wharton Fragmentation. To a flask equipped with a magnetic stir bar was added
isotwistane 4.13 (1.2 g, 2.3 mmol), IM KOH in H,O (12 mL, 12 mmol), and MeOH:THF

(1:1, 23 mL). The reaction vessel was sealed and heated to 40 ‘C. The reaction progress
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was followed by TLC and the plates were developed using 50% EtOAc/Hex solution and
visualized by KMnQOy. After 2.5 hours the reaction was cooled in an ice water bath and
concentrated HCl was added dropwise via Pasteur pipette until the solution reached a pH
of 1. The solution was then diluted with Ethyl Acetate and washed with brine (3x). The
organic was then dried over Na,SO4. Concentration delivered a white solid (0.90 g, 98%

yield), which was moved forward crude.

Acetal Formation with TsCIl. To a flask equipped with a magnetic stir bar was
added the crude diol (0.090 g, 0.23 mmol), pyridine (5.0 mL), and p-toluenesulfonyl
chloride (0.086 gm, 0.45 mmol). The reaction was cooled in an ice water bath before the
addition of DMAP (0.0028 g, 0.023 mmol) and the reaction was heated to 105 °C. After
6 hours the reaction was cooled to room temperature and quenched with the addition of
IM HCI. The solution was then transferred to a separatory funnel and the aqueous was
extracted with EtOAc. The combined organics were then washed with brine and
concentrated. Purification by silica gel flash column chromatography (30% — 50%

EtOAc/Hex) delivered ketone 4.12 (0.10 g, 12% yield) as a white solid.

Acetal Formation with NsCIl. To a flask equipped with a stir bar was added the
crude diol (1.2 g, 3.0 mmol), 2-nitrobenzenesulfonyl chloride (NsCl) (1.3 g, 5.7 mmol),
and DCM (30 mL). To the stirred heterogeneous solution was added triethylamine
(EtsN) (1.3 mL, 9.0 mmol) and the solution became homogeneous. The reaction progress
was followed by TLC using 50% EtOAc/Hex solution to develop and KMnO, to
visualize. After 2 hours the reaction was diluted with DCM and washed with brine (2x).

The organic was dried of MgSO; and concentrated.  Silica gel flash column
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chromatography (1% gradient, 0% — 6% EtOAc/DCM) delivered ketone 4.12 (0.80 g,
73% yield) as a white solid.

Ry = 0.43 (50% EtOAc/Hex); m.p. 163—165 ‘C; '"H-NMR (400 MHz; CDCls): &
5.75 (d, J= 1.6 Hz, 1H), 4.06 (dd, /= 9.2, 7.6 Hz, 1H), 4.00-3.94 (m, 1H), 3.88-3.81 (m,
1H), 2.97-2.87 (m, 3H), 2.75-2.62 (m, 4H), 2.60-2.53 (m, 2H), 2.43 (q, J = 8.0 Hz, 1H),
2.24 (dd, J = 14.6, 7.2 Hz, 1H), 2.18 (ddd, J = 13.3, 4.0, 1.0 Hz, 1H), 2.07-1.91 (m, 4H),
1.69 (dq, J = 13.2, 3.9 Hz, 1H), 1.18 (d, J = 7.9 Hz, 3H); *C-NMR (100 MHz; CDCl3) &
205.00, 175.85, 138.37, 133.33, 105.64, 61.31, 60.48, 49.29, 45.66, 42.17, 41.27, 39.93,
36.96, 36.22, 33.37, 27.94, 27.45, 25.41, 22.63; FTIR (neat): 2921, 1785, 1698 cm'’;

HRMS (ESI) m/z Calc’d.for C19H;oNOoS [M+H]": 381.1195, found: 381.1193.

Preparation of f-Keto Ester 4.32

9 hi§
S
o > MeO ~ “CN
\ S LiHMDS, HMPA
070 THF, — 78°C
o)
4.12 4.32

Mander’s Reaction. To a flask equipped with a stir bar was added
diisopropylamine (iPrNH;) (8 pL, 0.06 mmol), and THF (0.2 mL). The stirred solution
was cooled to — 20 °C via a dry ice/acetonitrile bath and n-butyllithium (zBuLi) (0.04
mL, 0.06 mmol, 1.53 M solution in hexanes) was added dropwise. After stirring at this
temperature for 50 minutes, the enolate solution was cannulated rapidly into a flask
containing a solution of ketone 4.12 (0.02 g, 0.05 mmol) in THF (0.3 mL) cooled in a dry
ice/acetone bath. After 30 minutes, hexamethylphophoramide (HMPA) (9 uL, 0.05

mmol) and methyl cyanoformate (5 pL, 0.06 mmol) were added dropwise to the enolate
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solution. The reaction progress was followed by TLC, using a 50% EtOAc/Hexane
solution to develop and KMnOy to visualize. After 1 hour and 40 minutes the reaction
was quenched with the addition of H,O (0.2 mL). The solution was then diluted with
DCM, washed with NH4Cl (sat. aq.) and brine, and dried over Na,SQOy4. Silica gel flash
column chromatography (10% gradient, 0% — 70% EtOAc/Hex) delivered B-keto ester
4.32 (5 mg, 21% vyield) as a clear oil. Crude '"H NMR indicated a 2:1 ratio of undesired
(4.32):desired (4.31).

Ry = 0.33 (50% EtOAc/Hex); 'H-NMR (400 MHz; CDCl;): § 6.06 (d, J = 3.0,
1H), 4.04 (t, J = 8.0 Hz, 1H), 3.99-3.83 (m, 1H), 3.82-3.71 (m, 1H), 3.74 (s, 3H), 3.51 (s,
1H), 3.08-2.91 (m, 3H), 2.84-2.55 (m, 7H), 2.15-2.00 (m, 4H), 1.87 (m, 1H), 1.35 (d, J =
7.8, 3H); C-NMR (100 MHz, CDCl3) & 200.8, 174.5, 166.9, 135.1, 133.27, 106.1, 68.1,
60.8, 52.8, 52.3, 43.0, 41.0, 40.4, 39.3, 37.2, 33.8, 32.7, 29.9 (H grease), 27.7, 27.2, 25 .4,

23.1; HRMS (ESI) m/z Calc’d.for C;1H606S, [M+Na]+: 461.1063, found: 461.1067.

Preparation of Enol 4.31 and S-keto Ester 4.11

O

MeO QHO s 9 Q s
_< :> LiHMDS, HMPA MeO _<s> . MeO —<s:>
0’0

THF, -40°Cto 0°C
o O O

4.12 4.31 a1

To a vial equipped with a magnetic stir bar was added ketone 4.12 (20 mg, 0.05
mmol) and THF (0.5 mL). The solution was cooled in a dry ice/acetonitrile bath and
lithium bis(trimethylsilyl)amide (LiHMDS) (1.0 M solution in Toluene, 0.05 mL, 0.05
mmol) was added dropwise. After 35 minutes at this temperature the reaction vessel was

placed into an ice/salt water bath. After 30 minutes the reaction vessel was recooled to —
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40 °C and after 10 more minutes hexamethylphosphoramide (HMPA) (0.1 mL, 0.6
mmol) was added. After stirring 20 minutes at — 40 °C, methyl cyanoformate (4 pL, 0.05
mmol) was added. The reaction progress was followed by TLC and the plates were
developed using 50% EtOAc/Hex solution and visualized by KMnOy. After 25 minutes
the reaction was quenched with the addition of sat. aq. NH4ClI (0.2 mL) and was warmed
to room temperature. The solution was then diluted with DCM and washed sat. aq.
NH4CI and brine. The organic was then dried of Na,SO4 and concentrated. Silica gel
flash column chromatography (10% gradient, 0% — 50% EtOAc/Hex) delivered B-keto
ester 4.11 (3 mg, 14% yield) and its enol tautomer 4.31 (12 mg, 53% yield) as colorless

oils.

Enol Tautomer: Ry = 0.52 (50% EtOAc/Hex); 'H-NMR (400 MHz; CDCl3): &
13.82 (s, 1H), 5.71 (s, 1H), 4.06 (t, J = 8.4 Hz, 1H), 3.97 (dd, J=11.7, 5.4 Hz, 1H), 3.89-
3.79 (m, 4H), 3.27 (d, J = 2.2 Hz, 1H), 3.01-2.81 (m, 4H), 2.80-2.58 (m, 3H), 2.33 (q, J =
8.0 Hz, 1H), 2.29-2.26 (m, 1H), 2.21 (dd, J = 14.5, 7.6 Hz, 1H), 2.08-1.92 (m, 3H), 1.61-
1.54 (m, 1H), 1.25 (H grease), 0.97 (d, J = 7.7 Hz, 3H); *C-NMR (100 MHz; CDCl;) &
175.54, 174.62, 171.68, 136.10, 132.17, 103.49, 100.42, 61.52, 55.16, 52.71, 49.29,
44.62, 41.55, 38.33, 36.18, 36.04, 33.64, 29.84 (H grease), 28.13, 27.62, 25.51, 22.85;
FTIR (neat) 2928, 1780, 1733, 1635, 1575 cm™'; HRMS (ESI) m/z Calc’d.for C21Hz606S:

[M+H]": 439.1249, found: 438.1248.

Ketone Tautomer: Ry= 0.30 (50% EtOAc/Hex); 'H-NMR (400 MHz; CDCls): &
5.82 (d, J=2.1 Hz, 1H), 4.08-3.93 (m, 2H), 3.92-3.75 (m, 1H), 3.72 (s, 3H), 3.19 (s, 1H),

2.97-2.85 (m, 4H), 2.75-2.57 (m, 4H), 2.55-2.47 (m, 1H), 2.24 (dd, J = 14.6, 7.0 Hz, 1H),
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2.10-1.88 (m, 4H), 1.80-1.71 (m, 1H), 1.22 (d, J = 7.9 Hz, 3H); C-NMR (100 MHz;
CDCl3) & 200.58, 195.00 (instrument artifact), 174.65, 169.02, 138.83, 132.56, 104.49,
61.68, 60.90, 60.74, 52.95, 49.67, 44.27, 40.74, 40.04, 36.76, 36.06, 32.83, 27.67, 27.17,
25.36, 23.01; FTIR (neat) 2931, 1786, 1743, 1704 cm™; HRMS (ESI) m/z Calc’d.for

C1Ha606S, [M+H]": 439.1249, found: 439.1251.

Methyl Carbonate: Ry=0.43 (50% EtOAc/Hex); 'H-NMR (400 MHz; CDCls): &
5.76 (s, 1H), 5.26 (ddd, J = 5.7, 2.1, 1.0 Hz, 1H), 4.09-4.02 (m, 1H), 3.99-3.92 (m, 1H),
3.83 (td, J=12.1, 3.4 Hz, 1H), 3.76 (s, 3H), 2.87 (dddd, J = 25.5, 23.2, 11.5, 7.0 Hz, 3H),
2.76-2.61 (m, 4H), 2.48 (d, J = 16.4 Hz, 1H), 2.38 (q, /= 8.0 Hz, 1H), 2.23 (dd, J = 14.5,
7.6 Hz, 1H), 2.13-2.11 (m, 1H), 2.05-1.89 (m, 3H), 1.64-1.58 (m, 1H), (d, J = 8.0 Hz,
3H); *C-NMR (100 MHz; CDCl3) & 195.00 (instrument artifact), 175.80, 154.20, 145.93,
134.82, 133.28, 118.27, 104.05, 61.43, 55.28, 50.50, 49.37, 44.38, 41.69, 38.18, 36.81,
36.24, 33.32, 28.18, 27.68, 25.50, 22.06: FTIR (neat) 2928, 2360, 1779, 1754 cm™;

HRMS (ESI) m/z Calc’d.for Co;Ha606S, [M+H]": 439.1249, found: 439.1249.

Preparation of Vinyl Triflate 4.33

o OTf
—< > _ KHMDS, TENPH —( :>

THF, — 40 CtoO °C
o} 6}

4.31 433

From Enol 4.31. To a flask equipped with a magnetic stir bar was added enol
4.31 (0.05 g, 0.1 mmol) and THF (0.9 mL). The solution was cooled in a dry
ice/acetonitrile bath and a solution of potassium bis(trimethylsilyl)amide (0.5 M in

toluene, 0.4 mL, 0.2 mmol) was added dropwise. After 1 hour at this temperature a
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solution of N-phenyl-bis(trifluoromethanesulfonimide) (0.07 g, 0.2 mmol) in THF (0.3
mL) was added. TLC was used to monitor the reaction progress. The TLC plates were
developed using 50% EtOAc/Hex solution and visualized with p-anisaldehyde stain.
After 25 minutes the cooling bath was removed and the solution allowed to warm to
room temperature for additional hour. The reaction was quenched with the addition of a
saturated solution of NH4Cl (0.3 mL, aqueous) and diluted with EtOAc. The organic was
washed with water and brine, and then dried over Na,SO,. Concentration and
purification via silica gel flash column chromatography (10% gradient elution from 0%

— 60% EtOAc/Hex) afforded vinyl triflate 4.33 (0.05 g, 65% yield) as a yellow residue.

o O s
MeO —<S> KHMDS (0.95 equiv)
0~=0 >

Ti,NPh
HMPA, THF
(@] —40°Ctort
411 4.33

From Ketone 4.11. To a flask equipped with a magnetic stir bar was added
ketone 4.11 (0.13 g, 0.30 mmol) and THF (3.0 mL). The solution was cooled in a dry
ice/acetonitrile bath and hexamethylphosphoramide (HMPA) (0.57 mL, 3.3 mmol) was
added. After 5 minutes a solution of potassium bis(trimethylsilyl)amide (0.5 M in
toluene, 0.56 mL, 0.28 mmol) was added dropwise. After 25 minutes the reaction was
removed from the cooling bath and allowed to warm to room temperature where the
solution became homogenous and dark red in color. After 55 minutes a solution of N-
phenyl-bis(trifluoromethanesulfonimide) (0.11 g, 0.31 mmmol) in THF (1.0 mL) was
added rapidly. TLC was used to monitor the reaction progress. The TLC plates were

developed using 50% EtOAc/Hex solution and visualized with KMnOj stain. After 40
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minutes the reaction was quenched with a saturated solution of NH4Cl (1.0 mL, aqueous).
The solution was diluted with EtOAc and washed with NH4Cl (saturated, aqueous), brine,
and dried over Na;SO4. Concentration and purification via silica gel flash column
chromatography (10% gradient elution from 0% — 50% EtOAc/Hex) afforded vinyl
triflate 4.33 (0.09 g, 53% yield) as a yellow residue.

R;= 0.54 (50% EtOAc/Hex); 'H-NMR (400 MHz; CDCls): & 5.85 (d, J = 4.0 Hz,
1H), 4.05-3.96 (m, 2H), 3.85-3.78 (m, 4H), 3.09 (s, 1H), 2.96-2.83 (m, 3H), 2.80 (d, J =
4.0 Hz, 1H), 2.73-2.62 (m, 3H), 2.43 (qd, J = 7.8, 1.8 Hz, 1H), 2.38-2.33 (m, 1H), 2.27
(dd, J = 14.5, 7.5 Hz, 1H), 2.07-1.91 (m, 3H), 1.68-1.61 (m, 1H), 1.20 (d, J = 7.8 Hz,
3H); PC-NMR (100 MHz; CDCls) & 174.6, 165.8, 145.2, 134.3, 134.0, 129.3, 102.7,
61.4, 53.2, 50.6, 50.0, 47.7, 41.1, 37.4, 36.5, 36.1, 33.1, 27.9, 27.4, 25.3, 21.7; FTIR
(neat): 2955, 1782, 1736 cm”; HRMS (ESI) m/z Calc’d.for CyHysF305S; [M+H]™:

571.0742, found: 571.0741.

Preparation of Malaic Anhydride 4.38

o TfO S Pd(OAc); (100 mol%)
P(2-furyl)s, iProEtN
MeO _< H,0, CO (1 atm)
S R
00 DMF, 90 °C
o
4.33

To a flask equipped with a magnetic stir bar was added palladium(II) acetate
(0.036 g, 0.164 mmol), tri(2-furyl)phosphine (0.190 g, 0.820 mmol), a solution of vinyl
triflate 4.33 (0.093 g, 0.164 mmol) in DMF (3.2 mL), diisopropylethylamine (0.210 mL,
1.23 mmol), and H,O (0.220 mL, 12.30 mmol) (in that order). The reaction vessel was
purged with carbon monoxide (CO) for 15 minutes by submerging the tip of an 18-gauge

syringe needle into the solution and stirring vigorously. The gas inlet was replaced with a
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balloon containing CO and the reaction was heated in a 90 °C oil bath. After 2.5 hours
the reaction was removed from the heating bath and allowed to cool to room temperature.
After 30 minutes of cooling the reaction was quenched with 1 M HCI (3.20 mL). The
aqueous was extracted with EtOAc (3x) and the organics washed with brine and dried
over Na,SO4. Concentration and purification via silica gel flash column chromatography
(10% gradient elution from 0% — 60% EtOAc/Hex) afforded maleic anhydride 4.38
(0.045 g, 63% yield) as a yellow solid.

Ry = 0.48 (50% EtOAc/Hex); 'H-NMR (400 MHz; CDCl3): & 5.78 (s, 1H), 4.09-
4.02 (m, 2H), 3.89 (td, J = 12.3, 3.1 Hz, 1H), 3.31 (s, 1H), 3.10 (d, J = 20.0 Hz, 1H),
3.02-2.86 (m, 3H), 2.75-2.64 (m, 2H), 2.58 (dd, J = 19.2, 2.3 Hz, 1H), 2.54-2.43 (m, 2H),
2.35(dd, J = 14.5, 7.4 Hz, 1H), 2.17-2.08 (m, 1H), 2.07-1.94 (m, 2H), 1.72 (d, J = 12.0
Hz, 1H), 0.92 (d, J = 7.7 Hz, 3H); C-NMR (100 MHz, CDCl;) & 174.9, 164.8, 164.5,
142.4, 140.5, 135.9, 133.7, 102.8, 61.6, 51.6, 45.4, 44.3, 41.3, 38.4, 36.9, 35.9, 32.7, 27.9,
27.4,25.4,22.6; FTIR (neat): 2925, 1761 cm'l; HRMS (ESI) m/z Calc’d.for C1H2,06S,

[M+H]": 435.0936, found: 435.0933.

Preparation of Carboxylic Acid 4.10

1) NBS, AgCIO,4
9:1 Acetone:H,0

2) NaOCl,, NaH,PO,
H,0,, MeCN:H,O

Thioacetal deprotection. To a flask equipped with a magnetic stir bar was added
maleic anhydride (0.04 g, 0.09 mmol) 4.38 and taken up in acetone:H,O (9:1, 0.4 mL). A

solution of NBS (0.03 g, 0.2 mmol) and AgCIlO4 (0.04g, 0.2 mmol) in acetone:H,O (9:1,
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0.6 mL) was added at room temperature. TLC was used to monitor the reaction progress.
The TLC plates were developed using a 50% EtOAc/Hex solution and visualized with
KMnOy. After 30 minutes the reaction was worked up by diluting with EtOAc and
transferred to a separatory funnel, where the solution was washed with H,O. The
aqueous layer was extracted with EtOAc (2x) and the combined organics washed with
brine and then dried over Na,SO4. Concentration and purification via silica gel flash
column chromatography (10% gradient elution from 0% — 60% EtOAc/Hex) afforded

the aldehyde as an oil.

Pinnick Oxidation. To a flask equipped with a magnetic stir bar was added the
aldehyde (0.02 g, 0.05 mmol) and MeCN (0.5 mL). This was allowed to dissolve before
the addition of H,O (0.5 mL) and cooling in an ice/water bath. H,O, (30%, 0.005 mL,
0.05 mmol) was then added followed by a solution of NaClO, (0.01 g, 0.1 mmol) and
NaH,PO,4 (0.003 g, 0.03 mmol) in H,O (0.5 mL). TLC was used to monitor the reaction
progress. The TLC plates were developed using 75% EtOAc/Hex and visualized with
KMnO,. After 1 hour in the cooling bath the reaction was quenched with the addition of
a saturated solution Na,S,0s (1 mL, aqueous). The solution was diluted with EtOAc and
transferred to a separatory funnel, where the organic layer was washed with H,O, and 1M
HCI. The aqueous was extracted with EtOAc (2x) and combined organics dried over
Na,S0O,4. Concentration and purification via silica gel flash column chromatography
(25% gradient elution from 25% — 100% EtOAc/Hex:5% AcOH) afforded carboxylic
acid 4.10 (0.008 g, 23% yield).

