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Abstract

Icetexanes are a family of natural products with a wide array of biological activities,
making them desirable targets for synthetic chemists over the past decade. Chapter 1 outlines the
structure and different types of icetexanes—from the first isolated icetexane to the classification
system that arose from the numerous icetexanes that have since been discovered. Along with the
biosynthetic pathway, chapter 1 takes a closer look at early synthetic developments towards the
core structure of icetexanes.

Chapter 2 outlines the structure and biological activity of the icetexane premnalatifolin A.
Chapter 2 then delves into the synthetic efforts towards premnalatifolin A conducted by Mr. Daniel
J. Moon and Dr. Mohammad Al-Amin in the Chain Laboratory. Inspired by Moon and Al-Amin’s
works, Dr. Ali N. Amiri and Mr. Alexandre Ziegelmeier have made large strides towards the
completion of both the northern and southern monomers of Premnalatifolin A.

Chapter 3 introduces the necessity for a large array of icetexane analogues. Taking
inspiration from my predecessors, my efforts towards the synthesis of three conventional unnatural

icetexane analogues are detailed in chapter 3.
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CHAPTER 1
Icetexanes
1.1 Introduction

Medicinal plants have been used as homeopathic and natural remedies for various ailments
throughout history. Although modern medicine and drug discovery have made huge progress,
homeopathic remedies are still prevalent and can be purchased over-the-counter (OTC) in
pharmacies. For example, a homeopathic cold medicine marketed as ColdCalm® contains low
dosages of several natural products, which are constituents of the extracts of various terrestrial
plants such as Atropa belladonna (deadly nightshade) and A/lium cepa (common onion). The use
of natural remedies in Chinese traditional medicine is still common in modern Chinese culture.
One important group of herbs is thought to purge the body of interior heat and thus are considered
antipyretic.! Such natural remedies have the potential to treat inflammatory diseases and microbial
infections. A flowering plant like Calendula officinalis (English marigold) has been used in
traditional medicine to treat wounds, ulcers, scars, frostbite, and more.? Even children’s books like
the Warrior Cats series by Erin Hunter make references to natural remedies like marigold being

used to prevent infection.

Today, many drugs are developed from the natural products found in plants and have been
shown to be effective against various diseases. As of this writing, approximately 25% of FDA
approved drugs are derived from natural products that originate from plants.®> As such, it is often
necessary and relevant to probe these various natural products for the full extent of their efficacy

and utilize chemical synthesis to generate large scale quantities of these natural products.



One family of medicinally active natural products isolated from plants are icetexanes.*

Icetexanes are a class of natural products that contain a 6-7-6 tricyclic framework and are often
isolated from plant species that also produce abietane natural products, containing a 6-6-6 tricyclic
framework. The first icetexane natural product, icetexone 1.1, was isolated alongside abietane
natural product, conacytone 1.2, in 1976 from the Salvia Ballotaeflora by Watson and coworkers.®
They suspected that icetexone was derived from conacytone due to the similarities in structure.

However, this synthetic link was not confirmed until several years later.

1.1
icetexone conacytone

Figure 1.1 First discovered icetexone

Since the seminal isolation of icetexone in 1976 by Watson and coworkers, over 150
different icetexane natural products have been described. Icetexanes have been shown to have a
variety of biological activities ranging from antimicrobial (lanigerol 1.3),” antibacterial
(salviasperanol 1.4),® trypanocidal((+)-komaroviquinone 1.5),” antiproliferative, and cytotoxic

activities (1.6 and salviadenone A 1.7).%1%!!



(+)-komaroviquinone salviadenone A

Figure 1.2 Some icetexane natural products

1.2 Classification

There are currently six classes of icetexanes that indicate both the regiochemistry and
degree of oxygenation of the core scaffold. In 2009, Simmons and Sarpong proposed an icetexane
classification system based upon the position of oxygenations on the 6—7—6 tricyclic scaffold. Their
five proposed classes involved variations in oxygenations about C(3), C(11), C(12), C(14), and
C(19).1% An additional sixth class that did not fall within the icetexane classes described by
Simmons was proposed by the Chain group in 2022 to account for novel icetexanes isolated after

the 2009 review.!%



1.8
icetexane skeleton
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pisiferin family barbatusol family taxamairin family
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coulterone family icetexone family deoxo-barbatusol family

Figure 1.3 Icetexane classification

Icetexane class 1 1.9 is oxygenated solely at C(12). Members of this class are named after
the natural product pisiferin 1.15, which was first isolated from the leaves of Chamaecyparis
pisifera.'* Originally thought to contain a 7-6-6 tricyclic framework, the correct structure of

pisiferin was elucidated by a second isolation from the seeds of Chamaecyparis pisifera."



115 > 116
pisiferin barbatusol

OCHj,4 H3CO OCHj, HO OCHj,4
O CH, CH, CH,
'CH ’CH H.C¥: H
3 3 3 CH3
1.17 1.18 1.19
taxamairin A taxamairin B coulterone

Figure 1.4 Parents of icetexane classes

Icetexane class 2 1.10 is oxygenated at both C(11) and C(12). Members of this class are
named after the natural product barbatusol 1.16, which was first isolated from the bark and
heartwood of Coleus barbatus.'* The structural elucidation of barbatusol helped to establish the
biosynthetic relationship between abietanes and icetexanes.

Icetexane class 3 is oxygenated at C(3), C(11), and C(12). Members of this class are named
after the natural products taxamairin A 1.17 and taxamairin B 1.18, which were both isolated from
the bark of Taxus mairei.'®

Icetexane class 4 is oxygenated at C(11), C(12) and C(14). Members of this class are named
after the natural product coulterone 1.19, which was first isolated from roots of Salvia coulteri.'®

Icetexane class 5 is oxygenated at C(11), C(12), C(14) and C(19). Members of this class
are named after icetexone 1.1, the first icetexane to be discovered.®

Icetexane class 6 is oxygenated solely at C(11). Because members of this class lack the

second oxygenation at C(12) characteristic of barbatusol, icetexane class 6 is designated as the



deoxo-barbatusol family. The first class 6 icetexanes were isolated alongside barbatusol icetexanes

by Rao and coworkers in 2009 year from the stem bark of Premna tomentosa."’

1.3 Biosynthetic Pathway

Icetexanes are found in plants that often produce abietane natural products and are thought
to be related as secondary metabolites. Abietane natural products, with a 6-6-6 tricyclic
framework 1.20, are thought to rearrange into the resulting 6—7—6 tricyclic framework of

icetexanes 1.8 which therefore bears the systematic name 9(10 —20)-abeo-abietane.!”

1.8 1.20
icetexane skeleton abietane skeleton

Figure 1.5 Comparison of the icetexane and abietane frameworks

The first link between icetexanes and abietanes was discovered by Rodriguez-Hahn and
coworkers in 1983.'® They discovered that treating abietane 1.21 with potassium carbonate and
iodomethane in wet acetone resulted in the opening of the lactone moiety and formation of a C(6)—
C(7) double bond to afford ester 1.22. Subsequent hydrogenation and reduction generated the
primary alcohol 1.23. Treatment of alcohol 1.24 with an excess amount of 4-toluenesulfonyl

chloride in pyridine generated barbatusol dimethyl ether 1.25.



1.21 1.22 1.23

1. Hy, 10% Pd/C
2. LIAIH,

58%
(2 steps)

[

1.16 TsCl
barbatusol ; pyridine
60%
1.25 1.24

Figure 1.6 First discovered synthetic link between abietanes and icetexanes

In 1991, Gonzalez and coworkers proposed a general biosynthetic pathway from abietanes
to icetexanes.'” It began with an enzymatic protonation—dehydration of 1.26, yielding intermediate
1.27. Intermediate 1.27 then undergoes a Wagner—Meerwein rearrangement to produce carbocation
intermediate 1.28, which now contains the central 7-member ring of the icetexanes. 1.29 is then
obtained by trapping the carbocation 1.28 by water. It has also been reported that the C(20)
activated abietane 1.27 could be a result of enzymatic hydride abstraction from the C(20) methyl
group of the abietane 1.30, which then undergoes the aforementioned carbocation cascade to

generate icetexane natural products.*



1.29

Figure 1.7 Biosynthetic pathway from abietanes to icetexanes

1.4 Early Synthetic Milestones

Icetexanes first appeared in literature in 1976 with the seminal isolation of icetexone 1.1
from the Salvia Ballotaeflora by Watson and coworkers.® Just ten years later, Matsumoto and
coworkers reported the first total synthesis of a racemic icetexane, pisiferin 1.15.2! It began with a
Wittig reaction to join phosphonium ylide 1.31 and racemic aldehyde 1.32, followed by a selective
hydrogenation of the resulting styrene to produce the trisubstituted aromatic 1.33.?> Epoxidation
of 1.33 with m-chloroperbenzoic acid (mCPBA) and the subsequent epoxide opening under the
action of lithium N,N-diethylamide (LiNEt,) afforded alcohol 1.34.23 Alcohol 1.34 was oxidized
to the corresponding enone under the action of pyridinium chlorochromate (PCC) and then

cyclized upon heating at 80—-85 °C with polyphosphoric acid to generate a mixture of epimeric

8



ketones 1.35a and 1.35b. Ketone 1.34 was then reduced with lithium aluminum hydride (LiAlH4)
and demethylated to afford alcohol 1.36. Alcohol 1.36 was regioselectively dehydrated by
bimesylation and followed by heating in 2,4-lutidine to give the alkene 1.37, which was then

demesylated under the action of LiAlH4 to generate racemic pisiferin 1.15.