R;=0.13 (50% EtOAc/Hex:5% AcOH); 'H-NMR (400 MHz; CD;CN): & 5.88 (s,

1H), 4.01-3.96 (m, 1H), 3.82 (td, J= 11.9, 3.3 Hz, 1H), 3.25 (s, 1H), 3.07 (q, /= 16.0 Hz,
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2H), 2.90-2.72 (m, 2H), 2.48-2.40 (m, 2H), 2.08-1.99 (m, 1H), 1.77-1.71 (m, 1H), 0.91
(d, J = 8.0 Hz, 3H); "*C-NMR (100 MHz; CD;CN) & 190.3, 190.2, 176.4, 165.9, 142.6,
141.9, 136.9, 134.1, 104.1, 62.3, 49.7, 45.2, 43.1, 39.4, 36.5, 36.3, 33.0, 22.4; FTIR
(neat): 3366, 2922, 1765, 1702 cm™; HRMS (ESI) m/z Calc’d.for CisH 05 [M+NH4]":

378.1189, found: 378.1182.
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CHAPTER FIVE

Studies Toward the Total Synthesis of Phomoidride D

5.1 Introduction and Retrosynthetic Analysis

5.1.1 Introduction

For more than a decade, our group has been attempting to develop a novel total
synthesis of phomoidride D (5.10). Initial synthetic studies culminated in an efficient and
creative first-generation strategy consisting of a tandem phenolic oxidation/Diels-Alder
sequence, cascade cyclization, and fragmentation reaction to establish the bicyclo[4.3.1]
core of the phomoidrides (Scheme 5.10)." Although this first-generation synthesis was
successful in delivering an advanced intermediate that contained all of the requisit carbon
atoms, it failed when efforts to install the maleic anhydride motif in a very late stage
intermediate (5.14) proved futile.® Therefore, a second-generation strategy was
developed which called for installation of the troublesome maleic anhydride using a 3-
keto ester as substrate.> However, the B-hydroxy ester (5.16), which was envisioned to
deliver the B-ketoester 5.17 via fragmentation was found to undergo retro-aldol reaction
as the only bond breaking event. (Scheme 5.10b). Having encountered yet another
insurmountable obstical we developed a third-generation approach toward phomoidride
D (5.10), the results of these investigations are described below.

As with our efforts in the second-generation approach we chose to perform our

initial studies on a model substrate. As discussed in Chapter Four, the third-generation
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approach was successful in delivering a fully functionalized phomoidride core structure

and thus gave us confidence that this approach would prove viable in delivering 5.10.

a) Wood Group's 15t Generation Synthetic Study

MeO,C OH Phenolic
Oxidation/ Cascade
Diels-Alder Cyclization
MeO,C o} — P — <

/4/00\
/

5.1

Fragmentation

5.14 5.10

b) Wood Group's 2nd Generation Synthetic Study

BnO OH 11 steps
p—
MeO,C oS

5.15 5.16
E = CO,Me

Scheme 5.10 Prior work toward phomoidride D

The synthesis of the model system was completed in 21 total steps from
commercially available starting materials. Although we were thrilled to complete the
synthesis of the phomoidride core (Scheme 5.11, grey), adapting this approach to the
synthesis of phomoidride D would require incorporation of the olefin-containing side
chains. The relatively linear nature of our approach dictated that the side chains be
incorporated at an early stage of the synthesis (see Scheme 5.11 wherein the black

highlights track the side chains througout the synthesis). As one familiar with the model
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system synthesis would note (see Chapter Four), once the olefin-containing side chain, or
“side chains” are incorporated, the total synthesis merely requires optimization of
previously developed reactions. Although the side-chain incorporation appears rather
benign, complications due to structural subtleties are comonplace in densly

functionalized bridging ring sytems like those found in 5.10.

a) Model Side Chain

5.18

5.21 5.22 5.10

Scheme 5.11 Comparison of the model substrate and phomidride D (5.10)

5.1.2 Retrosynthetic Analysis

Based on our model studies, the initial retrosynthetic analysis calls for
incorporation of the maleic anhydride from B-keto ester 5.23. The ester substituent of
5.23 would be installed through acyclation of ketone 5.24. The bicyclo[4.3.1]decene core
of ketone 5.24 would be produced from a Wharton fragmentation of mesylate 5.25, which
would in turn come from an alcohol functionalization and transacetalization of ethyl

acetal 5.22.
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Maleic Anhydride

Formation Acylation
p—
5.23
Acetal
Opening
5.24 5.25
ONs
Radical Lactone/Acetal o
Cyclization Formation = M
p— OAc
(6]
O
X
0/
5.27

Intramolecular

NsO OH
Phenolic
Dlels Alder 4 / Oxidation o
OAC p—
= f = X
O O
/

5.21

Scheme 5.12 Third-generation approach toward phomoidride D (5.10)

The isotwistane architecture of ethyl acetal 5.22 can be derived from alkyl
bromide 5.26 through a tandem radical cyclization that utilizes the ketone, exo-
methylene, and alkyl bromide functionalities. Lactone 5.26 is envisioned to be prepared
from an aldol addition and lactonization process originating with ketone 5.27. The
[2.2.2]bicycle of 5.27, would be constructed via an intramolecular Diels-Alder

cycloaddition of triene 5.28, which would come from a phenolic oxidation of a phenol
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(5.21) containing the side-chains. With our synthetic strategy adapted to include the
phomoidride olefinic side chains, we can now turn our attention toward the formation of

phenol 5.21.
5.2 Progress Toward the Total Synthesis of Phomoidride D

5.2.1 Phenolic Oxidation Precursor Synthesis

NsO OH
(0]
\©:O NsO (0] O
— AN ; N = +
\W\)Y\/\/ Br OH

O O
/

5.21 5.29 5.30

Scheme 5.13

Our synthesis of phomoidride D (5.10) commenced with the formation of a-
bromoketone 5.29 (see Scheme 5.13), an intermediate which had been previously
prepared in our first-generation synthesis via the route illustrated in Scheme 5.14.

Commercially available and inexpensive 1,5-dibromopentane 5.31, was subjected
to bromide displacement with two equivalents of sodium acetylide, subsequent mono-
methylation of the resultant diyne produced deca-diyne 5.32 in 35% yield over two
steps.>* Treating alkyne 5.32 with sodium amide in liquid ammonia effectively protected
the terminal alkyne as its sodium salt, while allowing for the selective Birch reduction of
the internal alkyne to the trans alkene.” A second reduction of the terminal alkyne with
diisobutylaluminum hydride (DIBAL-H) and trapping the vinyl aluminum compound

with iodine delivered vinyl iodide 5.33 in 61% yield over two steps.
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1) Acetylene 1) NaNH,

Na/NH Na/NH
B >""p ———— » Z A =8 TS e N
2) CHal, NaNH, 2) DIBAL-H
NHg, reflux I, Et,0
5.31 (35% yield, 2 steps) 5.32 (61% yield, 2 steps) 5.33
o
\)J\/\/\ 5.34 o
BuLi, Cul, DMS, TMSCI OTMS NBS \ P
THF, - 78 °C X NS Z THF, 0°C N 4
(82% yield, 2 steps) Br
5.35 5.29

Scheme 5.14 Side chain synthesis

A conjugate addition of the vinyl cuprate, generated from vinyl iodide 5.33, onto
enone 5.34 and subsequent trapping of the resultant enolate with chlorotrimethylsilane
(TMSCI) formed TMS enol ether 5.35.° Reacting 5.35 with N-bromosuccinimide (NBS)
produced a-bromoketone 5.29 in 82% yield over two steps, as a single regioisomer.” The
key to the regioselectivity was the selective formation and trapping of the enolate during

the 1,4-addition.’

Br
W/M(W NsO O
0 4 Ethylene Glycol
~ X 5.29 O (6]

NSO\©: TMSCI, TMSOTY
—_——»
Cs,CO3 A DCE, reflux
OH Acetone, reflux 7 M (92% yield)
(66% yield) o
5.30 5.36
NsO 0 NsO OH
N Pd(PPhsg), (5 mol%) \C[
o NaBH , o
EtOH, rt x
N NF X (87% yield) 7 M T 05,
P \/
5.37 5.21

Scheme 5.15 Phenolic Oxidation/Diels-Alder precursor synthesis
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At this stage the synthesis merged with our model studies and the previously
employed phenol 5.30 was coupled with a-bromoketone 5.29. The coupling performed
by exposing the mixture of substrates to cesium carbonate (Cs2CO3) in refluxing acetone
and delivered ketone 5.36 in good yield.® At this point it was necessary to protect the
ketone to avoid the hemi-acetal formation previously observed upon deallylation.! The
protection proceeded smoothly in the presence of TMSCI, ethylene glycol and catalytic
amount of trimethylsilyl trifluoromethanesulfonate (TMSOTY) to furnish acetal 5.37 in
excellent yield.” The synthesis of phenol 5.21 was completed with the removal of the

allyl protecting group using Pd(PPh3)4 and NaBH4 in ethanol.>!°

5.2.2 Phenolic Oxidation/Diels-Alder Reaction and Lactone Formation

(0] ONs
NsO OH
Phenolic
=, Lactonizaton % ™ O Oxidation \©i 0
070 O Intramolecul
ntramolecular A
gOH 8 Diels-Alder Z ™
/
X X
0/ 0/
5.38 5.27 5.21
Scheme 5.16

With 5.21 in hand we next investigated the phenolic oxidation/Diels-Alder
sequence by exposing the phenol to Pb(OAc)4 in refluxing DCE. To our delight, the

desired [2.2.2]bicycle 5.27 was obtained as a 1:3 ratio of inseparable o:p epimers.'“® Not

ISee chapter 3; ref 1; it was found in our previous synthetic attempts that removal of the allyl
protecting group in the presence of the ketone would result in a hemi-acetal formation. This hemi-acetal
would not react during the phenolic oxidation.

’The deallylation could also be performed using the same procedure as in Chapter 4, Scheme 4.11.
The use of Pd(PPhs)4, K»,CO3, in MeOH gave phenol 5.21 in a lower (69%-79% yield).
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only was this sequence an extremely efficient method for the introduction of molecular
complexity, it also allowed us to set stereochemistry at C17 selectively based on the trans
configuration of the dienophile (Scheme 5.17). The C7 stereocenter was also formed
during the intramolecular [4+2] cycloaddition and its relative stereochemistry was
assigned to favor the [-epimer as the major diastereomer. The stereochemical
assignment at C7 is based upon analogy to our first-generation studies and an X-ray

crystal structure obtained of a late stage intermediate (vida infra, Scheme 5.25, 5.24).

B ONs N
NsO OH ‘
Pb(OAc)
\C[O 4 . A, / o)
“ DCE, reflux OAc | ——— >
Z Ny N 0o (72% yield, 3:1 dr, 2 steps) o
J N °
— o -
5.21 5.28
ONs ONs Me,N
e c0,Bu 5.39
1) LDA, MgBr,OEt,
ZRY 0 = ™M 17 0 —40°
OAc + OAc THF, -40°C >
7.0 7.0 2) PhSH, Cs,CO, MeCN
(0] : 0
3) MCPBA, Al,O,
A AT o
V) 1) DCM, 0°C
(33% vyield, 3 steps)
p-5.27 a-5.27 5.40

Scheme 5.17 Phenolic oxidation/Diels-Alder sequence

Subjecting a mixture of acetates, -5.27 and a-5.27, to the previously developed
aldol conditions utilizing the lithium enolate of tert-butyl propionate 5.39 in the presence
of MgBr2¢OEt», gave the desired aldol adduct, which was moved on to the next step as a
crude mixture.!! Removal of the nosyl protecting group with thiophenol (PhSH) and
Cs2CO0:s3, followed by Cope elimination afforded zerz-butyl ester 5.40 in 33% yield over

three steps.!>!3
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The derived tert-butyl ester (5.40) was then subjected to our previously developed
acid mediated lactonization conditions. Unfortunately, this formed a complex mixture of
compounds, none of which appeared to be the desired lactone (5.38). Spectral data also

showed that the ethylene glycol was hydrolyzed under these conditions.

Scheme 5.18 Initial lactonization attempt

In order to surmount this problem, lactonization conditions were explored. As
shown in Table 5.10, basic methanolysis conditions only provided decomposition of our
starting material into a complex mixture of products.'* We reasoned that this could be a
result of a detrimental retro-aldol pathway as this type of retro-aldol process is known to

occur on hydroxyl-bicycle[2.2.2]octanones. '

When the reaction was performed under
the conditions developed by Mandolini and coworkers (Table 5.10, entry 4), which
employs an in situ derived lanthanum methoxide dimer, lactone 5.38 was obtained in
13% yield. Attempts to further optimize this reaction failed; hence, we attempted the use

of acyl transfer conditions. However, KCN in ethanol or the bulky phosphine TTMP in

methanol did not yield any desired product (Table 5.10, entries 5 and 6, respectively).'®
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Table 5.10 Lactonization attempts

Conditions
Solvent
Entry Conditions Solvent Yield
1 K,CO4 MeOH Decomposition
2 KOMe MeOH Decomposition
3 NH, MeOH S.M.
4 La(OTf)3, KOMe MeOH 13%
5 KCN EtOH S.M.
6 TTMPP* MeOH S.M.

S.M. = Starting Material
*“TTMP = tris(2,4,6-trimethoxyphenyl)phosphine
These latter difficulties led to our revising the approach to lactone 5.38. To this
end, we recalled our first-generation lactonization strategy (Scheme 5.19) where the
alcohol was protected as a TMS ether and underwent lactonization in the presence of
tetrabutylammonium fluoride (TBAF). Exploiting this strategy in the current approach

simply requires a protecting group swap after the phenolic oxidation/Diels-alder

sequence.®

TBAF

AcOH, THF
(98% vyield)

Scheme 5.19 First-generation lactonization strategy
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In order to install the trimethylsilyl group, the acetate protecting group first
needed to be removed; to our delight, we found that removal of the acetate following the
Diels-Alder cycloaddition appeared to be quite facile (Scheme 5.20). Upon reacting
phenol 5.21 with Pb(OAc)s, the crude Diels-Alder adduct was stirred with silica gel for
24 hours, allowing an effective removal of the acetate to deliever alcohol 5.43 as a 1:3
ratio of a:f epimers at C7 in 60% overall yield. As the diastereomers were still
inseparable, the mixture was carried on to the silyl protection and thus exposed to TMSCI

and EtsN which furnished silyl ether 5.44 in good yield.?

NsO \CEOH
. o]
i) Pb(OAc),, DCE, reflux Z
i ")) S'I'( )|4 DCM o+
X i) Silica gel, ,rt 7.0
7 M T 5 (60% yield, 1:3 dr, «:B) 5
5.21
0
Me,N
€N coMme
_ 5.45 _ o
TMSCI, EtzN LDA, MgBr,+OEt, A oS
DCM, 0 °C THF, - 78 °C to — 40 °C 0
(86% vyield) o
R
5
a,$3-5.44 5.47
39% yield
1:2 a:fp
0
1) PhSH, CSch3
Z COMe  TBAF, AcOH
MeCN 4 LoTms , Ac
2) mCPBA, Al,05 O OH THF,0°C tort
DCM, -78°C o (89% vyield)
(25% yield, from a,p-5.44) AN j
o]
5.48

Scheme 5.20 Successful lactonization sequence

As we were hoping to mimic the lactonization conditions from our previous

approach, we switched from the #-butyl propionate to use the lithium enolate of methyl
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propionate 5.45 as our aldol nucleophile. Addition of the enolate to our diastereometic
mixture delivered our desired aldol adduct 5.46 along with a 39% yield of diketone 5.47.
The desired alcohol 5.46 was obtained as a mixture of several inseperable compounds,
therefore the crude mixture moved forward without further purification. Removal of the
nosyl group with thiophenol followed by a cope elimination deliverd the desired a,f-
unsaturated methyl ester 5.48 in 25% yield over three steps.!'3%4

We were surprised to find that the aldol reaction delivered only one of the C7
epimers. Based on our previous results, we expected the aldol reaction to be
diastereoselective (with regard to the newly formed stereocenter), but we also hoped that
both epimers would react and could be moved forward through the synthesis. Our
assignment of the relative stereochemistry came upon the analysis of the byproducts. In
the reaction, we obtained a 39% yield of diketone 5.47 with a diastereomeric ratio of 1:2
(a:B), which was enriched in the minor-epimer (0-5.47) relative to the original
diastereomeric mixture (1:3, a-5.43:3-43). Based on diketone 5.47’s diastereomeric ratio,
we determined that only a quarter of the a,p-5.44 mixture underwent the aldol reaction to
give alcohol 5.46. This observation was supported by the 25% yield of methyl ester 5.48
that we obtained. Therefore, we proposed that only -5.44 reacts in the aldol reaction to
form o,B-unsaturated ester 5.48.

In order to enhance the reaction yield and find conditions that would allow both
a-5.44 and (-5.44 to react, we explored various combinations of bases (LDA, MgDA,

LiHMDS, and KHMDS), Lewis acids (MgBr2¢OEtz, LiCl), and solvents (THF, Et2O, and

Toluene), but none gave results better than those shown in Scheme 5.20. The addition of
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HMPA only led to decomposition, while absence of Lewis acid gave no reaction; hence,
we decided to move forward with our current conditions.

Although our yield in the aldol reaction suffered slightly from switching to a TMS
protecting group, the lactonization proceeded in excellent yield. Reacting ester 5.48 with
TBAF in the presence of acetic acid (AcOH) afforded lactone 5.38 in 89% yield.® With a
scalable route for the formation of lactone 5.38, we could then attempt the cascade

cyclization sequence.

5.2.3 Radical Cascade Cyclization

o
Radical
Cyclization Zaa
p— o) (0]
00
(6]
X
o/
5.22 5.38

Scheme 5.21

Hoping to prepare isotwistane 5.22 using the same conditions developed for the
model system (Chapter Four) we initiated a synthetic sequence by functionalizing tertiary
alcohol 5.38 with bromoacetal 5.49, under the conditions developed by Stork and
coworkers, to deliver alkyl bromide 5.26.%!

Alkyl bromide 5.26 was treated with freshly prepared samarium diiodide to
induce the formation of a keto-radical and sequential cyclizations to deliver isotwistane
5.22 in 60% yield as an inconsequential mixture of diastereomers. A plausible
mechanism for this transformation is shown in Scheme 5.23. The single electron

reduction of the ketone by Smlz could form a keto radical 5.26a, which could further
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cyclize in a 5-endo-trig manner to deliver the stabilized a-carboxy radical. This could
undergo further reduction by Smlz to produce a lactone enolate that upon intramolecular
alkylation could deliver the observed isotwistane 5.22.'

Br Br

OEt 5.49
N,N-dimethylaniline
_—

DCM, rt

Sm|2

OO0 T T
00
0 W/\Bf (60% yield, 1:1 dr)

N Lo OFt

1) Ac,0, Mg(ClOy)»
DCM
2) 1,3-propanedithiol,
BF3*OEt,, DCM, 0 °C
_— >
3) MsCl, EtzN, DMAP
DCM

(60% vyield, 3 steps)

Scheme 5.22 Isotwistane formation

The tertiary alcohol 5.22 obtained from the radical cascade cyclization (Scheme
5.22) was protected as an acetate using acetic anhydride and magnesium perchlorate
(Mg(ClO4)2). The ethyl acetal was exchanged to the corresponding thioacetal upon
exposure to 1,3-propanedithiol and BF3*OEt: to give a tertiary alcohol, which upon
treatment with methanesulfonyl chloride, produced fragmentation precursor 5.25 in 60%

yield over three steps.
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Sml,
THF

Sml2

Scheme 5.23 Mechanistic proposal for the radical cycloaddition

5.2.4 Fragmentation and p-Keto Ester Formation

At this point, we have successfully arrived at the targeted fragmentation substrate
(isotwistane 5.25) and so far had encountered relatively few complications resulting from
the presence of the side-chain moieties. To our delight, success continued through the
Wharton fragmentation (Scheme 5.25) which was initiated via hydrolysis of acetate 5.25
and led to the ring-opened fragmentation product 5.50, a result that closely paralleled the

behavior of our model substrate.'®?

S S AcO S

Acylation Fragmentation

o) o) g
s s
[ e [
5.23 5.24 5.25
Scheme 5.24
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As in our model studies, we were able to convert hemi-acetal 5.50 to acetal 5.24
(67% yield) in the presence of nosyl chloride and Et3N. We were also able to confirm the
relative stereochemistry of ketone 5.24 as the C7-B-epimer using X-ray crystallography.
The stereochemical assignment of 5.24 indicates that reclosure of the acetal under the
nosyl chloride conditions occurs with retention of stereochemistry, based upon our initial
stereochemical assessment of 0-5.43 and (-5.43 after the Diels-Alder reaction (Schemes

5.17 and 5.20).

KOH (1M aq.) NsCI, EtsN
— T

THF/MeOH DCM
(81% vyield) (67% vyield)
_<S
¥ 3
o 0

Scheme 5.25 Wharton fragmentation

With ketone 5.24 in hand, we then attempted the acylation to form B-keto ester
5.23. Previously in our model system studies, we discovered that the ketone 5.51 had a
different kinetic and thermodynamic enolate preference (Scheme 5.26). If we used more
than one equivalent of base (kinetic conditions), the undesired regioisomer 5.52 was
formed, while sub-stoichiometric amount of base (thermodynamic conditions) delivered

our desired regioisomer 5.53."°
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o (0]

Meo)kCN Meo)kCN
__ LDA (>1 equiv) LiIHMDS (<1 equiv)
HMPA, THF HMPA, THF MeO
—-40°Cto0°C -40°Cto0°C
5.52 5.51

Scheme 5.26 Previous acylation studies

When utilizing our previously developed conditions for the acylation of ketone
5.24, we found that enol 5.54 could be obtained in low yields (Table 5.11), and we were
able to recover unreacted ketone 5.24. Warming the reaction from 0 °C to room
temperature did not improve the yield (Table 5.11, entry 2). We further attempted to
completely enolize the ketone by adding additional equivalents of base, followed by the
addition of the electrophile, this did produce the desired enol, but only in a low yield
(Table 5.11, entry 3).

Table 5.11 Acylation attempts

o)
J

NC~ "OMe
LiHMDS (equiv)
HMPA

THF, — 40 °C to temp.

5.24
Entry Equiv Temp. Yield
1 0.95 0°C 17%
2 0.9 rt 6% to 15%
3 09to1.5 rt 13%
4 1.2 rt 55%

rt = room temperature

All acylation attempts under thermodynamic conditions gave ester 5.54 in low

yields. From this observation, we postulated that the thermodynamic enolate was formed
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in situ, yet in this system containing the olefinic side chains, thermodynamic enolate
could possibly be the undesired regioisomer unlike what we observed in our model
substrate. If this was the case, then the undesired enolate regioisomer that was formed
was too sterically congested resulting in unreacted thermodynamic enolate being
quenched without any addition of the electrophile. This would account for the low
yielding reaction and high recovery of starting material. In order to test our rationale for
the low reactivity of the reaction, we subjected ketone 5.24 to kinetic enolization
conditions (super-stoichiometric base). Under these conditions, we were pleased to obtain
enol 5.54 in 55% yield.? The regiochemistry of B-keto ester 5.54 was confirmed by

HMBC.

5.2.5 Future Directions

Successful acylation of ketone 5.24 with Mander’s reagent to form p-keto ester
5.54 led us to consider the final steps needed to complete the total synthesis of
phomoidride D (5.10). Enol 5.54 is envisioned as furnishing vinyl triflate 5.55, which
upon carbonylative maleic anhydride formation, similar to the route we adopted in the
model system (discussed in Chapter 4), will produce 5.56. Upon the formation of the
maleic anhydride 5.56, the deprotection of both the thioacetal and thioketal are will set
the stage for subsequent oxidation of the derived aldehyde to the corresponding acid, thus

completing the synthesis.

3If the reaction is quenched at — 40 °C, the keto-tautomer is the major tautomer. Like the model
system, the enol and keto-tautomers of 5.54 are separable and do not interconvert at room temperature.
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Scheme 5.27 Future direction

5.3 Conclusion

In Chapter Three, we discussed previous synthetic efforts toward phomoidride D
(5.10) performed in our research group over the period of fifteen years. Creative
approaches and brilliant chemistry developed in our first-generation synthetic studies set
the foundation for this synthetic odyssey. Unfortunately, attempts to form the maleic
anhydride motif at the very end of the first-generation synthesis were unfruitful and
required a new strategy for its installation.

The foundations set by the first-generation approach helped guide the model
studies employed in our second-generation effort toward an effective late stage
installation of the maleic anhydride motif. However, a problematic Wharton
fragmentation thwarted these synthetic efforts, leading to a quest for new strategy; a
third-generation model study was launched.

As with the second-generation studies, the third-generation approach was initially

explored with a model system. In contrast the second-generation approach, the third-
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generation approach proved successful in delivering the core structure of phomoidride D
(5.10). Based on these latter successes, the third-generation approach has been
implemented with considerable success on substrates containing the full complement of
functionality present in the natural product phomidride D and efforts toward this end

continue.

5.4 Experimentals

General.

Unless stated otherwise, all reactions were performed using flame or oven-dried
glassware and under an atmosphere of nitrogen. DCM, THF, diethyl ether, benzene, and
toluene were dried using a solvent purification system manufactured by SG Water
U.S.A., LLC. Acetonitrile, ethyl acetate, pentanes, hexanes, DMF, DMSO, and DCE
were supplied by either Fisher Scientific or Sigma-Aldrich and were used as received.
Triethylamine, diisopropylamine, and methanol were stirred over calcium hydride and
distilled before use. All other commercially available reagents were used as received.

Unless stated otherwise, reactions were monitored by thin-layer chromatography
using Silicycle SiliaPlate® TLC glass backed extra hard layer, 60 A (F-254 indicator,
250 pm thickness). All purifications were performed using Silicyle SiliaFlash® P60
silica (40-63 um, 230-400 mesh) as a stationary phase. High-resolution mass
spectroscopy was performed by the central instrument facility at Colorado State
University or on a Thermo Orbitrap ESI mass spectrometer at Baylor University. Single-
crystal X-ray crystallography was performed by Brian Newell at Colorado State

University or Prof. Caleb Martin at Baylor University. 'H and '*C-NMR spectra were
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taken on Varian VNMRS 500, Varian Inova 400, Bruker Ascend 400, and Bruker Ascend
600 cryoprobe spectrometers. Infrared spectra were taken on a Nicolet Avatar 320 FTIR
or Bruker Alpha Platinum ATR. Chemical Shifts (8) are reported in parts per million
(ppm) and coupling constants (J) are reported in hertz (Hz). The reported chemical shifts

are relative to the residual solvent peaks of the indicated deuterated solvents.

Preparation of a-Phenoxy Ketone 5.36

Br

\W\/ NSO\@[O\/\
4

NSO\QO\/\ 5.2 ol o

OH 032003 =

Acetone, reflux

X
T N

o
5.30 5.36

To a pressure vessel equipped with a magnetic stir bar was added phenol 5.30 (13
g, 37 mmol), a-bromo ketone 5.29 (8.4 g, 25 mmol), cesium carbonate (12 g, 37 mmol),
and acetone (62 mL). The reaction vessel was sealed and placed in an oil bath, then
heated to 56 °C. The reaction was removed from the heating bath after 2.5 hours. After
reaching room temperature, the solution was filtered through a fritted funnel and the solid
was washed with EtOAc. Concentration and purification via silica gel flash column
chromatography (5% gradient elution from 0% — 50% EtOAc/Hex) afforded ketone 5.36
(9.9 g, 66% yield) as a brown oil.

Ry = 0.24 (25% EtOAc/Hex); 'H-NMR (500 MHz, CDCls): § 7.98-7.92 (m, 1H),
7.86-7.79 (m, 2H), 7.67 (ddd, J = 7.9, 5.8, 3.0 Hz, 1H), 6.81 (d, J = 2.6 Hz, 1H), 6.73-
6.62 (m, 2H), 5.96 (ddt, J = 17.3, 10.5, 5.3 Hz, 1H), 5.57 (m, 1H), 5.47-5.30 (m, SH),
5.27 (dq, J = 10.5, 1.4 Hz, 1H), 4.49 (dt, J = 5.3, 1.5 Hz, 2H), 4.42 (t, J = 4.0 Hz, 1H),
2.68-2.45 (m, 4H), 2.22-2.16 (m, 2H), 1.98-1.92 (m, 4H), 1.64-1.56 (m, 6H), 1.35-1.21

(m, 7H); 1*C-NMR (125 MHz, CDCls): § 210.5, 149.8, 143.6, 135.5, 135.2, 132.4, 132.1,
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131.7, 128.5, 126.0, 124.9, 124.8, 123.4, 118.5, 117.1, 114.3, 109.1, 85.5, 70.03, 38.2,
35.8, 32.7, 32.6, 29.6, 29.3, 28.8, 25.9, 18.1, 18.0; FTIR (neat): 29.24, 1716, 1545 cm™;

HRMS (ESI) m/z Calc’d. for C33HaNOsS [M+Na]*: 634.2451, found: 634.2461.

Preparation of Ketal 5.37

NSO\@:O\/\ Ethylene Glycol Neo @O\/\
TMSCI, TMSOTF
o) oo o
Z P X DCE, 0 °C to reflux = = A
4 4 0" o
2.36 2.37

To a sealed tube under N2 atmosphere was added ketone 5.36 (9.10 g, 15.0
mmol), ethylene glycol (11.0 mL, 194 mmol) and 1,2-dichloroethane (DCE) (149 mL).
The reaction vessel was then cooled in an ice water bath and TMSCI (24.6 mL, 194
mmol) and TMSOTTf (0.400 mL, 2.20 mmol) were added. After 10 minutes, the cooling
bath was removed and the reaction was allowed to warm to room temperature over 10
minutes, then the N2 inlet was replaced and the reaction vessel was sealed. The reaction
was then placed in an 86 °C oil bath and heated for 6.5 hours, after which the heating
bath was removed and the reaction was allowed to cool to room temperature. Upon
cooling, the reaction was further cooled in an ice water bath and EtsN (26.0 mL) was
added slowly (vigorous reaction resulting in gas evolution). The solution was transferred
to a separatory funnel and washed with H2O (200 mL). The aqueous was extracted with
DCM (3x) and the combined organics were washed with brine before drying over
MgSOs4. Concentration and purification via silica gel flash column chromatography (5%

gradient elution from 0% — 30% EtOAc/Hex) afforded glycol acetal 5.37 (9.00 g, 92%

yield) as a brown oil.
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Ry = 0.66 (50% EtOAc/Hex); 'H-NMR (600 MHz, CDCL3): & 7.96-7.89 (m, 1H),
7.83-7.79 (m, 2H), 7.70-7.62 (m, 1H), 6.86-6.79 (m, 1H), 6.74-6.63 (m, 2H), 5.95 (ddt, J
= 17.4, 10.5, 5.2 Hz, 1H), 5.55-5.31 (m, 7H), 5.28-5.20 (m, 1H), 4.51-4.40 (m, 2H), 4.14-
4.09 (m, 1H), 4.04-3.86 (m, 3H), 2.67-2.47 (m, 1H), 2.45-2.37 (m, 1H), 2.22-2.13 (m,
1H), 2.07-2.00 (m, 2H), 1.99-1.86 (m, 4H), 1.78-1.67 (m, 1H), 1.67-1.55 (m, 6H), 1.35-
1.17 (m, 7H); >*C-NMR (150 MHz, CDClz): & 149.5, 148.9, 142.5, 135.3, 133.4, 132.8,
132.4, 132.0, 131.7, 131.0, 126.2, 125.0, 124.8, 124.7, 118.0, 116.1, 114.1, 111.4, 108.6,
83.8, 69.9, 66.2, 65.9, 34.2, 34.0, 32.7, 29.6, 29.3, 28.8, 26.0, 18.1, 18.0; FTIR (neat):
2923, 1595, 1501 cm’'; HRMS (ESI) m/z Calc’d. for C3sHasNOoS [M+Na]': 678.2707,

found: 678.2704.

Preparation of Phenol 5.21

NsO OH
NsO 0
NEEN Pd(PPhg), (5 mol%) \C[
NaBH, o
_ =

0
EtOH, rt x
N NF s 7 o <o
/

5.37 5.21

To a flask equipped with a magnetic stir bar was added ketal 5.37 (9.02 g, 13.8
mmol), Pd(PPh3)4 (0.794 g, 0.687 mmol), NaBH4 (0.260 g, 6.87 mmol), and the flask was
evacuated and backfilled with N2 three times. EtOH (92.0 mL, degassed by freeze-pump-
thaw) was added and the reaction was allowed to stir at room temperature. TLC was
used to monitor the reaction progress. The TLC plates were developed using a 50%
EtOAc/Hex solution and visualized by KMnO4. After 2 hours, the reaction looked
complete, so the reaction was quenched with a saturated aqueous solution of NH4Cl (20.0
mL). The reaction was diluted with EtOAc (100 mL) and transferred to a separatory

funnel, where the organic was washed with H20 (90.0 mL) and brine. Drying over
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Na2S04, concentration, and purification via silica gel flash column chromatography (10%
gradient elution from 0% — 60% EtOAc/Hex) afforded phenol 5.21 (7.38 g, 87% yield)
as an orange oil.

Rr=0.19 (25% EtOAc/Hex); '"H-NMR (500 MHz, CDCl3): § 7.98-7.94 (m, 1H),
7.84-7.78 (m, 2H), 7.67 (ddd, J = 7.8, 6.7, 2.2 Hz, 1H), 7.60 (s, 1H), 6.96 (d, J = 8.9 Hz,
1H), 6.73 (d, J = 2.8 Hz, 1H), 6.61 (dd, J = 8.9, 2.9 Hz, 1H), 5.57-5.49 (m, 1H), 5.49-
5.30 (m, 5H), 4.08-3.95 (m, 4H), 3.80 (dd, J= 7.5, 4.7 Hz, 1H), 2.52-2.41 (m, 2H), 2.15-
2.20 (m, 2H), 1.99-1.85 (m, 5H), 1.74 (ddd, J = 14.2, 11.0, 5.3 Hz, 1H), 1.64-1.58 (m,
6H), 1.36-1.21 (m, 6H); “C-NMR (125 MHz, CDCl3): & 149.3, 145.9, 144.8, 135.4,
134.3, 132.3, 132.0, 131.7, 130.5, 128.7, 125.6, 125.5, 124.9, 124.8, 120.9, 113.2, 111.7,
110.4, 86.2, 66.2, 66.1, 34.8, 34.0, 32.7, 29.6, 29.2, 28.9, 25.9, 18.1, 18.0; FTIR (neat):
3226, 2924, 1602, 1546 cm'; HRMS (ESI) m/z Calc’d. for C32HaiNOoS [M+CI]:

650.2191, found: 650.2183.

Preparation of a-Acetoxy Ketone 5.27

NsO OH
\©io Pb(OAC)4

NN XN DCE, reflux

5.21

To a pressure vessel equipped with a magnetic stir bar was added phenol 5.21
(0.87 g, 1.4 mmol), lead tetraacetate (Pb(OAc)4) (0.75 g, 1.7 mmol), and DCE (14 mL).
The reaction vessel was stirred at room temperature for 20 minutes after which it was
placed into a 90 °C oil bath. After 18 hours, the solution was transferred to a round

bottom flask and concentrated. Purification via silica gel flash column chromatography
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(10% gradient elution from 0% — 80% EtOAc/Hex) afforded a-acetoxy ketone 5.27
(0.54 g, 72% yield, 1:3 dr a:B) as an orange foam. (Note: diastereomeric ratio was
determined using the crude 'H NMR)

Ry = 0.29 (50% EtOAc/Hex); '"H-NMR (400 MHz, CDCl3): § 8.04-7.98 (m, 1H),
7.86-7.82 (m, 2H), 7.77-7.68 (m, 1H), 6.06 (dd, J= 7.7, 2.4 Hz, 0.3H), 6.00 (dd, 12.0, 4.0
Hz, 0.7H), 5.49-5.30 (m, 4H), 4.58 (dd, J = 10.6, 6.4 Hz, 0.3H), 4.02-3.84 (m, 4.7H),
3.76 (dd, J=17.7, 2.9 Hz, 0.3H), 3.68 (dd, J = 7.6, 3.5 Hz, 0.7H), 3.49 (dd, J = 12.2, 2.8
Hz, 0.6H), 3.21 (dt, J = 15.7, 2.3 Hz, 1.2H), 2.14-1.86 (m, 8H), 1.84-1.73 (m, 2H), 1.70-
1.52 (m, 8H), 1.40-1.18 (m, 8H): *C-NMR (100 MHz, CDCI3): § 200.3, 200.2, 194.7,
169.7, 168.2, 148.7, 145.9, 145.4, 135.9, 135.8, 132.6, 132.4, 132.3, 132.2, 131.4, 131 .4,
131.0, 130.9, 128.7, 128.1, 125.2, 125.1, 125.0, 125.0, 117.6, 115.9, 110.3, 110.2, 94.2,
93.7,75.9,75.8,75.2, 66.6, 66.5, 66.0, 65.8, 55.5, 55.4, 44.2, 41.3, 41.0, 36.3, 36.0, 35.6,
35.4,34.9,34.8, 34.0, 33.9, 32.6, 32.5, 30.6, 29.5, 29.2, 29.1, 29.1, 29.0, 27.0, 26.8, 25.9,
25.8,22.1,21.9, 18.1, 18.0, 18.0 cm™'; FTIR (neat); 2927, 1749, 1546 cm™'; HRMS (ESI)

m/z Calc’d. for C3aHasNO11S [M+H]": 674.2635, found: 674.2640.

Preparation of a-Hydroxy Ketone 5.43

ONs
NsO OH
\E;[O i) Pb(OAc)4, DCE, reflux Z ™ OI-(I)
_ +
i) Sili I, DCM, rt
N NP X ii) Silica gel 7.0
7 /\/\/iro
X
— 5
5.21 a-5.43

To a pressure vessel equipped with a magnetic stir bar was added the phenol 5.21
(0.13 g, 0.20 mmol), Pb(OAc)4 (0.11 g, 0.25 mmol), and 1,2-dichloroethane (DCE) (2.0

mL). The reaction vessel was stirred at room temperature for 25 minutes after which it
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was placed into a 90 °C oil bath. After 22 hours, the reaction was removed from the
heating bath and after an additional hour, it was filtered through a fritted funnel using
DCM to rinse the flask. After concentration, the crude oil was dissolved in DCM (3.2
mL) and silica gel (1.1 g) was added. This was allowed to stir at room temperature and
the reaction progress was followed by TLC. The TLC plates were developed using a
50% EtOAc/Hexanes solution and visualized by KMnOs. After 23 hours, the silica gel
was removed by vacuum filtration and solid was washed with DCM (30 mL) and EtOAc
(40 mL). Concentration and purification via silica gel flash column chromatography
(10% gradient elution from 0% — 70% EtOAc/Hex) afforded ketone 5.43 (0.080 g, 60%
yield, 1:3 dr a:p) as a brown sticky foam. (Note: diastereomeric ratio was determined
using the crude 'H NMR)

Ry = 0.28 (50% EtOAc/Hex); 'H-NMR (500 MHz, CDCls): § 8.00-7.97 (m, 1H),
7.86-7.81 (m, 2H), 7.73-7.65 (m, 1H), 6.13 (dd, J = 7.6, 2.3 Hz, 0.28H), 6.05 (dd, J 7.6,
2.5 Hz, 0.82H), 5.47-5.32 (m, 4H), 4.03-3.87 (m, 5H), 3.54-3.41 (m, 1H), 3.30-3.16 (m,
2H), 2.89 (dd, J = 7.6, 2.6 Hz, 0.27H), 2.65 (dd, J = 7.5, 3.4 Hz, 0.83H), 2.06-1.88 (m,
6H), 1.83-1.69 (m, 2H), 1.66-1.57 (m, 6H), 1.48-1.44 (m, 1H), 1.37-1.23 (m, 8H); *C-
NMR (125 MHz, CDCls): & 206.32, 198.24, 148.69, 148.61, 144.82, 144.40, 135.87,
135.84, 133.34, 133.02, 132.23, 132.19, 131.47, 130.85, 130.77, 130.61, 129.99, 127.79,
127.75, 125.27, 125.17, 125.10, 125.05, 125.02, 124.96, 124.27, 124.06, 119.60, 119.48,
110.36, 110.22, 110.19, 110.13, 90.82, 90.40, 73.94, 72.93, 66.66, 66.34, 66.09, 65.57,
65.55, 55.69, 55.67, 55.23, 43.67, 42.67, 40.76, 38.50, 36.21, 35.87, 35.44, 34.77, 34.16,

32.61, 32.56, 30.56, 29.50, 29.48, 29.22, 29.20, 29.10, 28.95, 27.04, 26.92, 26.86, 26.82,
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26.10, 25.91, 20.62, 18.08, 18.05, 12.93, 12.85; FTIR (neat): 3410, 29.26, 1746, 1545 cm”

I HRMS (ESI) m/z Calc’d. for C32H41NO10S [M+Na]": 654.2349, found: 654.2355.

Preparation of Silyl Ether 5.44

ONs

TMSCI, EtgN
_

DCM, 0°C tort

To a round bottom flask equipped with a magnetic stir bar was added alcohol 5.43
(1.80 g, 2.85 mmol, 1:3 a:p mixture), and DCM (28.5 mL). The solution was cooled in
an ice water bath, at which point chlorotrimethylsilane (TMSCI) (0.550 mL, 4.27 mmol)
and triethylamine (EtsN) (0.600 mL, 4.27 mmol) were added. TLC was used to follow
the reaction progress and the TLC plates were developed using a 50% EtOAc/Hexanes
solution and visualized with CAM. After stirring at 0 °C for 4 hours, TMSCI (0.550 mL,
4.27 mmol) and Et3N (0.600 mL, 4.27 mmol) were added and the reaction was allowed to
slowly warm to room temperature, with the bath, overnight. In the morning, the reaction
was cooled to 0 °C, TMSCI (0.550 mL, 4.27 mmol) and EtsN (0.600 mL, 4.27 mmol)
were again added. After four additional hours of slowly warming to room temperature
with the bath, the reaction was quenched with the addition of NaHCO3 (14.0 mL). The
solution was transferred to a separatory funnel where the layers were separated and the
aqueous extracted with DCM (2x). The combined organics were dried over Na2SOa.
Concentration and purification via silica gel flash column chromatography (teledyne
MPLC, 0% — 30% EtOAc/Hex) afforded silyl ether 5.44 (1.73 g, 86% yield, 1:3 a:p

mixture) as a yellow oil.