OCH,CH, . m >
1. "BuLi, PhH 1. "CPBA
CHy _ then132 . CH,Cl ocH
2. H,, Pd/C s 2.LINEt, HyC™ c
CH,PPh.CI EtOH hexane CH3 Ha
21 3: o 519% 1.34 CH,
. (2 StepS) (2 StepS)
----------C-F';"": 1 PCC 65%
' CH,Cl, (2 steps)
. o 2. PPA

................

1. LiAIH,
Et,O
2. AICI5
EtSH
CH,4 CH,Cl,
73%
(2 steps)

1. MsCl, pyr

2. 2,4-lutidine
1.36

1.15 CHs
)-pisiferin

I+

(

Figure 1.8 Synthetic route to pisiferin 1.15

The first asymmetric total synthesis of an icetexane, (+)-komaroviquinone 1.5, was
completed by Majetich’s group in 2007.2* The synthesis began with an eight-step preparation of
benzyl bromide 1.39 from 3,4,5-trimethoxybenzoic acid. Diketone 1.38 was deprotonated under
the action of sodium hydride and the corresponding enolate was alkylated with bromide 1.39
before a second enolization event and O-methylation with dimethyl sulfate occur to afford enone

1.40. Enone 1.40 then underwent a tandem Isler® alkynylation— Stork-Danheiser?® transposition

9



to afford enynone 1.41. Lindlar reduction of 1.41 afforded conjugated dienone 1.42, which was
then cyclized under the action of a Lewis acid to afford the tricyclic icetexane product 1.43.%’
Bromination of 1.43 with N-bromosuccinimide (NBS) in acetic acid followed by a radical
dehalogenation and a stereoselective reduction with the Corey-Bakshi-Shibata catalyst generated
acetates 1.44 as a 1:1 diastereoisomeric mixture.”® Acetate 1.45 undergoes a Myers allylic
transposition followed by a two-step acetate cleavage-oxidation sequence to afford ketoalkene
1.46.% Introducing NBS in wet acetone to the ketoalkene 1.46 followed by radical dehalogenation
generated 1.47 which upon oxidation under the action of silver(Il) oxide in 7 N nitric acid afforded

(+)-komaroviquinone 1.5.°

10



o) 0 1. NaH,
\I\::E then 1.39
“gﬁ% 2. NaH
138 (CH3)2S0,4 H,C
85%
(2 steps)
Br
© o 1.39
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3. CBS reduction

(+)-komaroviquinone

Figure 1.9 Synthetic route to komaroviquinone 1.5
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CHAPTER 2
Premnalatifolin A & Synthesis of Icetexane Analog Intermediates
2.1 Introduction to Premnalatifolin A

Several plants belonging to the genus Premna have been used for treatment of hepatic
disorders and for antioxidant and immunomodulatory effects; in particular Premna latifolia is
commonly used in many traditional medicine treatments in India. Premna latifolia Roxb. is more
commonly called Agnimantha and Arani and is known to be medicinally potent and a rich source
of antioxidants.’® The bark of Premna latifolia Roxb. is traditionally ground into a paste and

applied to cure boils.?!

Its leaves have diuretic, anti-inflammatory, and anti-cancerous
properties.**! The plant is used to treat a variety of ailments, including diarrhea, beri-beri, vaginal

irritation, snakebites, liver ailments, ulcers, hemorrhoids, indigestion, and cough.*

One isolated icetexane of interest is the heterodimeric diterpene icetexane premnalatifolin
A 2.1. Premnalatifolin A was isolated in 2011 by Babu and co—workers from the stem bark extracts
of the Premna latifolia, along with three monomeric icetexanes latifolionol 2.2, dihydrolatifolionol