178



Rr = 0.42 (20% EtOAc/Hex); 'H-NMR (500 MHz, CDCl3): § 8.01-7.99 (m,
0.25H), 7.98-7.96 (m, 0.75H), 7.86-7.80 (m, 2H), 7.74-7.71 (m, 0.25H), 7.69-7.64 (m,
0.75H), 6.07 (dd, J =10.0, 5.0 Hz, 0.25H), 6.04 (dd, J = 10.0, 5.0 Hz, 0.75H), 5.48-5.31
(m, 4H), 4.06-3.82 (m, 5H), 3.49-3.45 (m, 1H), 3.15-3.14 (m, 0.25H), 3.08-3.05 (m,
0.75H), 2.73 (dd, J= 7.6, 2.7 Hz, 0.25H), 2.55 (dd, /= 7.6, 2.7 Hz, 0.75H), 2.09-1.98 (m,
1H), 1.98-1.79 (m, 5H), 1.76-1.51 (m, 8H), 1.44-1.40 (m, 1H), 1.35-1.21 (m, 8H), 0.17
(s, 6.8H), 0.15 (s, 2.2H); 3C-NMR (125 MHz, CDCls): § 204.36, 197.75, 148.67, 148.61,
144.90, 144.43, 135.66, 135.62, 132.80, 132.56, 132.42, 132.38, 131.53, 131.47, 130.80,
130.78, 130.74, 130.69, 129.99, 128.48, 128.38, 125.22, 125.15, 125.01, 124.96, 124.94,
12491, 124.18, 124.01, 119.48, 119.37, 110.64, 110.43, 92.82, 92.39, 73.26, 73.21,
72.70, 66.43, 66.19, 66.18, 66.05, 65.09, 56.19, 56.06, 56.04, 45.71, 43.67, 42.02, 41.35,
35.97, 35.88, 35.49, 34.91, 34.62, 34.55, 34.50, 32.63, 32.56, 30.97, 29.53, 29.50, 29.23,
29.13, 28.37, 27.13, 26.95, 26.90, 26.83, 26.32, 25.90, 20.87, 18.08, 12.92, 1.99, 1.7;
FTIR (neat): 2926, 1752, 1651, 1546 cm™'; HRMS (ESI) m/z Calc’d. for C3sH49NO10SSi

[M+Na]": 726.2739, found: 726.2734.

Preparation of Amine 5.46

ONs

LDA, MgBr,*OEt,
THF, - 78 °C to — 40 °C

OTMS

0
0]
W

,p-5.44

20

Preparation of a Magnesium Bromide solution in Ether.”” Magnesium turnings

were washed with 1M HCI (15.0 mL), H20 (30.0 mL), and acetone (60.0 mL). The

washed magnesium turnings (1.46 g, 60.0 mmol) were transferred to a schlenk tube
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equipped with a magnetic stir bar and placed under vacuum for 30 minutes. Diethyl ether
(Et20) (50.0 mL) was then added and the reaction vessel was fitted with a water-cooled
condenser and 1,2-dibromoethane (0.400 mL, 4.65 mmol) was added. More 1,2-
Dibromoethane (3.90 mL, 45.4 mmol) was added slowly via syringe pump over 4 hours.
After the addition was complete, the reaction was allowed to stir for 1 hour before being
sealed and stirred overnight (slow stirring). The two layers that had formed consisted of

Et20 (top) and a 2.8M solution of MgBr22OEt2 in Et20 (bottom).

Preparation of Lithium Enolate solution 0.5M in THF. To a round bottom flask
equipped with a magnetic stir bar was added diisopropylamine (iPr.NH) (0.600 mL, 4.26
mmol) and THF (7.74 mL). The solution was cooled in a dry ice/acetone bath and n-
butyllithium (zBuLi) (1.67 mL, 2.43M in hexanes, 4.07 mmol) was added. The reaction
was stirred at — 78 °C for 1 hour before the addition of methyl 3-
(dimethylamino)propionate (0.550 mL, 3.88 mmol). The resultant mixture was stirred
for 30 minutes at — 78 °C before being placed into and ice/salt water bath for 15 minutes
and then warmed to room temperature for additional 20 minutes. The enolate solution

was cooled again to — 78 °C before use.

Aldol Reaction. To a round bottom flask equipped with a magnetic stir bar was
added ketone a,3-5.44 (0.47 g, 0.67 mmol), MgBr2¢OEt: (0.48 mL, 2.8M in Et20, 1.3
mmol) and THF (13 mL). The solution was cooled in a dry ice/acetone bath and the
enolate solution was slowly added via cannula over 20 minutes. The reaction was stirred
at this temperature for an additional 30 minutes before being placed into a dry

ice/acetonitrile bath. TLC was used to follow the reaction progress and the TLC plates
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were developed using a 25% EtOAc/Hexanes solution (10% MeOH/DCM for product)
and visualized with CAM. After 1 hour, the solution was cooled again to — 78 °C and
after 20 minutes, the reaction was quenched with the addition of sat. aq. NH4ClI (6.0 mL).
After warming to room temperature, the solution was transferred to a separatory funnel
and diluted to EtOAc. The organic layer was dried over Na2SOs. Concentration and
purification via silica gel flash column chromatography (10% gradient, 0% — 100%
EtOAc/Hex) afforded alcohol 5.46 (0.33 g) as a mixture of several compounds along with

diketone a,p3-5.47 (0.13 g, 39% yield, 1:2 dr, a:p).

Amine 5.46. Rr= 0.5 (10% MeOH:DCM); 'H-NMR (500 MHz, CDCl3): § 8.19-
8.17 (m, 1H), 7.83-7.79 (m, 2H), 7.76-7.73 (m, 1H), 5.67 (dd, J = 7.4, 2.8 Hz, 1H), 5.47-
5.33 (m, 4H), 4.80 (dd, /= 10.3, 5.6 Hz, 1H), 4.01-3.86 (m, 5H), 3.67 (s, 3H), 3.19 (dd, J
=12.8, 8.9 Hz, 1H), 2.92 (dd, J = 8.9, 3.1 Hz, 1H), 2.74 (dd, J = 12.8, 3.3 Hz), 2.47-2.42
(m, 1H), 2.30-2.19 (m, 8H), 2.16-1.86 (m, 7H), 1.68-1.58 (m, 7H), 1.43-1.37 (m, 1H),
1.27-1.23 (m, 2H), 1.19-1.05 (m, 6H), 0.17 (s, 9H); *C-NMR (125 MHz, CDCl3): &
176.5, 148.9, 148.7, 135.1, 132.1, 131.7, 131.5, 131.4, 130.2, 125.0, 124.8, 124.5, 111.5,
111.4, 100.4, 81.3, 73.7, 66.0, 64.9, 59.8, 52.3, 51.6, 49.1, 47.7, 46.4, 37.5, 36.1, 34.9,
34.7, 32.7, 29.6, 29.5, 28.9, 27.2, 26.6, 18.1, 18.1, 18.0, 2.32; FTIR (neat): 3419, 2927,
1704, 1547 cm™'; HRMS (ESI) m/z Calc’d. for C41Hs3N2012SSi [M+H]":835.3865, found:

835.3866.

Diketone 5.47 a-Epimer. Ry= 0.54 (25% EtOAc/Hexanes); 'H-NMR (500 MHz,
CDCI3): 6 5.50-5.34 (m, 4H), 4.11-4.02 (m, 2H), 4.00-3.87 (m, 3H), 3.15 (d, /= 2.0 Hz,

1H), 2.55-2.48 (m, 1H), 2.38-2.30 (m, 2H), 2.19-2.14 (m, 1H), 2.12-1.92 (m, 6H), 1.89-
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1.84 (m, 1H), 1.77-1.66 (m, 2H), 1.66-1.55 (m, 6H), 1.37-1.17 (m, 8H); '*C-NMR (125
MHz, CDCls): & 204.8, 199.0, 131.4, 130.7, 125.3, 125.0, 110.7, 96.5, 72.5, 69.3, 66.5,
06.1, 44.1, 40.2, 38.8, 35.4, 35.3, 34.6, 32.7, 32.6, 29.5, 29.1, 26.9, 26.0, 18.1, 1.6; FTIR
(neat): 2927, 1757, 1729 cm’'; HRMS (ESI) m/z Calc’d. for CaiH6O6Si

[M+Na]":541.2956, found: 541.2958.

Diketone 5.47 p-Epimer. Ry=0.57 (10% EtOAc/Hexanes); 'H-NMR (500 MHz,
CDCIl3): 6 5.50-5.32 (m, 4H), 4.03-3.89 (m, 5H), 3.62 (dd, J 12.2, 2.6 Hz, 1H), 3.22 (d, J
= 3.1 Hz, 1H), 2.80 (dd, J = 19.7, 2.9 Hz, 1H), 2.25 (dd, J 19.7, 3.2 Hz, 1H), 2.14-2.06
(m, 2H), 2.02-1.80 (m, 6H), 1.68-1.48 (m, 8H), 1.35-1.19 (m, 8H), 0.15 (s, 9H); *C-
NMR (125 MHz, CDCl3): 6 204.9, 204.6, 131.3, 130.8, 125.03, 125.01, 110.5, 96.1, 73.6,
70.1, 66.2, 65.1, 42.0, 39.9, 39.5, 36.3, 35.9, 34.7, 32.5, 30.3, 29.4, 26.7, 26.4, 18.05,
18.03, 1.7; FTIR (neat): 2927, 1752, 1724 cm™'; HRMS (ESI) m/z Calc’d. for C20Ha6O6Si

[M+Na]":541.2956, found: 541.2959.

Preparation of Methyl Ester 5.48

1) PhSH, 032CO3
MeCN

2) mCPBA, Al,O4
DCM, —-78 °C

Nosyl Deprotection. To a round bottom flask equipped with a magnetic stir bar
was added the nosyl enol ether 5.46 (0.33 g, 0.40 mmol) and acetonitrile (MeCN) (4.0
mL). Thiophenol (0.061 mL, 0.59 mmol) and cesium carbnonate (Cs2CO3) (0.19 g, 0.59

mmol) were then added and the reaction was allowed to stir at room temperature. TLC
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was used to follow the reaction progress and the TLC plates were developed using a 20%
EtOAc/Hexanes solution and visualized with CAM. After stirring 3.5 hours, the reaction
was quenched with the addition of sat. ag. NH4Cl (2.0 mL) and diluted with EtOAc. The
organic layer was separated and dried over NaxSO4. Concentration and purification via
silica gel flash column chromatography (5% gradient, 5% — 20%; then 100%

EtOAc/Hex) afforded the ketone.

Cope Elimination. To a round bottom flask equipped with a magnetic stir bar was
added the ketone and DCM (3.1 mL). The solution was cooled in a dry ice/acetone bath
and stirred at this temperature for 10 minutes before the addition of 3-chloroperbenzoic
acid (mCPBA) (0.21 g, 0.32 mmol) as a solution in DCM, which was added slowly
dropwise (~ 1 drop/second) to keep the solution temperature consistent. Upon
completion of the addition, basic alumina (Al203) (0.21 g) was added to the solution
which was allowed to stir 20 seconds at this temperature before the solution was quickly
passed through a plug of basic alumina (12 g) (presaturated with DCM) and vacuum
filtered using a 10% MeOH/DCM solution (25 mL) to wash. Concentration and
purification of the filtrate via silica gel flash column chromatography (0% — 5%
EtOAc/Hex) afforded methyl ester 5.48 (0.11 g, 25% yield from TMS ether a,3-5.44) as a
clear oil and as a single diastereomer.

Ry=0.82 (50% EtOAc/Hex); '"H-NMR (500 MHz, CDCl3): § 5.84 (s, 1H), 5.75 (s,
1H), 5.70 (s, 1H), 5.54-5.35 (m, 4H), 4.89 (dd, J=11.3, 4.2 Hz, 1H), 4.02-3.91 (m, 4H),
3.78 (s, 3H), 2.68 (d, J= 2.4 Hz, 1H), 2.45 (dd, J = 19.3, 2.3 Hz, 1H), 2.39-2.31 (m, 1H),
2.24-2.04 (m, 2H), 2.04-1.91 (m, 4H), 1.84-1.75 (m, 2H), 1.70-1.57 (m, 9H), 1.36-1.23

(m, 8H), 0.13 (s, 9H); *C-NMR (125 MHz, CDCl3): § 213.7, 170.1, 143.7, 131.6, 131.3,
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1249, 124.8, 121.6, 111.4, 100.3, 80.4, 74.6, 66.2, 65.3, 59.3, 52.0, 43.8, 39.5, 36.8, 36.0,
35.0, 33.3, 32.6, 30.0, 29.6, 29.3, 27.0, 26.8, 18.1, 18.0, 1.71; FTIR (neat): 3437, 2926,
1724, 1705 cm™'; HRMS (ESI) m/z Calc’d. for C33Hs520sSi [M+Na]*: 627.3324, found:

627.3329.

Preparation of tButyl Ester 5.40

ONs ONs Me,N
€2V~ 00,1Bu 5.39
1) LDA, MgBr,+OEt,
2Ry 0 Y 0 —40°
OAc + OAc THF, -40°C >
7.0 e 2) PhSH, Cs,CO3 MeCN
O =0
3) mCPBA, Al,O3
A AT A
L) L) DCM, 0 °C
p-5.27 a-5.27 5.40

Preparation of the Lithium Enolate. To a round bottom flask equipped with a
magnetic stir bar was added /Pr2NH (0.070 mL, 0.48 mmol) and THF (0.50 mL). The
solution was cooled in a dry ice/acetone bath and nBuLi (0.34 mL, 1.4 M in hexanes,
0.48 mmol) was added. The reaction was then stirred at this temperature for 30 minutes
and then placed into a ice/salt water bath for 20 minutes before being cooled again to —
78 °C. After cooling a solution of sbutyl 3-(dimethylamino)propionate (0.082 mL, 0.48
mmol) in THF (0.30 mL) was added and the reaction was allowed to stir at — 78 °C for an

additional hour before use.

Aldol Reaction. To a round bottom flask equipped with a stir bar was added
ketone a,3-5.27 (0.10 g, 0.15 mmol), MgBr2¢OEt2 (0.077 g, 0.30 mmol) and THF (1.0
mL). The solution was then cooled in a dry ice/acetone bath and the lithium enolate
solution was added via cannula. TLC was used to follow the reaction progress and the

TLC plates were developed using a 50% EtOAc/Hexanes solution and visualized with
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KMnOs. After 30 minutes, the reaction was quenched with the addition of sat. aq. NH4Cl
(0.50 mL) and was allowed to warm to room temperature before diluting with EtOAc.
The organic was washed with H2O and brine before being dried over NaxSO4. After

concentration, the crude mixture was moved on to the next reaction.

Nosyl Deprotection. To a vial equipped with a magnetic stir bar was added the
crude nosyl enol ether, Cs2CO3 (0.073 g, 0.22 mmol), and MeCN (0.75 mL). Thiophenol
(0.023 mL, 0.22 mmol) was added dropwise and the vial was capped and the reaction was
stirred at room temperature. TLC was used to follow the reaction progress and the TLC
plates were developed using a 50% EtOAc/Hexanes solution and visualized with KMnOa.
After 3.5 hours, the reaction was quenched with the addition of sat. ag. NH4Cl and
diluted with EtOAc. The organic layer was washed with brine and dried over Na2SOa.

Concentration afforded the crude ketone that was moved onto the next reaction.

Cope Elimination. To a vial equipped with a magnetic stir bar was added the
crude ketone and DCM (1.2 mL). The solution was cooled in an ice/water bath and
mCPBA was added. After 5 minutes, the reaction was removed from the cooling bath
and after a total of 30 minutes, basic alumina (0.17 g) was added. TLC was used to
follow the reaction progress and the TLC plates were developed using a 50%
EtOAc/Hexanes solution and visualized with KMnOs. After 4 hours, the reaction was
worked up by vacuum filtration and washing the filtrate with sat. aq. NaHCO3 and brine,
followed by drying over NaxSO4. Concentration and purification via silica gel flash
column chromatography (5% gradient, 0% — 35% EtOAc/Hex) afforded rbutyl ester

5.40 (0.031 g, 34% yield from ketone a,3-5.27) as primarily one diastereomer (>20:1 dr).
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Ry= 0.45 (15% EtOAc/Hex); 'H-NMR (400 MHz, CDCLs): § 5.94 (s, 1H), 5.70 (s,
1H), 5.61 (s, 1H), 5.47-5.35 (m, 4H), 4.84 (dd, J = 12.5, 4.3 Hz, 1H), 4.07-3.91 (m, 4H),
3.17 (dd, J = 3.8, 2.4 Hz, 1H), 2.71-2.67 (m, 1H), 2.39-2.34 (m, 1H), 2.32-1.45 (m, 29H),
1.35-1.21 (m, 8H); 3C-NMR (100 MHz, CDCL): § 212.4, 167.7, 167.6, 144.3, 131.5,
131.3, 124.9, 124.8, 123.0, 111.2, 104.0, 82.7, 79.4, 77.0, 66.6, 65.9, 59.0, 38.3, 37.0,
36.7, 35.8, 34.1, 33.3, 32.6, 30.9, 29.5, 29.2, 28.2, 26.9, 26.0, 22.4, 18.1, 18.04; FTIR
(neat): 3512, 2926, 1752,1726, 1698 cm’'; HRMS (ESI) m/z Calc’d.for C3sHsOo

[M+Na]": 639.3504, found: 639.3508.

Preparation of Lactone 5.38

TBAF, AcOH
—_—>
THF, 0°Ctort

To a round bottom flask equipped with a magnetic stir bar was added methyl ester
5.48 (0.852 g, 1.41 mmol) and THF (14.0 mL). The solution was then cooled in an
ice/water bath and acetic acid (AcOH) (0.400 mL, 7.05 mmol) was added, followed by
the addition of tetrabutylammonium fluoride (TBAF) (2.82 mL, 1.0M in THF, 2.82
mmol). TLC was used to follow the reaction progress and the TLC plates were
developed using a 50% EtOAc/Hexanes solution and visualized with CAM. After 3.5
hours, TBAF (1.41 mL, 1.0M in THF, 1.41 mmol) was again added followed by another
TBAF (1.41 mL, 1.0M in THF, 1.41 mmol) addition after an additional 45 minutes.
After a total of 4.25 hours, the reaction was worked up by pouring into H2O (50.0 mL),

the organic layer was washed with brine, and dried over Na;SOs. Concentration and
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purification via silica gel flash column chromatography (5% gradient, 0% — 40%
EtOAc/Hex) afforded lactone 5.38 (0.620 g, 89% yield) as a white foam.

Rr= 0.21 (25% EtOAc/Hex); 'H-NMR (500 MHz, CDCl3): § 6.49 (s, 1H), 5.99
(s, 1H), 5.51-5.35 (m, 4H), 4.56 (dd, J = 12.2, 4.0 Hz, 1H), 4.35 (s, 1H), 4.21-3.89 (m,
4H), 2.73 (d, J = 2.5 Hz, 1H), 2.21-1.58 (m, 19H), 1.39-1.17 (m, 8H); *C-NMR (125
MHz, CDCl): § 208.6, 166.0, 139.9, 131.4, 130.8, 130.2, 125.4, 125.0, 110.9, 105.5,
76.7,75.3, 66.5, 66.2, 59.7, 40.0, 38.6, 37.2, 36.2, 34.2, 33.9, 32.6, 31.1, 29.5, 29.2, 27.0,
25.9, 18.1; FTIR (neat): 3373, 2927, 1777, 1734 cm™'; HRMS (ESI) m/z Calc’d.for

C29H4007 [M+Na]": 523.2666, found: 523.2669.

Preparation of Isotwistane 5.22

0]
1) Br Br

OEt 5.49
N,N-dimethylaniline
DCM, 24h

2) Sml,, THF

Bromoacetal Functionalization. To a round bottom flask equipped with a
magnetic stir bar was added lactone 5.38 (2 x azeotrope with toluene) (0.69 g, 1.4 mmol)
and DCM (14 mL). N,N-Dimethylaniline (freshly distilled, 150 torr, 155 °C) (0.88 mL,
6.9 mmol) and bromoacetal 5.49 (freshly distilled, ~ 0.2 mmHg, 52 °C) (1.6 g, 6.9 mmol)
were then added. TLC was used to follow the reaction progress and the TLC plates were
developed using a 50% EtOAc/Hexanes solution and visualized with KMnOa. After 24.5
hours, the reaction was quenched with the addition of sat. aqg. NaHCOs (8.4 mL) and

diluted with DCM. The organic layer was washed with brine and dried over MgSOa.
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Concentration and purification via silica gel flash column chromatography (5% gradient,

0% — 40% EtOAc/Hex) afforded the ethyl acetal as a green sticky foam.

Sml> Formation. To a schlenk tube equipped with a magnetic stir bar and fitted
with a water cooled condenser was added samarium powder (0.41 g, 2.7 mmol) and THF
(44 mL). A separate solution of 1,2-diiodoethane* (1.7 g, 6.0 mmol) in THF (16 mL) was
added and the reaction stirred at room temperature until it had turned dark blue in color
(45 minutes). The reaction was then placed into a 55 °C bath and heated for 4 hours.

The Sml2 solution (0.10M in THF) was cooled to room temperature before use.

Cascade Cyclization. To a round bottom flask equipped with a magnetic stir bar
was added Smlz> (50 mL, 0.10M in THF, 5.0 mmol). A solution of the ethyl acetal in
THF (10 mL) was then added. TLC was used to follow the reaction progress and the
TLC plates were developed using a 50% EtOAc/Hexanes solution and visualized with p-
anisaldehyde stain. The reaction was quenched after 15 minutes with the addition of sat.
aq. NH4ClI (8.0 mL), and 1.0M HCI (3.2 mL). The solution was then diluted with EtOAc
and washed with brine before drying over MgSOa4. Concentration and purification via
silica gel flash column chromatography (5% gradient, 0% — 60% EtOAc/Hex) afforded

isotwistane 5.22 (0.48 g, 60% yield from lactone 5.38, 1:1 dr) as a green sticky foam.

Diastereomer A. Ry = 0.19 (25% EtOAc/Hex); 'H-NMR (500 MHz, CDCls): §
5.45 (m, SH), 4.19 (dd, J = 12.3, 2.8, 1H), 4.01-3.95 (m, 4H), 3.74 (dq, J = 9.7, 7.1 Hz,
1H), 3.48 (dq, J = 9.7, 7.1 Hz, 1H), 2.75 (dd, J = 14.2, 5.7 Hz, 1H), 2.37 (d, J = 2.7 Hz,

1H), 2.31-1.47 (m, 25H), 1.41-1.24 (m, 6H), 1.20 (t, J = 7.1 Hz, 3H); 3C-NMR (125

41,2—dii0doethane was taken up in ether, washed with a 1:1 mixture of sat. ag. Na,S,0s3, brine,
dried over Na,SOy, concentrated, and dried under vacuum. Care was taken to exclude light.
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MHz, CDCl3): 6 177.7, 131.5, 131.2, 124.9, 124.8, 110.6, 109.5, 107.4, 95.7, 77.9, 74.5,
66.3, 65.5, 64.0, 56.9, 52.0, 51.7, 44.1, 39.3, 37.6, 37.5, 35.8, 33.9, 33.8, 32.7, 31.08,
29.7, 29.4, 28.1, 26.1, 18.1, 18.06, 15.3; FTIR (neat): 3476, 2925, 1780 cm™'; HRMS

(ESI) m/z Calc’d. for C33H4g0g [M+Na]": 595.3241, found: 595.3240.

Diastereomer B. Ry = 0.46 (50% EtOAc/Hex); 'H-NMR (500 MHz, CDCl3): &
5.46-5.37 (m, 4H), 5.30 (d, J = 4.1 Hz, 1H), 4.19-4.09 (m, 2H), 4.08-4.02 (m, 2H), 3.95-
3.91 (m, 1H), 3.87-3.85 (m, 1H), 3.35 (dq, J = 9.0, 6.9 Hz, 1H), 2.65 (d, J = 12.8 Hz,
1H), 2.17 (d, J = 13.0 Hz, 1H), 2.13-1.45 (m, 25H), 1.39-1.23 (m, 6H), 1.13 (t, J = 7.0
Hz, 3H); *C-NMR (125 MHz, CDCls): § 177.2, 131.6, 131.0, 125.1, 124.9, 110.7, 108.1,
107.5, 95.3, 79.2, 75.7, 66.5, 66.2, 62.6, 56.6, 52.7, 51.0, 44.0, 39.4, 38.5, 37.6, 36.0,
34.6, 33.8, 32.7, 32.5, 29.6, 29.4, 28.1, 25.9, 18.1, 18.0, 15.0; FTIR (neat): 3460, 2923,

1763 cm™'; HRMS (ESI) m/z Calc’d. for C33H4s0s [M+Na]*: 595.3241, found: 595.3240.

Preparation of Acetate 5.25

1) Ac,0, Mg(ClOy),
DCM
2) 1,3-propanedithiol,
BF3'OEt2, DCM, 0 oC
S
3) MsCl, Et3N, DMAP
DCM

Acetate Protection. To a round bottom flask equipped with a magnetic stir bar
was added alcohol 5.25 (0.10 g, 0.18 mmol) (2 x azeotrope with toluene), Mg(ClOa4)2
(0.041 g, 0.018 mmol), DCM (0.95 mL), and acetic anhydride (0.051 mL, 0.53 mmol).
The reaction was stirred at room temperature for 25 hours. TLC was used to follow the

reaction progress and the TLC plates were developed using a 25% EtOAc/Hexanes
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solution and visualized with CAM. Concentration and purification via silica gel flash
column chromatography (10% gradient, 0% — 50% EtOAc/Hex) afforded the acetate

(0.11 g) as a colorless oil.

Thioacetal Formation. To a round bottom flask equipped with a magnetic stir bar
was added the ethyl acetal (0.11 g, 0.18 mmol) and DCM (1.8 mL). The solution was
cooled in and ice/salt water bath and 1,3-propanedithiol (0.097 mL, 0.90 mmol) was
added. After 5 minutes, BF3*OEt2 (0.11 mL, 0.90 mmol) was added dropwise. TLC was
used to follow the reaction progress and the TLC plates were developed using a 25%
EtOAc/Hexanes solution and visualized with CAM. After 40 minutes at 0 °C, acetone
(0.90 mL) was added and the reaction was allowed to stir an additional 10 minutes before
it was quenched with the addition of sat. ag. NaHCOs3 (0.90 mL). The organic was
washed with sat. aq. NH4Cl, H20, and brine before drying over MgSO4. Concentration
and purification via silica gel flash column chromatography (5% gradient, 0% — 30%

EtOAc/Hex) afforded the thioacetal (0.087 g).

Mesylate Functionalization. To a round bottom flask equipped with a magnetic
stir bar was added the thioacetal (0.087 g, 0.12 mmol), 4-(dimethylamino)pyridine
(DMAP) (0.044 g, 0.36 mmol), EtsN (0.050 mL, 0.36 mmol), and DCM (1.2 mL). The
solution was cooled in an ice/salt water bath and methanesulfonyl chloride (0.029 mL,
0.36 mmol) was added dropwise. The reaction was then allowed to slowly warm to room
temperature with the bath. TLC was used to follow the reaction progress and the TLC
plates were developed using a 25% EtOAc/Hexanes solution and visualized with CAM.

After 5.5 hours, the reaction was again cooled to 0 °C and quenched with 1M HCI (0.60
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mL). After warming to room temperature, the solution was diluted to DCM and the
organic layer was washed with brine before drying over MgSO4. Concentration and
purification via silica gel flash column chromatography (5% gradient, 0% — 35%
EtOAc/Hex) afforded acetate 5.25 (0.086 g, 60% yield from 5.22) as a white solid.
Rr=0.35 (25% EtOAc/Hex); m.p. 78-80 ‘C; 'H-NMR (500 MHz, CDCl3): & 5.49-
5.31 (m, 4H), 4.81 (dd, J=12.0, 3.2 Hz, 1H), 4.82-4.74 (m, 1H), 3.49-3.44 (m, 1H), 3.63
(s, 3H), 3.30 (d, J = 2.4 Hz, 1H), 3.04-2.89 (m, 3H), 2.83-2.78 (m, 2H), 2.63-2.54 (m,
2H), 2.53-2.28 (m, 7H), 2.14-1.92 (m, 9H), 1.89-1.73 (m, 6H), 1.66-1.44 (m, 10H), 1.43-
1.28 (m, 6H); *C-NMR (125 MHz, CDCls): § 175.0, 169.5, 131.6, 130.3, 125.9, 124.8,
106.1, 96.0, 84.1, 79.8, 53.4, 52.6, 47.9, 47.8, 42.7, 40.8, 39.7, 38.6, 38.4, 37.0, 35.97,
35.96, 32.6, 32.7, 32.3, 31.2, 30.7, 29.6, 29.2, 28.3, 27.9, 27.3, 27.0, 25.5, 25.0, 21.7,
18.07, 18.05; FTIR (neat): 2923, 1777, 1783 cm; HRMS (ESI) m/z Calc’d. for

C3sHs60sSs [M+Na]"™: 823.2471, found: 823.2465.

Preparation of Diol 5.50
AcO S

KOH (1M agq.)
THF/MeOH

To a round bottom flask equipped with a magnetic stir bar was added acetate 5.25
(0.32 g, 0.40 mmol), THF (2.0 mL), and MeOH (2.0 mL). To the stirred solution was
added an aqueous solution of KOH (2.0 mL, 1.0M, 2.0 mmol) over 30 seconds and the
flask was sealed with a glass stopper. After 10 minutes, the reaction was placed into a 40

°C oil bath. TLC was used to follow the reaction progress and the TLC plates were
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developed using a 50% EtOAc/Hexanes solution and visualized with CAM. After 5
hours, the reaction was removed from the hot bath and was allowed to cool to room
temperature. The reaction was then quenched with the addition of 1M HCI (2.2 mL) until
the solution reached a pH ~ 2 and then was diluted with EtOAc. The organic layer was
washed with 1M HCI, H20, and brine before being dried over Na2SO4. Concentration
and purification via silica gel flash column chromatography (10% gradient, 0% — 60%
EtOAc/Hex) afforded diol 5.50 (0.22 g, 81% yield) as a white foam.

Ry = 0.52 (50% EtOAc/Hex); m.p. 62-64 °C; 'TH-NMR (500 MHz, CDCl3): § 5.66
(d, J = 3.5 Hz, 1H), 5.50-5.32 (m, 4H), 5.08 (s, 1H), 4.20-4.07 (m, 2H), 3.18 (s, 1H),
2.96-2.52 (m, 15H), 2.41-2.36 (m, 1H), 2.31-2.14 (m, 5H), 2.10-1.78 (m, 7H), 1.74-1.55
(m, 8H), 1.48-1.42 (m, 1H), 1.38-1.10 (m, 6H); *C-NMR (125 MHz, CDCls): § 205.9,
177.5, 142.3, 132.4, 131.5, 130.4, 125.8, 124.9, 107.5, 68.8, 58.8, 58.7, 48.34, 48.27,
47.2,42.8,40.8, 38.9, 38.4, 34.5, 33.7, 32.9, 32.6, 29.6, 29.4, 28.6, 28.3, 27.9, 26.2, 25 .4,
25.1, 24.3, 18.07, 18.06; FTIR (neat): 3478, 2923, 1769, 1693 cm™'; HRMS (ESI) m/z

Calc’d. for C3sHs205S4 [M+H]": 703.2590, found: 703.2585.

Preparation of Ketone 5.24

NsCl, Et;N
—
DCM

To a vial equipped with a magnetic stir bar was added diol 5.50 (0.024 g, 0.035
mmol), 4-nitrobenzenesulfonyl chloride (NsCl) (0.016 g, 0.070 mmol), EtsN (0.015 mL,

0.11 mmol), and DCM (0.40 mL). The vial was capped and the reaction was stirred at
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room temperature. TLC was used to follow the reaction progress and the TLC plates
were developed using a 50% EtOAc/Hexanes solution and visualized with CAM. After 6
hours, the reaction was quenched with the addition of 1M HCI (0.13 mL) and diluted
with DCM. The organic layer was washed with 1M HCI, H20, and brine before being
dried over MgSOs. Concentration and purification via silica gel flash column
chromatography (5% gradient, 0% — 30% EtOAc/Hex) afforded ketone 5.24 (0.016 g,
67% yield) as a white foam.

Ry = 0.43 (25% EtOAc/Hex); m.p. 67-68 °C; 'H-NMR (500 MHz, CDCl3): § 5.81
(d, J= 1.9 Hz, 1H), 5.47-5.29 (m, 4H), 4.20-4.10 (m, 2H), 3.48-3.37 (m, 2H), 2.87-2.81
(m, 2H), 2.76-264 (m, 5H), 2.55 (d, J = 14.5 Hz, 1H), 2.50-2.45 (m, 3H), 2.32-1.29 (m,
30H); 3C-NMR (125 MHz, CDCls): & 204.9, 175.9, 138.5, 132.2, 131.3, 130.3, 125.9,
125.1, 105.9, 83.8, 60.9, 52.8, 49.5, 45.3, 43.1, 42.7, 41.8, 38.5, 38.3, 37.0, 36.7, 35.5,
32.6, 29.6, 29.1, 29.0, 28.7, 28.4, 28.3, 28.0, 27.3, 25.6, 25.0, 18.08, 18.06; FTIR (neat):
2924, 1790, 1697 cm’!; HRMS (ESI) m/z Calc’d. for C3sHs004Ss [M+Na]*: 685.2484,

found: 685.2480.

Preparation of p-Keto Ester 5.54

o
PN

NC~ "OMe
LiIHMDS (equiv)
HMPA

THF, — 40 °C to temp.

Thermodynamic Enolate Conditions. To a vial equipped with a magnetic stir bar
was added ketone 5.24 (0.025 g, 0.038 mmol) and THF (0.35 mL). The solution was

cooled in a dry ice/MeCN bath and lithium bis(trimethylsilyl)amide (LiHMDS) (0.034
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mL, 1.0M in THF, 0.034 mmol) was added dropwise. After 30 minutes, the reaction was
placed into an ice/salt water for 1.5 hours before being cooled again to — 40 °C. After 10
minutes, hexamethylphophramide (HMPA) (0.072 mL, 0.42 mmol) was added and the
reaction was stirred at — 40 °C for additional 20 minutes. A solution of methyl
cyanoformate (0.0030 mL, 0.038 mmol) in THF (0.050 mL) was then added dropwise.
TLC was used to follow the reaction progress and the TLC plates were developed using a
25% EtOAc/Hexanes solution and visualized with KMnOas. After 50 minutes, the
reaction was quenched with the addition of sat. ag. NH4Cl (0.20 mL) and was allowed to
warm to room temperature. The solution was then diluted with EtOAc and the organic
layer was washed with H2O and brine. After drying over NaxSO4 and concentration,
purification via silica gel flash column chromatography (10% gradient, 0% — 60%

EtOAc/Hex) afforded enol 5.54 (0.0047 g, 17% yield) as a colorless residue.

Kinetic Enolate Conditions. To a vial equipped with a magnetic stir bar was
added ketone 5.24 (3 x azeotrope with toluene) (0.0085 g, 0.013 mmol) and THF (0.13
mL). The solution was cooled in a dry ice/MeCN and LiHMDS (0.015 mL, 1.0M in
THF, 0.015 mmol) was added dropwise. After 30 minutes at — 40 °C, the reaction was
placed into an ice/salt water bath. After 1 hour, the reaction was cooled again to — 40 °C
and HMPA (0.0022 mL, 0.013 mmol) was added, followed by a solution of methyl
cyanoformate (0.0013 mL, 0.015 mmol) in THF (0.05 mL). TLC was used to follow the
reaction progress and the TLC plates were developed using a 25% EtOAc/Hexanes
solution and visualized with CAM. After stirring at — 40 °C for 1 hour, the cooling bath
was removed and the reaction was stirred an additional hour before being quenched with

the addition of sat. aq. NH4ClI (0.10 mL). The solution was diluted with EtOAc and the
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organic layer washed with H2O and brine, before being dried over NaxSOa.
Concentration and purification via silica gel flash column chromatography (5% gradient,

0% — 25% EtOAc/Hex) afforded enol 5.54 (0.0051 g, 55% yield) as a colorless residue.’

Enol Tautomer. Ry = 0.53 (25% EtOAc/Hex); 'H-NMR (500 MHz, CDClz): &
13.83 (s, 1H), 5.75 (s, 1H), 5.48-5.31 (m, 4H), 4.20-4.13 (m, 2H), 3.82 (s, 3H), 3.53-3.39
(m, 2H), 3.25-3.18 (m, 1H), 2.90-1.59 (m, 32H), 1.32-1.25 (m, 6H); *C-NMR (150
MHz, CDCl): 6 175.8, 174.6, 171.7, 136.5, 131.3, 130.42, 130.36, 125.9, 125.1, 104.4,
100.1, 83.4, 55.1, 52.8, 52.7, 49.2, 44.7, 42.1, 38.6, 36.8, 36.6, 35.9, 35.4, 32.6, 32.1,
29.9, 29.5, 29.0, 28.7, 28.5, 28.1, 28.0, 27.3, 25.6, 25.1, 22.84, 18.1; FTIR (neat): 2923,
1786, 1639, 1573 cm’'; HRMS (ESI) m/z Calc’d. for C37Hs5206S4 [M+Na]™: 743.2539,

found: 743.2534.

Keto Tautomer. Ry = 0.32 (25% EtOAc/Hex); 'H-NMR (600 MHz, CDCls): &
5.91 (s, 1H), 5.46-5.30 (m, 4H), 4.19-4.09 (m, 2H), 3.74 (s, 3H), 3.48-3.37 (m, 2H), 3.21
(d, J = 4.6 Hz, 1H), 3.09-3.08 (m, 1H), 2.92 (d, J = 13.2 Hz, 1H), 2.87-2.82 (m, 2H),
2.79-2.67 (m, 3H), 2.59 (d, J = 13.2 Hz, 1H), 2.49-2.42 (m, 2H), 2.34-1.50 (m, 23H),
1.38-1.27 (m, 6H); *C-NMR (150 MHz, CDCl3): § 200.8, 174.7, 169.2, 138.8, 131.9,
131.3, 130.2, 126.0, 125.2, 104.5, 84.1, 61.5, 61.4, 53.1, 52.5, 50.0, 45.8, 42.4, 41.9, 38.8,
38.6, 37.6, 35.7, 35.2, 32.6, 29.8, 29.5, 29.0, 28.8, 28.6, 28.3, 28.1, 27.3, 25.6, 24.9,
18.11, 18.09; FTIR (neat): 2919, 1792, 1747, 1706 cm™'; HRMS (ESI) m/z Calc’d. for

C37H5206S4 [M+Na]": 743.2539, found: 743.2534.