2.3, and latiferanol 2.4.3

12



premnalatifolin A OH
2.4

latiferanol

Figure 2.1 Structures of icetexanes isolated from Premna latifolia

Of the aforementioned icetexanes isolated from Premna latifolia, Premnalatifolin A and
latifolionol were shown to be active against breast cancer and colon cancer cell lines when tested
against eight human cancer cell lines. Premnalatifolin A and latifolionol exhibit an ICso = 1.77 uM
and ICsp = 3.53 uM against MCF-7 breast cancer cell lines, respectively.>*** Premnalatifolin A
and latifolionol also exhibit an ICso = 19.4 uM and ICso = 127 uM against HT-29 cell lines,
respectively. In comparison, the industry standard of care for breast cancer patients, Doxorubicin
(Adriamycin®), has an ICsp of 3.70 uM against MCF-7 cancer cell lines.>> Unfortunately,
Doxorubicin earned the nickname “the red death” due to the severe deleterious side effects, acute
cardiotoxicity, and high rates of fatalities. The undesired side effects of Doxorubicin and biological
activity profile of Premnalatifolin A make for a promising candidate for alternative

chemotherapeutic therapies for breast cancer patients.

13



Doxorubicin

Figure 2.2 Structure of doxorubicin

2.2 Prior Synthesis Studies

In 2018, a simple strategy towards the synthesis of simple monomeric analogues of
premnalatifolin A was developed in Prof. William Chain’s laboratories. The synthesis proceeds
with the joining of two key intermediates, silylenol ether 2.7 or 2.9. and benzyl chloride 2.12. The
synthesis of the silylenol ether 2.7 began with a Michael 1,4 Addition of 2-cyclohexen-1-one 2.6
and vinylmagnesium bromide in the presence of copper(l) iodide and the resultant enolate is

trapped with chlorotrimethylsilane in 96% yield.*¢

OTMS
9 4\MgBr
Cul, THF
then TMSCI, Et3N o
RY R RTZH |
2.6,R=H 2.7,R=H, 96%
2.8,R=CHs 2.9 R = CHj,
89%

Figure 2.3 Synthetic route to silylenol ether 2.7 and 2.9

The benzyl chloride 2.12 was synthesized in five steps. A nucleophilic aromatic

substitution with potassium hydroxide and 2-chloro-6-fluorobenzaldehyde 2.10 gave the

14



corresponding chlorosalicylic acid in 91% yield,>” which then underwent a Suzuki-Miyaura
coupling with potassium vinyltrifluoroborate under the action of palladium(II) acetate with (+)-
BINAP as ligand in dimethylformamide/water to give the styrenealdehyde 2.11 in 93% yield.*8
The aldehyde was then converted to benzyl chloride 2.12 over three steps via silyl protection,

reduction of the aldehyde and conversion of the resultant alcohol, with a 79% overall yield.

1. TBSCI, Et;N
CH,Cl,, 97%
o F 1. KOH O OH 2. NaBH, O  OTBS
’ H,0/DMSO, 91% CHiOH, 92%
. 2. Pd(OAc),, BINAP, 3. SOCl,, Et,0
| z X = Cl
—_N ¥
[ 8k | or PBrs, CH,Cl, |
210 Cs;,COs, H:O I THF, 5 44 X = Br 2.12, X = Cl, 88%
: 93% ' 2.13, X = Br, 63%

Figure 2.4 Synthetic route of benzyl chloride 2.13

Initial attempts to join the two key intermediates were made using the enolate-ortho—
quinone-methide (OQM) coupling sequence developed in the Chain group.®® This was first tested
on a simplified model system with silylenol ether 2.7 and silyloxy benzyl chloride 2.12. It was
found that silylenol ether 2.7 and silyloxy benzyl chloride 2.12 joined together quickly and
diastereoselectively to exclusively afford the 1,2-trans alkylation product 2.14. However, there
also was a post-alkylation addition of the phenoxide to the carbonyl function to give cyclic
hemiketal diastereomers 2.15. The open ketophenol 2.14 could not be captured using the OQM

reaction strategy, even upon many efforts to open the resultant cyclic hemiketal.