SNote: If the reaction is quenched at this point the major product is the keto-tautomer. Which does
not interconvert to the enol-tautomer, nor does the enol convert to the keto-tautomer.
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Figure A.11 C-NMR spectrum (100 MHz; CDCIs) of compound 2.32
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Figure A.14 '3C-NMR spectrum (100 MHz; CDCIl3) of compound 2.34
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Figure A.20 '3C-NMR spectrum (100 MHz; CDCIl3) of compound 2.35
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Figure A.23 "*C-NMR spectrum (100 MHz; CDCl3) of compound 2.36
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Figure A.25 3C-NMR spectrum (150 MHz; CDCl3) of compound 2.37a
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Figure A.34 '3C-NMR spectrum (100 MHz; CDCl3) of compound 2.38
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Figure A.37 '3C-NMR spectrum (150 MHz; CDCl3) of compound 2.39
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Figure A.38 FTIR spectrum (neat) of compound 2.39
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Figure A.40 3C-NMR spectrum (100 MHz; CDCl3) of compound 2.27
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Figure A.41 FTIR spectrum (neat) of compound 2.27
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Figure A.43 '3C-NMR spectrum (100 MHz; CDCl3) of compound 2.46
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Figure A.44 FTIR spectrum (neat) of compound 2.46
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Figure A.46 '3C-NMR spectrum (100 MHz; CDCIl3) of compound 2.55
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Figure A.47 FTIR spectrum (neat) of compound 2.55
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Figure A.49 '3C-NMR spectrum (150 MHz; CDCl3) of compound 2.59
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Figure A.50 FTIR spectrum (neat) of compound 2.59
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Figure A.52 3C-NMR spectrum (100 MHz; CDCl3) of compound 2.60
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Figure A.53 FTIR spectrum (neat) of compound 2.60
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Figure A.55 '3C-NMR spectrum (100 MHz; CDCl3) of compound 2.62
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Figure A.56 FTIR spectrum (neat) of compound 2.62
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Figure B.11 *C-NMR spectrum (150 MHz; CDCls) of compound 4.22
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Figure B.12 FTIR spectrum (neat) of compound 4.22
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Figure B.14 '*C-NMR spectrum (150 MHz; CDCI3) of compound 4.24
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Figure B.15 FTIR spectrum (neat) of compound 4.24
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Figure B.17 **C-NMR spectrum (100 MHz; CDCls) of compound 4.18e
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Figure B.18 FTIR spectrum (thin film/NaCl) of compound 4.18e
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Figure B.20 *C-NMR spectrum (100 MHz; Benzene-Dg) of compound 4.16e
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Figure B.21 FTIR spectrum (thin film/NaCl) of compound 4.16e
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Figure B.23 *C-NMR spectrum (100 MHz; CDCl3) of compound 4.16e-OH
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Figure B.24 FTIR spectrum (neat) of compound 4.16e-OH
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Figure B.26 BC-NMR spectrum (100 MHz; CDCl3) of compound 4.27
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Figure B.29 "*C-NMR spectrum (100 MHz; DMSO-ds) of compound 4.28
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Figure B.30 FTIR spectrum (neat) of compound 4.28
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Figure B.32 *C-NMR spectrum (100 MHz; CDCI3) of compound 4.15
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Figure B.33 FTIR spectrum (neat) of compound 4.15
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Figure B.35 *C-NMR spectrum (100 MHz; CDCI3) of compound 4.14 Diastereomer A
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Figure B.36 FTIR spectrum (neat) of compound 4.14 Diastereomer A
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Figure B.38 *C-NMR spectrum (100 MHz; CDCI3) of compound 4.14 Diastereomer B
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Figure B.39 FTIR spectrum (neat) of compound 4.14 Diastereomer B
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Figure B.41 *C-NMR specrum (100 MHz; CDCI3) of compound 4.13
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Figure B.42 FTIR spectrum (neat) of compound 4.13
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Figure B.44 *C-NMR spectrum (100 MHz; CDCls) of compound 4.12
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Figure B.45 FTIR spectrum (neat) of compound 4.12
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Figure B.47 *C-NMR spectrum (100 MHz; CDCI3) of compound 4.32
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Figure B.49 *C-NMR (100 MHz; CDCl3) for Compound 4.31
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Figure B.50 FTIR spectrum (neat) of compound 4.31
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Figure B.52 *C-NMR spectrum (100 MHz; CDCI3) of compound 4.11
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Figure B.53 FTIR spectrum (neat) of compound 4.11
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Figure B.55 ""C-NMR spectrum (100 MHz; CDCI3) of compound 4.31a
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Figure B.56 FTIR spectrum (neat) of compound 4.31a
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Figure B.58 "C-NMR spectrum (100 MHz; CDClI3) of compound 4.33
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Figure B.59 FTIR spectrum (neat) of compound 4.33
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Figure B.60 "F-NMR spectrum (376 MHz; CDCl3) of compound 4.33
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Figure B.62 *C-NMR spectrum (100 MHz; CDCls) of compound 4.38
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Figure B.63 FTIR spectrum (neat) of compound 4.38
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Figure B.65 *C-NMR spectrum (100 MHz; CD3CN) of compound 4.10
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Spectra Relevant to Chapter Five
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Figure C.11 *C-NMR spectrum (125 MHz; CDCls) of compound 5.36
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Figure C.12 FTIR spectrum (neat) of compound 5.36
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Figure C.14 *C-NMR spectrum (150 MHz; CDCl3) of compound 5.37
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Figure C.15 FTIR spectrum (neat) of compound 5.37
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Figure C.17 *C-NMR spectrum (125 MHz; CDCl3) of compound 5.21
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Figure C.18 FTIR spectrum (neat) of compound 5.21
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Figure C.20 *C-NMR spectrum (100 MHz; CDCls) of compound a,B-5.27
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Figure C.23 BC-NMR spectrum (100 MHz; CDCl3) of compound 5.40
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Figure C.24 FTIR spectrum (neat) of compound 5.40
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Figure C.26 '*C-NMR spectrum (125 MHz; CDCI3) of compound a,B-5.43
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Figure C.27 FTIR spectrum (neat) of compound a,(3-5.43
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Figure C.29 *C-NMR spectrum (125 MHz; CDCl3) of compound o,-5.44
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Figure C.30 FTIR spectrum (neat) of compound a,3-5.44
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Figure C.32 '*C-NMR spectrum (125 MHz; CDCI3) of compound 5.46
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Figure C.33 FTIR spectrum (neat) of compound 5.46
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Figure C.35 '*C-NMR spectrum (125 MHz; CDCI3) of compound 0-5.47
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Figure C.36 FTIR spectrum (neat) of compound a-5.47
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Figure C.38 3C-NMR spectrum (125 MHz; CDCI3) of compound B-5.47
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Figure C.39 FTIR spectrum (neat) of compound B-5.47
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Figure C.41 *C-NMR spectrum (125 MHz; CDCl3) of compound 5.48

3 R §98 5 HEEE g o
T T I I I I T
3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

Figure C.42 FTIR spectrum (neat) of compound 5.48
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Figure C.44 “C-NMR spectrum (125 MHz; CDCl3) of compound 5.38
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Figure C.45 FTIR spectrum (neat) of compound 5.38
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Figure C.47 3C-NMR spectrum (125 MHz; CDCI3) of compound 5.22 Diastereomer A
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Figure C.48 FTIR spectrum (neat) of compound 5.22 Diastereomer A
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Figure C.50 *C-NMR spectrum (125 MHz; CDCl3) of compound 5.22 Diastereomer B
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Figure C.51 FTIR spectrum (neat) of compound 5.22 Diastereomer B
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Figure C.53 BC-NMR spectrum (125 MHz; CDCl3) of compound 5.25
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Figure C.54 FTIR spectrum (neat) of compound 5.25
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Figure C.56 3C-NMR spectrum (125 MHz; CDCl3) of compound 5.50
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Figure C.57 FTIR spectrum (neat) of compound 5.50
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Figure C.59 '*C-NMR spectrum (125 MHz; CDCI3) of compound 5.24
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Figure C.60 FTIR spectrum (neat) of compound 5.24
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Figure C.62 BC-NMR spectrum (150 MHz; CDCl3) of compound 5.54
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Figure C.63 FTIR spectrum (neat) of compound 5.54
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Figure C.65 '*C-NMR spectrum (150 MHz; CDCl3) of compound 5.54a
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Figure C.66 FTIR spectrum (neat) of compound 5.54a
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APPENDIX D

X-ray Crystallography Reports

D.1 X-ray Crystallography Reports Relevant to Chapter Two

D.1.1 Crystal Structure Analysis of Norbornane 2.39

Figure D.10 ORTEP drawing of norbornane 2.39
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Table D.10 Crystal data and structural refinement for norbornane 2.39

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 25.242
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

JLW7d

Ci17H21NOs

319.35

150(2) K

0.71073 A

Monoclinic

P2(1)/n

a=12.0625(9) A a=90°
b =6.9800(6) A B=102.874(3)°.
c=19.6097(14) A y=90°.
1609.6(2) A®

4, 1.318 Mg/m?

0.097 mm!

680

0.149 x 0.093 x 0.042 mm
2.226 to 27.102°.
-15<h<15,-8<k<8§,-25<1<25
36214 /3535 [Rint = 0.0860]
99.9%

Full-matrix least-squares on F?
3535/0/212

1.043

R1=0.0417, wR2 = 0.0984
R1=0.0554, wR2 =0.1068
0.332 and -0.187 e. A
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Table D.11 Displacement parameters (A% x 10%) for JLW7d. U(eq) is defined as one
third of the trace of the orthogonalized U" tensor.

Atom X y z U(eq)
o(1) 3893(1) 289(2) 1170(1) 37(1)
0(2) 3844(1) 889(2) 2283(1) 38(1)
0@3) 1714(1) 4817(2) 700(1) 26(1)
0#4) 3465(1) 5132(2) 1384(1) 36(1)
0]6)) -1208(1) 5798(2) 877(1) 32(1)
N(1) -1001(1) 1225(2) 1600(1) 28(1)
C(1) -3102(2) 3652(3) 1707(1) 45(1)
CQ2) -2836(1) 3957(2) 983(1) 31(1)
C@3) -1562(1) 4297(2) 1060(1) 26(1)
CH4) -683(1) 2777(2) 1365(1) 23(1)
C(5) 522(1) 3377(2) 1374(1) 21(1)
C(6) 1448(1) 2075(2) 1808(1) 21(1)
C(7) 2378(1) 2139(2) 1366(1) 21(1)
C(8) 3442(1) 1036(2) 1668(1) 24(1)
C) 4920(2) -820(3) 1412(1) 45(1)
C(10) 856(1) 3310(2) 654(1) 22(1)
C(11) 2632(1) 4182(2) 1179(1) 25(1)
C(12) 1551(1) 1471(2) 685(1) 22(1)
C(13) 945(1) -282(2) 895(1) 24(1)
C(14) 999(1) 21(2) 1688(1) 23(1)
C(15) -139(1) -211(2) 1891(1) 28(1)
C(16) -3218(1) 2223(3) 509(1) 38(1)
C(17) -3469(2) 5737(3) 646(1) 46(1)
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Table D.12 Bond Lengths [A] and angles [°] for norbornane 2.39

O(1)-C(8)
O(1)-C(9)
0(2)-C(8)
0(3)-C(11)
0(3)-C(10)
0(4)-C(11)
0(5)-C(3)
N(1)-C(4)
N(1)-C(15)
C()-C(2)
C(1)-H(1)
C(1)-H(O)
C(1)-H(8)
C(2)-C3)
C(2)-C(17)
C(2)-C(16)
C(3)-C4)
C(H-C)
C(5)-C(6)
C(5)-C(10)
C(5)-H(19)
C(6)-C(14)
C(6)-C(7)
C(6)-H(20)
C(7)-C(®)
C(7)-C(11)
C(7)-C(12)
C(9)-H(2)
C(9)-HE)
C(9)-H(21)
C(10)-C(12)
C(10)-H(18)
C(12)-C(13)
C(12)-H(4)
C(13)-C(14)
C(13)-H(17)

1.3258(18)
1.448(2)
1.1992(17)
1.3566(17)
1.4647(17)
1.1963(18)
1.2156(19)
1.270(2)
1.465(2)
1.538(2)
0.9800
0.9800
0.9800
1.528(2)
1.530(2)
1.533(2)
1.525(2)
1.510(2)
1.5398(19)
1.5513(19)
1.0000
1.533(2)
1.5627(19)
1.0000
1.501(2)
1.521(2)
1.5493(18)
0.9800
0.9800
0.9800
1.527(2)
1.0000
1.527(2)
1.0000
1.5565(19)
0.9900

C(13)-H(16)
C(14)-C(15)
C(14)-H(15)
C(15)-H(13)
C(15)-H(14)
C(16)-H(7)

C(16)-H(5)

C(16)-H(6)

C(17)-H(10)
C(17)-H(11)
C(17)-H(12)

C(8)-0(1)-C()
C(11)-0(3)-C(10)
C(4)-N(1)-C(15)
C(2)-C(1)-H(1)
C(2)-C(1)-H()
H(1)-C(1)-H(9)
C(2)-C(1)-H(®)
H(1)-C(1)-H(8)
H(9)-C(1)-H(8)
C(3)-C(2)-C(17)
C(3)-C(2)-C(16)
C(17)-C(2)-C(16)
C(3)-C2)-C(1)
C(17)-C(2)-C(1)
C(16)-C(2)-C(1)
0(3)-C(3)-C(4)
0(3)-C(3)-C(2)
C(H-CB)-C2)
N()-C#H-CEO)
N()-C#)-CG)
C(5)-C(4)-CB)
C(H-C(5)-C(6)
C(4)-C(5)-C(10)
C(6)-C(5)-C(10)

0.9900
1.521(2)
1.0000
0.9900
0.9900
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

115.50(13)
105.34(10)
118.64(13)
109.5

109.5

109.5

109.5

109.5

109.5

108.12(14)
110.02(13)
108.98(14)
110.04(13)
108.93(14)
110.70(15)
117.12(13)
121.11(14)
121.77(13)
126.90(13)
119.75(13)
113.30(12)
114.89(12)
115.16(11)
100.47(11)
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Table D.12 continued

C(4)-C(5)-H(19)
C(6)-C(5)-H(19)
C(14)-C(6)-C(7)
C(5)-C(6)-C(7)
C(14)-C(6)-H(20)
C(5)-C(6)-H(20)
C(7)-C(6)-H(20)
C(8)-C(7)-C(11)
C(8)-C(7)-C(12)
C(11)-C(7)-C(12)
C(8)-C(7)-C(6)
C(11)-C(7)-C(6)
C(12)-C(7)-C(6)
0(2)-C(8)-0(1)
0(2)-C(8)-C(7)
0(1)-C(8)-C(7)
0(1)-C(9)-H(2)
0(1)-C(9)-H(3)
H(2)-C(9)-H(3)
O(1)-C(9)-H(21)
H(2)-C(9)-H(21)
H(3)-C(9)-H(21)
0(3)-C(10)-C(12)
0(3)-C(10)-C(5)
C(12)-C(10)-C(5)
0(3)-C(10)-H(18)
C(12)-C(10)-H(18)
C(5)-C(10)-H(18)
0(4)-C(11)-0(3)
0(4)-C(11)-C(7)
0(3)-C(11)-C(7)
C(10)-C(12)-C(13)
C(10)-C(12)-C(7)
C(10)-C(12)-H(4)

108.6
108.6
102.38(11)
101.46(10)
115.0
115.0
115.0
112.06(12)
121.04(12)
101.55(11)
115.02(11)
111.60(12)
93.73(10)
124.50(14)
124.02(14)
111.47(12)
109.5
109.5
109.5
109.5
109.5
109.5
103.11(11)
104.21(10)
103.91(11)
114.7
114.7
114.7
123.15(14)
129.63(14)
107.21(12)
113.11(12)
105.31(11)
114.8

C(10)-C(5)-H(19)
C(14)-C(6)-C(5)
C(13)-C(12)-H(4)
C(7)-C(12)-H(4)
C(12)-C(13)-C(14)
C(12)-C(13)-H(17)
C(14)-C(13)-H(17)
C(12)-C(13)-H(16)
C(14)-C(13)-H(16)
H(17)-C(13)-H(16)
C(15)-C(14)-C(6)
C(15)-C(14)-C(13)
C(6)-C(14)-C(13)
C(15)-C(14)-H(15)
C(6)-C(14)-H(15)
C(13)-C(14)-H(15)
N(1)-C(15)-C(14)
N(1)-C(15)-H(13)
C(14)-C(15)-H(13)
N(1)-C(15)-H(14)
C(14)-C(15)-H(14)
H(13)-C(15)-H(14)
C(2)-C(16)-H(7)
C(2)-C(16)-H(5)
H(7)-C(16)-H(5)
C(2)-C(16)-H(6)
H(7)-C(16)-H(6)
H(5)-C(16)-H(6)
C(2)-C(17)-H(10)
C(2)-C(17)-H(11)
H(10)-C(17)-H(11)
C(2)-C(17)-H(12)
H(10)-C(17)-H(12)
H(11)-C(17)-H(12)

108.6
106.24(11)
114.8
114.8
104.13(11)
110.9
110.9
110.9
110.9
108.9
111.60(12)
114.06(12)
102.38(11)
109.5
109.5
109.5
115.42(12)
108.4
108.4
108.4
108.4
107.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

315

Symmetry transformations used to generate equivalent atoms



Table D.13 The anisotropic displacement factor exponent takes the form: -2 n? [ h? a*?

U+ ... +2hka*b*U!?]

Ull U22 U33 U23 Ul13 Ul12
o(1) 30(1) 40(1) 40(1) -4(1) 9(1) 11(1)
0@2) 35(1) 43(1) 31(1) 9(1) 0(1) 9(1)
0@3) 30(1) 19(1) 28(1) 5(1) 4(1) -1(1)
04) 35(1) 28(1) 42(1) 4(1) 1(1) -10(1)
05) 31(1) 25(1) 40(1) 3(1) 3(1) 3(1)
N(1) 27(1) 28(1) 28(1) 2(1) 5(1) 0(1)
C(1) 40(1) 58(1) 43(1) -8(1) 20(1) 1(1)
C2) 26(1) 33(1) 35(1) 3(1) 8(1) 4(1)
C3) 28(1) 24(1) 24(1) -4(1) 5(1) 3(1)
C4) 25(1) 23(1) 22(1) 2(1) 4(1) 1(1)
C(5) 25(1) 16(1) 21(1) 2(1) 2(1) 0(1)
C6) 24(1) 20(1) 18(1) 0(1) 3(1) 0(1)
C(7) 24(1) 17(1) 20(1) 0(1) 4(1) “1(1)
C(8) 24(1) 17(1) 30(1) 3(1) 5(1) 3(1)
) 27(1) 38(1) 71(1) 2(1) 12(1) 8(1)
C(10) 27(1) 16(1) 22(1) 1(1) 2(1) -1(1)
C(11) 29(1) 20(1) 25(1) 1(1) 6(1) -1(1)
C(12) 26(1) 19(1) 18(1) 0(1) 3(1) 2(1)
C(13) 29(1) 17(1) 24(1) -1(1) 2(1) 1(1)
C(14) 25(1) 18(1) 24(1) 4(1) 3(1) 2(1)
C(15) 28(1) 25(1) 30(1) 6(1) 5(1) 3(1)
C(16) 28(1) 42(1) 40(1) -6(1) 3(1) 0(1)
C(17) 30(1) 45(1) 63(1) 2(1) 10(1) 13(1)
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Table D.14 Displacement parameters (A” x 10°) for JLW7d.

Atom X y z U(eq)
H(1) -2731 24717 1917 68
H(9) -3926 3540 1657 68
H(8) -2818 4746 2009 68
H(19) 640 4710 1562 25
H(20) 1716 2454 2309 25
H(2) 5476 -51 1740 67
H(3) 5238 -1177 1011 67
H(21) 4740 -1980 1647 67
H(18) 202 3411 241 26
H(4) 1910 1268 278 26
H(17) 1339 -1477 815 29
H(16) 147 -341 626 29
H(15) 1564 -886 1968 27
H(13) -447 -1495 1738 33
H(14) -8 -169 2408 33
H(7) -3004 2413 61 56
H(5) -4046 2084 430 56
H(6) -2850 1064 735 56
H(10) -3195 6866 931 69
H(11) -4286 5578 615 69
H(12) -3332 5909 176 69
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Table D.15

C(17)-C(2)-C(3)-0(5)
C(16)-C(2)-C(3)-0(5)
C(1)-C(2)-C)-005)
C(17)-C(2)-C(3)-C(4)
C(16)-C(2)-C(3)-C(4)
C(1)-C2)-CR)-C4)
C(15)-N(1)-C(4)-C(5)
C(15)-N(1)-C(4)-C(3)
O(5)-C(3)-C(4H)-N(1)
C(2)-C(3)-C(4)-N(1)
0(3)-C3)-C(H-CB)
C(2)-CR)-C(H-C5)
N(1)-C(H-C(5)-C(6)
C(3)-C(4)-C(5)-C(6)
N(1)-C(4)-C(5)-C(10)
C(3)-C(4)-C(5)-C(10)
C(4)-C(5)-C(6)-C(14)
C(10)-C(5)-C(6)-C(14)
C(H-C(5)-C(6)-C(7)
C(10)-C(5)-C(6)-C(7)
C(14)-C(6)-C(7)-C(8)
C(5)-C(6)-C(7)-C(®)
C(14)-C(6)-C(7)-C(11)
C(5)-C(6)-C(7)-C(11)
C(14)-C(6)-C(7)-C(12)
C(5)-C(6)-C(7)-C(12)
C(9)-0(1)-C(3)-0(2)
C(9)-0(1)-C(®3)-C(7)
C(11)-C(7)-C(8)-0(2)
C(12)-C(7)-C(8)-0(2)
C(6)-C(7)-C(8)-0(2)
C(11)-C(7)-C(8)-O(1)
C(12)-C(7)-C(8)-0(1)
C(6)-C(7)-C(8)-O(1)

C(11)-0(3)-C(10)-C(12)

C(11)-0(3)-C(10)-C(5)

1.2(2)
120.08(16)
-117.69(17)
-178.67(13)
-59.76(18)
62.48(18)
2.6(2)
-179.98(12)
176.08(13)
4.1(2)
_1.61(18)
178.23(12)
9.2(2)
168.29(11)
106.86(16)
-75.64(15)
38.10(15)
-86.13(12)
144.77(11)
20.55(12)
-72.35(14)
177.98(11)
158.56(11)
48.89(13)
54.57(12)
-55.10(12)
2.102)
-179.44(13)
94.06(17)
-146.20(15)
-34.8(2)
-84.43(15)
35.31(18)
146.70(12)
-40.12(13)
68.16(13)
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Table D.15 continued

C(4)-C(5)-C(10)-0(3)
C(6)-C(5)-C(10)-0(3)
C(4)-C(5)-C(10)-C(12)
C(6)-C(5)-C(10)-C(12)
C(10)-0(3)-C(11)-0(4)
C(10)-0(3)-C(11)-C(7)
C(8)-C(7)-C(11)-0(4)
C(12)-C(7)-C(11)-O(4)
C(6)-C(7)-C(11)-0(4)
C(8)-C(7)-C(11)-0(3)
C(12)-C(7)-C(11)-0(3)
C(6)-C(7)-C(11)-0(3)
0(3)-C(10)-C(12)-C(13)
C(5)-C(10)-C(12)-C(13)
0(3)-C(10)-C(12)-C(7)
C(5)-C(10)-C(12)-C(7)
C(8)-C(7)-C(12)-C(10)
C(11)-C(7)-C(12)-C(10)
C(6)-C(7)-C(12)-C(10)
C(8)-C(7)-C(12)-C(13)
C(11)-C(7)-C(12)-C(13)
C(6)-C(7)-C(12)-C(13)
C(10)-C(12)-C(13)-C(14)
C(7)-C(12)-C(13)-C(14)
C(5)-C(6)-C(14)-C(15)
C(7)-C(6)-C(14)-C(15)
C(5)-C(6)-C(14)-C(13)
C(7)-C(6)-C(14)-C(13)
C(12)-C(13)-C(14)-C(15)
C(12)-C(13)-C(14)-C(6)
C(4)-N(1)-C(15)-C(14)
C(6)-C(14)-C(15)-N(1)
C(13)-C(14)-C(15)-N(1)

150.20(12)
-85.76(12)
-102.12(13)
21.92(13)
-174.18(14)
6.74(14)
-20.5(2)
-151.05(16)
110.18(17)
158.54(11)
27.95(14)
-70.82(14)
160.37(11)
51.87(14)
53.08(11)
-55.42(12)
-172.07(12)
-47.30(12)
65.65(11)
73.50(15)
-161.72(11)
-48.77(12)
~72.40(14)
25.85(14)
-57.36(14)
-163.38(11)
65.04(13)
-40.97(13)
130.06(13)
9.34(14)
-17.75(19)
49.72(16)
-65.71(17)
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Symmetry transformations used to generate equivalent atoms:



D.2 X-ray Crystallography Reports Relevant to Chapter 4

D.2.1 Crystal Structure Analysis of maleic anhydride 4.38

Figure D.11 ORTEP drawing of maleic anhydride 4.38
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Table D.16 Crystal data and structure refinement for maleic anhydride 4.38.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.6100
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

efl2 p212121

C21 H22 06 S2

434.51

1202) K

0.71073 A

Orthorhombic

P212121

a=9.0939(12) A a=90°
b=12.7592(17) A B=90°
c=16.617(2) A v =90°
1928.1(4) A3

4

1.497 Mg/m3

0.314 mm-!

912

0.21x0.16 x 0.12 mm3

2.01 to 30.61°.
-12<h<13,-18<k<18,-23<1<23
38440

5899 [Rint = 0.0399]

99.6%

Semi-empirical from equivalents
0.9639 and 0.9367

Full-matrix least-squares on F2
5899/0/263

1.031

R1=0.0317, wR2 = 0.0725
R1=0.0388, wR2 =0.0757
0.00(4)

0.335 and -0.200 e.A-3
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Table D.17 Atomic coordinates ( x 104) and equivalent isotropic displacement
parameters (Azx 103) for ef12 p212121. U(eq) is defined as one third of the trace of the

orthogonalized Ul tensor.

Atom X y z U(eq)
C(1) -1002(2) 755(1) 2308(1) 15(1)
C(2) -1998(2) 1021(1) 2992(1) 20(1)
C(3) -3246(2) 1308(1) 1847(1) 20(1)
C(4) -1774(2) 882(1) 1620(1) 15(1)
C(5) -1494(2) 635(1) 748(1) 15(1)
C(6) -1120(2) 1585(1) 192(1) 17(1)
C(7) -976(2) 1147(1) -668(1) 22(1)
C(8) 261(2) 351(1) -702(1) 22(1)
C9) 299(2) 2176(1) 445(1) 18(1)
C(10) -87(2) 3190(1) 899(1) 26(1)
C(11) 1296(2) 1513(1) 963(1) 16(1)
C(12) 1085(1) 491(1) 1084(1) 13(1)
C(13) -167(2) -85(1) 679(1) 14(1)
C(14) 632(2) -1152(1) 1713(1) 15(1)
C(15) 548(2) 443(1) 2521(1) 16(1)
C(16) 1440(2) -120(1) 1840(1) 14(1)
C(17) 3044(2) -245(1) 2097(1) 16(1)
C(18) 3902(2) -1063(1) 1611(1) 16(1)
C(19) 6390(2) -2280(1) 1447(1) 24(1)
C(20) 6328(2) -2128(1) 535(1) 23(1)
C(21) 4784(2) -1973(1) 214(1) 25(1)
O(1) -1796(1) 947(1) 3693(1) 27(1)
0(2) -3335(1) 1367(1) 2680(1) 22(1)
0(3) -4226(1) 1587(1) 1424(1) 26(1)
04) 730(1) -1945(1) 2098(1) 20(1)
o(%) -379(1) -1044(1) 1123(1) 16(1)
0(6) 60(1) -454(1) -109(1) 18(1)
S(1) 5740(1) -1164(1) 2032(1) 20(1)
S(2) 3915(1) -766(1) 545(1) 19(1)
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Table D.18 Bond lengths [A] and angles [°] for efl2 p212121.

C(1)-C(4)
C(1)-C(2)
C(1)-C(15)
C(2)-0(1)
C(2)-0(2)
C(3)-0(3)
C(3)-0(2)
C(3)-C(4)
C(4)-C(5)
C(5)-C(13)
C(5)-C(6)
C(6)-C(7)
C(6)-C(9)
C(7)-C(8)
C(8)-0(6)
C(9)-C(11)
C(9)-C(10)
C(11)-C(12)
C(12)-C(13)
C(12)-C(16)
C(13)-0(6)
C(13)-0(5)
C(14)-0(4)
C(14)-0(5)
C(14)-C(16)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)
C(18)-S(2)
C(18)-S(1)
C(11)-C(12)-C(16)
C(13)-C(12)-C(16)
0(5)-C(13)-C(12)
0(6)-C(13)-C(5)
0(5)-C(13)-C(5)
0(5)-C(14)-C(16)

1.350(2)

1.4933(19)
1.507(2)

1.1824(19)
1.3935(19)
1.1893(19)
1.3887(19)
1.493(2)

1.5052(19)
1.5215(19)
1.561(2)

1.540(2)

1.552(2)

1.517(2)

1.4354(18)
1.509(2)

1.538(2)

1.3324(19)
1.5129(19)
1.5147(19)
1.4067(16)
1.4418(17)
1.2005(17)
1.3512(16)
1.5219(19)
1.5659(19)
1.5274(19)
1.5342(19)
1.8117(14)
1.8166(14)
126.71(12)
106.22(11)
106.59(11)
112.88(11)
111.59(11)
109.99(11)

C(19)-C(20)
C(19)-S(1)
C(20)-C(21)
C(21)-S(2)

C(H-C(D-C(2)
C(4)-C(1)-C(15)
C(2)-C(1)-C(15)
O(1)-C(2)-0(2)
O(1)-C(2)-C(1)
0(2)-C(2)-C(1)
0(3)-C(3)-0(2)
0(3)-C(3)-C(4)
0(2)-C(3)-C(4)
C(D)-C(4)-CG)
C(D)-CH)-CO)
C(3)-C4)-CO)
C(4)-C(5)-C(13)
C(H-C(5)-C(6)
C(13)-C(5)-C(6)
C(7)-C(6)-C(9)
C(7)-C(6)-C(5)
C(9)-C(6)-C(5)
C(3)-C(7)-C(6)
0(6)-C(8)-C(7)
C(11)-C(9)-C(10)
C(11)-C(9)-C(6)
C(10)-C(9)-C(6)
C(12)-C(11)-C(9)
C(11)-C(12)-C(13)
0(6)-C(13)-0(5)
0(6)-C(13)-C(12)
C(12)-C(13)-C(5)
0(4)-C(14)-0(5)

1.528(2)
1.8225(16)
1.515(2)
1.8153(16)

107.54(12)
135.79(12)
116.66(12)
121.85(13)
129.57(14)
108.54(12)
121.90(14)
129.18(14)
108.90(13)
107.24(12)
134.57(12)
118.07(12)
109.44(11)
116.35(12)
104.56(11)
110.88(12)
106.57(12)
113.45(11)
109.94(12)
111.05(12)
109.22(12)
112.47(12)
110.53(12)
123.14(13)
121.16(13)
102.20(10)
117.80(11)
105.66(11)
121.49(13)
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Table D.18 continued

C(1)-C(15)-C(16)
C(12)-C(16)-C(14)
C(12)-C(16)-C(17)
C(14)-C(16)-C(17)
C(12)-C(16)-C(15)
C(14)-C(16)-C(15)
C(17)-C(16)-C(15)
C(16)-C(17)-C(18)
C(17)-C(18)-S(2)

C(17)-C(18)-S(1)

115.87(11)
103.11(11)
119.28(12)
114.20(11)
104.60(11)
104.30(11)
109.92(11)
114.17(11)
112.09(10)
108.28(9)

S(2)-C(18)-S(1)
C(20)-C(19)-S(1)
C(21)-C(20)-C(19)
C(20)-C(21)-S(2)
C(3)-0(2)-C(2)
C(14)-0(5)-C(13)
C(13)-0(6)-C(8)
C(18)-S(1)-C(19)
C(18)-S(2)-C(21)

112.69(7)
114.70(11)
113.61(13)
114.01(11)
107.61(11)
111.49(10)
114.69(11)
98.52(7)
97.00(8

Symmetry transformations used to generate equivalent atoms:
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Table D.19 Anisotropic displacement parameters (A2x 103) for ef12 _p212121. The
anisotropic displacement factor exponent takes the form: 2n2[h2 a*2Ull + | +2hk

a* b* Ul2 ]
Atom ull U22 U33 U23 ul3 ul2
C(1) 16(1) 9(1) 20(1) -1(1) 7(1) -1(1)
C(2) 22(1) 12(1) 25(1) -2(1) 9(1) -1(1)
C@3) 18(1) 13(1) 28(1) 2(1) &(1) -1(1)
C4) 12(1) 10(1) 23(1) 1(1) 6(1) -1(1)
C(%) 12(1) 14(1) 19(1) 0(1) 1(1) 0(1)
C(6) 16(1) 18(1) 18(1) 4(1) 0(1) 2(1)
C(7) 23(1) 26(1) 17(1) 4(1) -3(1) 0(1)
C(®) 23(1) 27(1) 15(1) -1(1) 1(1) 0(1)
C) 18(1) 15(1) 20(1) 4(1) 4(1) -2(1)
C(10)  28(1) 15(1) 34(1) 0(1) 2(1) -1(1)
C(11)  13(1) 17(1) 17(1) 0(1) 3(1) -3(1)
C(12)  10(1) 15(1) 13(1) -1(1) 2(1) 0(1)
C(13) 13(1) 13(1) 15(1) -2(1) 0(1) -1(1)
C(14) 13(1) 14(1) 18(1) -3(1) 3(1) 2(1)
C(s5) 18(1) 15(1) 15(1) -2(1) 2(1) 0(1)
Ce)  14(1) 13(1) 14(1) -1(1) 2(1) 0(1)
ca7) 13(1) 19(1) 16(1) -2(1) -1(1) 1(1)
C(18)  12(1) 17(1) 20(1) 2(1) -1(1) 0(1)
C(19)  12(1) 17(1) 42(1) 3(1) 4(1) 2(1)
C(0) 13(D) 20(1) 37(1) -8(1) 3(1) 0(1)
C21) 17(1) 25(1) 33(1) -14(1) 0(1) 2(1)
O(1) 32(1) 27(1) 22(1) -2(1) 11(1) -1(1)
O(2) 19(1) 20(1) 28(1) -1(1) 11(1) 4(1)
0(Q3) 18(1) 23(1) 38(1) &(1) 5(1) 6(1)
04) 22(1) 13(1) 25(1) 3(1) 2(1) 1(1)
O(5) 15(1) 12(1) 20(1) -1(1) -1(1) -2(1)
O(6) 21(1) 20(1) 14(1) -4(1) 0(1) I(1)
S(1) 14(1) 23(1) 23(1) 2(1) -3(1) 2(1)
S(2) 18(1) 21(1) 18(1) -4(1) -1(1) 3(1)
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Table D.20 Hydrogen coordinates ( x 104) and isotropic displacement parameters (Azx

10°) for ef12_p212121.
Atom X y z U(eq)
H(5) 2374 265 524 18
H(6) 1962 2089 206 21
H(7A) 1911 811 830 26
H(7B) 771 1727 -1048 26
H(8A) 293 30 _1244 26
H(SB) 1212 709 -607 26
H(9) 849 2370 54 21
H(10A) 681 3019 1373 38
H(10B) 646 3656 544 38
H(10C) 820 3541 1069 38
H(11) 2114 1839 1216 19
H(15A) 510 27 2994 19
H(15B) 1092 1081 2683 19
H(17A) 3071 444 2673 19
H(17B) 3543 441 2043 19
H(18) 3405 1755 1684 19
H(19A) 7420 22430 1602 29
H(19B) 5792 22900 1590 29
H(20A) 6931 _1510 389 28
H(20B) 6768 2748 271 28
H(21A) 4168 2572 386 30
H(21B) 4819 1977 382 30
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D.3 X-ray Crystallography Reports Relevant to Chapter 5

D.3.1 Crystal Structure Analysis of ketone 5.24

Figure D.12 ORTEP drawing of ketone 5.24
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Table D.21 Crystal data and structure refinement for maleic anhydride 5.24

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system,
Space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 25.242
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F/2

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

JLW4

C35H5004S4

662.99

150(2) K

0.71073 A

Triclinic

P-1

a=10.0340(10) A, a. = 92.308(3)°
b=10.6467(11) A, p=101.718(3)°
c=16.4332(16) A, y=96.139(3)°
1705.6(3) A®

2, 1.291 Mg/m?

0.316 mm™!

712

0.142 x 0.085 x 0.062 mm

1.928 to 28.365°

-13<h<13,-14<k<14,-21<1<21

65960 / 8503 [Rint = 0.0741]
100.0%

Semi-empirical from equivalents
0.9810 and 0.9560

Full-matrix least-squares on F?
8503/0/388

1.074

R1=0.0666, wR2 =0.1652
R1=0.1187, wR2 = 0.2047
1.657 and -1.064 e. A
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Table D.22 Displacement parameters (A% x 10%) for JLW4. U(eq) is defined as one third
of the trace of the orthogonalized U tensor.

Atom X y z U(eq)
S(1) 3327(1) 4638(1) 11743(1) 53(1)
S(2) 2464(1) 4712(1) 9873(1) 52(1)
S(3) 1822(1) 4808(1) 6106(1) 31(1)
S(4) 1072(1) 5633(1) 7716(1) 27(1)
C(50) 5555(3) 556(3) 7171(2) 28(1)
0(2) 272(2) 1513(2) 8912(1) 19(1)
0Q3) 95(2) 1523(2) 10240(1) 25(1)
04) 3625(2) -1213(2) 9309(2) 28(1)
O(5) 864(2) 2778(2) 7969(1) 19(1)
C(1) -4904(5) 2884(5) 5335(3) 65(1)
C(2) -3428(5) 3281(5) 5740(3) 53(1)
C@3) -2839(4) 4403(4) 5875(3) 50(1)
C4) -1397(4) 4878(4) 6258(2) 37(1)
C(5) -497(3) 3850(3) 6557(2) 26(1)
C(6) 1008(3) 4305(3) 6958(2) 23(1)
C(7) 1713(3) 3218(3) 7406(2) 20(1)
C(8) 1922(3) 2106(3) 6854(2) 22(1)
C(9) 2526(3) 1077(3) 7403(2) 20(1)
C(10) 3946(3) 1587(3) 7952(2) 18(1)
C(11) 4991(3) 625(3) 7954(2) 21(1)
C(12) 6547(4) -454(3) 7185(2) 35(1)
C(13) 7320(4) -414(3) 6490(2) 34(1)
C(14) 8110(4) -1565(3) 6442(3) 38(1)
C(15) 9034(4) -1466(4) 5846(3) 44(1)
C(16) 10358(4) -1629(4) 6030(3) 43(1)
C(17) 11311(5) -1536(5) 5454(3) 56(1)
C(18) 3847(3) 1941(3) 8833(2) 18(1)
C(19) 2655(3) 2026(2) 9062(2) 16(1)
C(20) 1316(3) 1768(3) 8437(2) 16(1)
C(21) 811(3) 1601(3) 9741(2) 20(1)
C(22) 2360(3) 1714(3) 9900(2) 18(1)
C(23) 3048(3) 2574(3) 10681(2) 21(1)
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Table D.22 continued

C(24) 2442(3) 3818(3) 107702)  21(1)
C(25) 2362(4) 5990(4) 117143)  46(1)
C(26) 2434(4) 6764(3) 10978(3)  41(1)
C(27) 1691(5) 6075(3) 101633)  47(1)
C(28) 2774(3) 358(3) 10025(2)  20(1)
C(29) 2777(3) ~474(3) 9246(2) 20(1)
C(30) 1689(3) -541(3) 8434(2) 21(1)
C(31) 1439(3) 613(3) 7906(2) 19(1)
C(32) 3520(4) 5485(4) 6644(2) 37(1)
C(33) 3533(4) 6555(3) 7285(2) 36(1)
C(34) 2892(4) 6133(3) 8009(2) 31(1)
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Table D.23 Bond lengths [A] and angles [°] for ketone 5.24

S(1)-C(24)
S(1)-C(25)
S(2)-C(24)
S(2)-C(27)
S(3)-C(32)
S(3)-C(6)
S(4)-C(34)
S(4)-C(6)
C(50)-C(11)
C(50)-C(12)
C(50)-H(50A)
C(50)-H(50B)
0(2)-C(21)
0(2)-C(20)
0(3)-C(21)
0(4)-C(29)
0(5)-C(20)
0(5)-C(7)
C(1)-C(2)
C(1)-H(1A)
C(1)-H(1B)
C(1)-H(1C)
C(2)-C(3)
C(2)-H(2A)
C(3)-C(4)
C(3)-H(3A)
C(4)-C(5)
C(4)-H(4A)
C(4)-H(4B)
C(5)-C(6)
C(5)-H(5A)
C(5)-H(5B)
C(6)-C(7)
C(7)-C(8)
C(7)-H(7A)
C(8)-C(9)

1.802(3)
1.815(4)
1.790(3)
1.807(4)
1.810(4)
1.830(3)
1.807(4)
1.833(3)
1.510(4)
1.539(5)
0.9900
0.9900
1.356(4)
1.437(3)
1.195(4)
1.212(4)
1.408(3)
1.439(4)
1.503(6)
0.9800
0.9800
0.9800
1.265(6)
0.9500
1.481(6)
0.9500
1.526(5)
0.9900
0.9900
1.537(4)
0.9900
0.9900
1.553(4)
1.521(4)
1.0000
1.543(4)

C(8)-H(8A)
C(8)-H(8B)
C(9)-C(31)
C(9)-C(10)
C(9)-H(9A)
C(10)-C(18)
C(10)-C(11)
C(10)-H(10A)
C(11)-H(11A)
C(11)-H(11B)
C(12)-C(13)
C(12)-H(12A)
C(12)-H(12B)
C(13)-C(14)
C(13)-H(13A)
C(13)-H(13B)
C(14)-C(15)
C(14)-H(14A)
C(14)-H(14B)
C(15)-C(16)
C(15)-H(15A)
C(16)-C(17)
C(16)-H(16A)
C(17)-H(17A)
C(17)-H(17B)
C(17)-H(17C)
C(18)-C(19)
C(18)-H(18A)
C(19)-C(20)
C(19)-C(22)
C(20)-C(31)
C(21)-C(22)
C(22)-C(23)
C(22)-C(28)
C(23)-C(24)
C(23)-H(23A)

0.9900
0.9900
1.550(4)
1.553(4)
1.0000
1.507(4)
1.541(4)
1.0000
0.9900
0.9900
1.505(5)
0.9900
0.9900
1.537(5)
0.9900
0.9900
1.479(6)
0.9900
0.9900
1.333(6)
0.9500
1.475(6)
0.9500
0.9800
0.9800
0.9800
1.336(4)
0.9500
1.508(4)
1.508(4)
1.510(4)
1.513(4)
1.540(4)
1.554(4)
1.530(4)
0.9900
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Table D.23 continued

C(23)-H(23B)
C(24)-H(24A)
C(25)-C(26)

C(25)-H(25A)
C(25)-H(25B)
C(26)-C(27)

C(26)-H(26A)
C(26)-H(26B)
C(27)-H(27A)
C(27)-H(27B)
C(28)-C(29)

C(28)-H(28A)
C(28)-H(28B)
C(29)-C(30)

C(30)-C(31)

C(30)-H(30A)
C(30)-H(30B)
C(31)-H(31A)
C(32)-C(33)

C(32)-H(32A)
C(32)-H(32B)
C(33)-C(34)

C(33)-H(33B)
C(33)-H(33C)
C(34)-H(34B)
C(34)-H(34C)

C(24)-S(1)-C(25)
C(24)-S(2)-C(27)
C(32)-S(3)-C(6)
C(34)-S(4)-C(6)
C(11)-C(50)-C(12)
C(11)-C(50)-H(50A)
C(12)-C(50)-H(50A)
C(11)-C(50)-H(50B)
C(12)-C(50)-H(50B)

0.9900
1.0000
1.500(6)
0.9900
0.9900
1.512(6)
0.9900
0.9900
0.9900
0.9900
1.527(4)
0.9900
0.9900
1.537(4)
1.546(4)
0.9900
0.9900
1.0000
1.517(5)
0.9900
0.9900
1.525(5)
0.9900
0.9900
0.9900
0.9900

98.89(17)
100.14(17)
102.89(16)
101.65(15)
112.5(3)
109.1
109.1
109.1
109.1

H(50A)-C(50)-H(50B)

C(21)-0(2)-C(20)
C(20)-0(5)-C(7)
C(2)-C(1)-H(1A)
C(2)-C(1)-H(1B)
H(1A)-C(1)-H(1B)
C(2)-C(1)-H(1C)
H(1A)-C(1)-H(1C)
H(1B)-C(1)-H(1C)
C(3)-C2)-C(1)
C(3)-C(2)-H(2A)
C(1)-C(2)-H(2A)
C(2)-CB3)-C4)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3A)
C(3)-C4)-CO)
C(3)-C(4)-H(4A)
C(5)-C(4)-H(4A)
C(3)-C(4)-H(4B)
C(5)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
C(4H-C(5)-C(6)
C(4)-C(5)-H(5A)
C(6)-C(5)-H(5A)
C(4)-C(5)-H(5B)
C(6)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(5)-C(6)-C(7)
C(5)-C(6)-S(3)
C(7)-C(6)-S(3)
C(5)-C(6)-S(4)
C(7)-C(6)-S(4)
S(3)-C(6)-5(4)
O(3)-C(7)-C(8)
O(3)-C(7)-C(6)
C(8)-C(7)-C(6)

107.8
111.5(2)
115.0(2)
109.5
109.5
109.5
109.5
109.5
109.5
126.5(5)
116.8
116.8
130.0(4)
115.0
115.0
114.6(3)
108.6
108.6
108.6
108.6
107.6
116.2(3)
108.2
108.2
108.2
108.2
107.4
110.6(2)
106.0(2)
110.9(2)
109.0(2)
109.4(2)
110.87(16)
109.5(2)
105.6(2)
116.6(2)
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Table D.23 continued

0(5)-C(7)-H(7A)
C(8)-C(7)-H(7A)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8A)
C(9)-C(8)-H(8A)
C(7)-C(8)-H(8B)
C(9)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(8)-C(9)-C(31)
C(8)-C(9)-C(10)
C(31)-C(9)-C(10)
C(8)-C(9)-H(9A)
C(31)-C(9)-H(9A)
C(10)-C(9)-H(9A)
C(18)-C(10)-C(11)
C(18)-C(10)-C(9)
C(11)-C(10)-C(9)
C(18)-C(10)-H(10A)
C(11)-C(10)-H(10A)
C(9)-C(10)-H(10A)
C(50)-C(11)-C(10)
C(50)-C(11)-H(11A)
C(10)-C(11)-H(11A)
C(50)-C(11)-H(11B)
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(13)-C(12)-C(50)
C(13)-C(12)-H(12A)
C(50)-C(12)-H(12A)
C(13)-C(12)-H(12B)
C(50)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(12)-C(13)-C(14)
C(12)-C(13)-H(13A)
C(14)-C(13)-H(13A)
C(12)-C(13)-H(13B)

108.3
108.3
109.5(2)
109.8
109.8
109.8
109.8
108.2
106.6(2)
111.1Q2)
113.92)
108.4
108.4
108.4
109.8(2)
111.9(2)
111.5(2)
107.8
107.8
107.8
114.3(3)
108.7
108.7
108.7
108.7
107.6
114.5(3)
108.6
108.6
108.6
108.6
107.6
112.6(3)
109.1
109.1
109.1

C(6)-C(7)-H(7A)

C(14)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14A)
C(13)-C(14)-H(14A)
C(15)-C(14)-H(14B)
C(13)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15A)
C(14)-C(15)-H(15A)
C(15)-C(16)-C(17)
C(15)-C(16)-H(16A)
C(17)-C(16)-H(16A)
C(16)-C(17)-H(17A)
C(16)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
C(16)-C(17)-H(17C)
H(17A)-C(17)-H(17C)
H(17B)-C(17)-H(17C)
C(19)-C(18)-C(10)
C(19)-C(18)-H(18A)
C(10)-C(18)-H(18A)
C(18)-C(19)-C(20)
C(18)-C(19)-C(22)
C(20)-C(19)-C(22)
0(5)-C(20)-0(2)
0(5)-C(20)-C(19)
0(2)-C(20)-C(19)
0(5)-C(20)-C(31)
0(2)-C(20)-C(31)
C(19)-C(20)-C(31)
0(3)-C(21)-0(2)
0(3)-C(21)-C(22)

108.3

109.1
107.8
113.9(3)
108.8
108.8
108.8
108.8
107.7
124.6(4)
117.7
117.7
126.1(4)
116.9
116.9
109.5
109.5
109.5
109.5
109.5
109.5
123.0(3)
118.5
118.5
120.9(3)
125.1(3)
107.0(2)
102.7(2)
117.4(2)
106.1(2)
113.4(2)
111.2(2)
105.8(2)
121.4(3)
128.0(3)
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Table D.23 continued

0(2)-C(21)-C(22)
C(19)-C(22)-C(21)
C(19)-C(22)-C(23)
C(21)-C(22)-C(23)
C(19)-C(22)-C(28)
C(21)-C(22)-C(28)
C(23)-C(22)-C(28)
C(24)-C(23)-C(22)
C(24)-C(23)-H(23A)
C(22)-C(23)-H(23A)
C(24)-C(23)-H(23B)
C(22)-C(23)-H(23B)
H(23A)-C(23)-H(23B)
C(23)-C(24)-S(2)
C(23)-C(24)-S(1)
S(2)-C(24)-S(1)
C(23)-C(24)-H(24A)
S(2)-C(24)-H(24A)
S(1)-C(24)-H(24A)
C(26)-C(25)-S(1)
C(26)-C(25)-H(25A)
S(1)-C(25)-H(25A)
C(26)-C(25)-H(25B)
S(1)-C(25)-H(25B)
H(25A)-C(25)-H(25B)
C(25)-C(26)-C(27)
C(25)-C(26)-H(26A)
C(27)-C(26)-H(26A)
C(25)-C(26)-H(26B)
C(27)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
C(26)-C(27)-S(2)
C(26)-C(27)-H(27A)
S(2)-C(27)-H(27A)
C(26)-C(27)-H(27B)
S(2)-C(27)-H(27B)

110.5(2)
102.8(2)
120.0(2)
112.7(2)
104.5(2)
107.0(2)
108.9(2)
115.3(2)
108.4
108.4
108.4
108.4
107.5
110.9(2)
108.2(2)
114.70(17)
107.6
107.6
107.6
113.4(3)
108.9
108.9
108.9
108.9
107.7
112.8(3)
109.0
109.0
109.0
109.0
107.8
114.1(3)
108.7
108.7
108.7
108.7

H(27A)-C(27)-H(27B)
C(29)-C(28)-C(22)
C(29)-C(28)-H(28A)
C(22)-C(28)-H(28A)
C(29)-C(28)-H(28B)
C(22)-C(28)-H(28B)
H(28A)-C(28)-H(28B)
0(4)-C(29)-C(28)
0(4)-C(29)-C(30)
C(28)-C(29)-C(30)
C(29)-C(30)-C(31)
C(29)-C(30)-H(30A)
C(31)-C(30)-H(30A)
C(29)-C(30)-H(30B)
C(31)-C(30)-H(30B)
H(30A)-C(30)-H(30B)
C(20)-C(31)-C(30)
C(20)-C(31)-C(9)
C(30)-C(31)-C(9)
C(20)-C(31)-H(31A)
C(30)-C(31)-H(31A)
C(9)-C(31)-H(31A)
C(33)-C(32)-S(3)
C(33)-C(32)-H(32A)
S(3)-C(32)-H(32A)
C(33)-C(32)-H(32B)
S(3)-C(32)-H(32B)
H(32A)-C(32)-H(32B)
C(32)-C(33)-C(34)
C(32)-C(33)-H(33B)
C(34)-C(33)-H(33B)
C(32)-C(33)-H(33C)
C(34)-C(33)-H(33C)
H(33B)-C(33)-H(33C)
C(33)-C(34)-S(4)
C(33)-C(34)-H(34B)

107.6
117.5(2)
107.9
107.9
107.9
107.9
107.2
116.7(3)
118.3(3)
124.5(3)
122.9(2)
106.6
106.6
106.6
106.6
106.6
111.5(2)
104.3(2)
118.1(2)
107.5
107.5
107.5
114.3(3)
108.7
108.7
108.7
108.7
107.6
113.2(3)
108.9
108.9
108.9
108.9
107.8
113.8(2)
108.8
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Table D.23 continued

S(4)-C(34)-H(34B) 108.8 S(4)-C(34)-H(34C) 108.8
C(33)-C(34)-H(34C) 108.8 H(34B)-C(34)-H(34C) 107.7

Symmetry transformations used to generate equivalent atoms:
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Table D.24 The anisotropic displacement factor exponent takes the form: -2 n? [ h? a*?
U''+ ... +2hka*b*U'?]

Ull U22 U33 U23 Ul13 Ul2
S(1)  60(1) 50(1) 41(1) -25(1) -17(1) 30(1)
S(2)  104(1) 26(1) 41(1) 11(1) 37(1) 25(1)
S3)  37(1) 32(1) 24(1) 9(1) 6(1) 6(1)
S(4)  34(1) 19(1) 26(1) 2(1) 2(1) 8(1)
C(50) 28(2) 26(2) 33(2) 4(1) 14(1) 7(1)
0Q2) 14(1) 22(1) 22(1) 2(1) 4(1) 2(1)
0@3) 25(1) 25(1) 28(1) 3(1) 12(1) 1(1)
04) 28(1) 19(1) 36(1) 0(1) 1(1) 10(1)
0(5) 20(1) 18(1) 20(1) 4(1) 4(1) 6(1)
C(1) 46(3) 76(3) 63(3) 24(3) -6(2) -11(2)
C(2) 54(3) 60(3) 40(2) 14(2) 0(2) -1(2)
C(3) 412 51(3) 53(3) 20(2) -7(2) 12(2)
C4) 36(2) 37(2) 36(2) 14(2) 0(2) 11(2)
C(5) 29(2) 25(2) 23(2) 3(1) 0(1) 6(1)
C6) 30(2) 18(1) 20(2) 3(1) 1(1) 4(1)
C(7) 23(2) 19(1) 17(1) 2(1) 5(1) 5(1)
C(8) 25(2) 22(2) 20(2) 0(1) 4(1) 5(1)
C9) 22(2) 18(1) 19(2) 2(1) 5(1) 3(1)
C(10) 17(1) 17(1) 22(2) 2(1) 6(1) 1(1)
C(11) 18(1) 21(2) 26(2) 2(1) 7(1) 4(1)
C(12) 37(2) 28(2) 46(2) 4(2) 21(2) 11(2)
C(13) 33(2) 32(2) 41(2) 0(2) 15(2) 7(2)
C(14) 34(2) 29(2) 50(2) 2(2) 10(2) 9(2)
C(15) 50(2) 40(2) 45(2) -4(2) 14(2) 16(2)
C(16) 51(2) 39(2) 38(2) -4(2) 6(2) 7(2)
C(17) 54(3) 70(3) 48(3) -6(2) 15(2) 18(2)
C(18) 15(1) 15(1) 22(2) 0(1) 2(1) -1(1)
C(19) 17(1) 11(1) 18(1) -1(1) 3(1) 0(1)
C(20) 16(1) 15(1) 18(1) 2(1) 4(1) 2(1)
C(21) 202) 15(1) 24(2) 2(1) 7(1) 2(1)
C(22) 19(1) 15(1) 19(1) 0(1) 3(1) 2(1)
C(23) 22(2) 21(2) 19(2) 0(1) 2(1) 3(1)
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Table D.24 continued

C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)

212)
49(2)
23(2)
76(3)
23(2)
20(2)
20(2)
17(1)
34(2)
33(2)
38(2)

19(1)
40(2)
18(2)
212)
15(1)
13(1)
15(1)
16(1)
36(2)
25(2)
18(2)

23(2)
48(2)
83(3)
51(2)
20(2)
26(2)
25(2)
23(2)
41(2)
47(2)
31(2)

-1(1)
21(2)
-12(2)
8(2)
3(1)
A1)
-2(1)
0(1)
14(2)
9%2)
(1)

2(1)
3(2)
21(2)
20(2)
2(1)
6(1)
3(1)
3(1)
8(2)
0(2)
-6(2)

2(1)
18(2)
-4(1)
20(2)
4(1)
-1(1)
-2(1)
0(1)
3(2)
1(2)
4(1)
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Table D.25 Displacement parameters (A% x 10°) for JLW4.

Atom X y z U(eq)
H(50A) 6041 1392 7103 33
H(50B) 4785 359 6685 33
H(1A) -5089 1958 5308 97
H(1B) -5496 3254 5663 97
H(1C) -5091 3179 4770 97
H(2A) -2882 2625 5911 64
H(3A) -3411 5041 5704 60
H(4A) -1387 5474 6738 44
H(4B) -991 5358 5847 44
H(5A) -516 3254 6075 32
H(5B) -910 3370 6966 32
H(7A) 2627 3584 7743 23
H(8A) 2554 2395 6491 27
H(8B) 1035 1753 6495 27
H(%9A) 2650 353 7029 23
H(10A) 4297 2370 7708 22
H(11A) 5763 852 8435 25
H(11B) 4545 -224 8032 25
H(12A) 7217 -345 7723 42
H(12B) 6020 -1300 7157 42
H(13A) 7974 368 6572 41
H(13B) 6665 -380 5955 41
H(14A) 8658 -1671 7003 45
H(14B) 7443 -2333 6280 45
H(15A) 8658 -1272 5294 52
H(16A) 10723 -1825 6584 52
H(17A) 12222 -1698 5747 84
H(17B) 10977 -2163 4983 84
H(17C) 11365 -685 5248 84
H(18A) 4669 2110 9245 21
H(23A) 2988 2096 11179 25
H(23B) 4032 2774 10673 25
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Table D.25 continued

H(24A)
H(25A)
H(25B)
H(26A)
H(26B)
H(27A)
H(27B)
H(28A)
H(28B)
H(30A)
H(30B)
H31A)
H(32A)
H(32B)
H(33B)
H(33C)
H(34B)
H(34C)

1462
1391
2717
3408
2029
1661
735

3705
2143
802

1901
545

4003
4037
3029
4492
3055
3356

3602
5685
6537
6993
7558
6674
5796
437
91
-847
-1212
398
4807
5805
7224
6927
6842
5424

10807
11703
12231
10955
11052
9716
10203
10382
10337
8574
8062
7502
6926
6227
7008
7505
8439
8260

25
56
56
49
49
57
57
23
23
25
25
23
44
44
43
43
37
37
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Table D.26

C(1)-C(2)-CR)-C(4)
C(2)-C3)-C(4)-C(5)
C(3)-C(4)-C(5)-C(6)
C(H-C(5)-C(6)-C(7)
C(4)-C(5)-C(6)-S(3)
C(4)-C(5)-C(6)-S(4)
C(32)-S(3)-C(6)-C(5)
C(32)-S(3)-C(6)-C(7)
C(32)-S(3)-C(6)-S(4)
C(34)-S(4)-C(6)-C(5)
C(34)-S(4)-C(6)-C(7)
C(34)-S(4)-C(6)-S(3)

C(20)-0(5)-C(7)-C(8)
C(20)-0(5)-C(7)-C(6)

C(5)-C(6)-C(7)-0(5)
S(3)-C(6)-C(7)-0(5)
S(4)-C(6)-C(7)-0(5)
C(5)-C(6)-C(7)-C(8)
S(3)-C(6)-C(7)-C(8)
S(4)-C(6)-C(7)-C(8)
O(5)-C(7)-C(8)-C(9)
C(6)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(31)
C(7)-C(8)-C(9)-C(10)

C(8)-C(9)-C(10)-C(18)

C(31)-C(9)-C(10)-C(18)

C(8)-C(9)-C(10)-C(11)

C(31)-C(9)-C(10)-C(11)
C(12)-C(50)-C(11)-C(10)
C(18)-C(10)-C(11)-C(50)
C(9)-C(10)-C(11)-C(50)

C(11)-C(50)-C(12)-C(13)
C(50)-C(12)-C(13)-C(14)
C(12)-C(13)-C(14)-C(15)
C(13)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)

-179.3(5)
-1.9(7)
179.9(3)
167.3(3)
-72.4(3)
47.003)
173.9(2)
-66.0(2)
55.7(2)
-173.3(2)
65.6(2)
-57.01(19)
52.9(3)
179.2(2)
-54.2(3)
~171.43(18)
66.0(3)
67.7(3)
-49.6(3)
_172.2(2)
-55.8(3)
-175.6(2)
63.1(3)
-61.5(3)
100.7(3)
-19.6(3)
-135.8(2)
103.8(3)
-177.7(3)
-159.1(3)
76.3(3)
-170.2(3)
-170.4(3)
“171.7(3)
127.9(4)
-179.9(4)
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Table D.26 continued

C(11)-C(10)-C(18)-C(19) -136.1(3)
C(9)-C(10)-C(18)-C(19) “11.7(4)
C(10)-C(18)-C(19)-C(20) 0.0(4)
C(10)-C(18)-C(19)-C(22) 147.0(3)
C(7)-0(5)-C(20)-0(2) -178.3(2)
C(7)-0(5)-C(20)-C(19) 65.7(3)
C(7)-0(5)-C(20)-C(31) -58.2(3)
C(21)-0(2)-C(20)-0(5) -122.92)
C(21)-0(2)-C(20)-C(19) 0.8(3)
C(21)-0(2)-C(20)-C(31) 115.5(3)
C(18)-C(19)-C(20)-0(5) -85.3(3)
C(22)-C(19)-C(20)-0(5) 122.5(2)
C(18)-C(19)-C(20)-0(2) 160.7(2)
C(22)-C(19)-C(20)-0(2) 8.4(3)
C(18)-C(19)-C(20)-C(31) 42.4(3)
C(22)-C(19)-C(20)-C(31) -109.9(2)
C(20)-0(2)-C(21)-0(3) 173.8(3)
C(20)-0(2)-C(21)-C(22) -9.9(3)
C(18)-C(19)-C(22)-C(21) -164.2(3)
C(20)-C(19)-C(22)-C(21) “13.4(3)
C(18)-C(19)-C(22)-C(23) 69.9(4)
C(20)-C(19)-C(22)-C(23) -139.4(3)
C(18)-C(19)-C(22)-C(28) -52.5(4)
C(20)-C(19)-C(22)-C(28) 98.3(3)
0(3)-C(21)-C(22)-C(19) -169.6(3)
0(2)-C(21)-C(22)-C(19) 14.5(3)
0(3)-C(21)-C(22)-C(23) -39.0(4)
0(2)-C(21)-C(22)-C(23) 145.1(2)
0(3)-C(21)-C(22)-C(28) 80.7(4)
0(2)-C(21)-C(22)-C(28) -95.3(3)
C(19)-C(22)-C(23)-C(24) 76.5(3)
C(21)-C(22)-C(23)-C(24) ~44.7(3)
C(28)-C(22)-C(23)-C(24) -163.3(2)
C(22)-C(23)-C(24)-S(2) -56.3(3)
C(22)-C(23)-C(24)-S(1) 177.1(2)
C(27)-S(2)-C(24)-C(23) 179.6(2)
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Table D.26 continued

C(27)-S(2)-C(24)-S(1) -57.5(2)
C(25)-S(1)-C(24)-C(23) -177.0(2)
C(25)-S(1)-C(24)-S(2) 58.6(2)
C(24)-S(1)-C(25)-C(26) -60.3(3)
S(1)-C(25)-C(26)-C(27) 68.6(4)
C(25)-C(26)-C(27)-S(2) -66.6(4)
C(24)-S(2)-C(27)-C(26) 57.0(3)
C(19)-C(22)-C(28)-C(29) 23.8(3)
C(21)-C(22)-C(28)-C(29) 84.7(3)
C(23)-C(22)-C(28)-C(29) _153.2(3)
C(22)-C(28)-C(29)-0(4) 147.2(3)
C(22)-C(28)-C(29)-C(30) ~40.1(4)
0(4)-C(29)-C(30)-C(31) -125.2(3)
C(28)-C(29)-C(30)-C(31) 62.2(4)
0(5)-C(20)-C(31)-C(30) -170.1(2)
0(2)-C(20)-C(31)-C(30) -54.9(3)
C(19)-C(20)-C(31)-C(30) 59.9(3)
0(5)-C(20)-C(31)-C(9) 61.4(3)
0(2)-C(20)-C(31)-C(9) 176.5(2)
C(19)-C(20)-C(31)-C(9) -68.7(3)
C(29)-C(30)-C(31)-C(20) _48.2(4)
C(29)-C(30)-C(31)-C(9) 72.6(4)
C(8)-C(9)-C(31)-C(20) -62.9(3)
C(10)-C(9)-C(31)-C(20) 59.9(3)
C(8)-C(9)-C(31)-C(30) 172.6(2)
C(10)-C(9)-C(31)-C(30) -64.5(3)
C(6)-S(3)-C(32)-C(33) -57.1(3)
S(3)-C(32)-C(33)-C(34) 64.5(4)
C(32)-C(33)-C(34)-S(4) -66.7(4)
C(6)-S(4)-C(34)-C(33) 60.5(3)

Symmetry transformations used to generate equivalent atoms:
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