15



OTMS OTBS Q

+ ClI TMAF

CHClI,
-78°C

\ 214

2.7 212

Figure 2.5 Unsuccessful alkylation via the OQM methodology

Other efforts to form the carbon—carbon bond linkage were then explored. Treatment of
the silylenol ether 2.7 with methyllithium in dimethyl ether at —78°C unmasked the silyl enolate to
allow for the alkylation of benzyl chloride intermediate 2.12. The alkylation proceeds
diastereoselectively and afforded the desired product 2.16 in 35% yield. 2.17 could also be
synthesized in 75% yield by implementing 4,4-dimethyl-2-cyclohexen-1-one as the silyl enol ether
precursor. 2.16 and 2.17 alkylations both resulted in the formation of second regioisomers, likely
as a result of isomerization of the enolate during the reaction conditions. Subsequently, the vinyl
groups were joined in ring-closing metathesis reactions utilizing Grubbs second generation catalyst
2.18 in dichloromethane to give the corresponding protected icetexanes 2.19 and 2.20 in 92% and
85% vyield, respectively.*’ With the protected core 6-7—6 tricyclic framework in place, 2.19 and
2.20 were hydrogenated using palladium on carbon in ethyl acetate to give 2.23 and 2.24.
Analogues 2.19, 2.20, 2.23 and 2.24 were deprotected using tetrabutylammonium fluoride in
tetrahydrofuran at 23 °C to give ketophenols 2.21, 2.22, 2.25 and 2.26 with yields of 73%, 53%,

71%, and 99%, respectively.

16



OTMS

CHsLi, DME 2.18, 3-5 mol%
then 2.12] CH,Cl,
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2.24 R = CHj3, 95% 2.26, R = CH3, 99%

Figure 2.6 Synthetic routes to icetexanes 2.21, 2.22, 2.25 and 2.26

Of these four icetexane analogues, 2.25 was soluble in cell media culture and viable for
testing against the MCF-7 breast cancer cell line. Increasing concentrations of 2.25 decreased the
cell survival of MCF-7 and the LDso was determined to be 250 uM. Encouraged by this LDso, it
was determined that alternative icetexane analogues with both increased biological activity
towards tumor cells and low cytotoxicity are therefore desirable. Additionally, the low water
solubility of analogues 2.21, 2.22, 2.25 and 2.26 necessitates the generation of new analogues
containing additional functional groups to improve water solubility and increase potency.

Inspired by the works of Moon et. al., Dr. Ali Amiri Naeini first targeted the synthesis of

diol 2.27 to address the low water solubility of 2.22.
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Figure 2.7 Structural comparison of targeted icetexanes 2.22 and 2.27

Tetrasubstituted aromatic 2.29 was synthesized from 2,3—dihydroxybenzaldehyde from
previously described literature procedures.*! 2.29 then underwent a Suzuki-Miyaura reaction under

basic conditions to give 2.30.%

O OH OCH, /\éFle* OCHaoCH
3
H OH /> o OCH;  Ph(PPhg),, Cs2CO3> HO
> THF:H,0
Br 85 °C, 24h
2.28 2.29 88% 2.30

Figure 2.8 Synthetic route to 2.30

The benzylic alcohol on 2.30 was converted to the corresponding bromine in a two-step
one-pot process. The alcohol is first converted to the corresponding methylsulfonate under the
action of triethylamine and methanesulfonyl chloride followed by displacement of the resultant
mesylate with lithium bromide to afford the benzyl bromide 2.31.** The silyl enol ether 2.9 is then
treated with methyl lithium to unmask the trimethylsilyl group and reveal lithium enolate. The
alkylation reaction is then preformed following the precedent set by Moon et. al. 2.31 is added to
the lithium enolate to afford 2.32a and its regioisomer 2.32b. The resulting regioisomeric mixture

was then subjected to the Grubbs Catalyst 2"! Generation in a final ring closing metathesis reaction
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to afford the icetexane 3.33 (40% over three steps), as only the desired regioisomer of the
alkylation undergoes ring closing metathesis.** Alex Ziegelmeier then completed the synthesis of

diol 3.27 by treating icetexane 3.33 with boron tribromide (BBr3) to afford diol 3.27.

OH OCH, Br  OCH,
OCH; MsClI, Et;N, THF OCH,
then LiBr, THF

2.30 2.31

oTMS CHaLi, LiBr Grubbs Cat.
DME 2" Gen (5 mol%)
_— >
then 2.31, DME C?gi'z
24 h H,C™z H 40%
(3 steps)

BBr3

)
CH,Cl, | 237

Figure 2.9 Synthetic route to icetexane 2.27

2.3 Synthetic Efforts towards the Southern Monomer of Premnalatifolin A

The Chain group at the University of Delaware first focused on synthesizing the southern
monomer of premnalatifolin A applying the knowledge gained from the construction of the
simplified analogs. The Chain group strategy towards synthesizing icetexanes involves the joining

of a cyclohexanone enolate nucleophile with highly functionalized benzyl halide electrophile.
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Naeini encountered difficulties in the formylation of tetrasubstituted aromatic species to generate
the precursor for alkylation. Despite extensive efforts, Naeini was initially unable to formylate
rapidly generated tetrasubstituted aromatics utilizing the Rieche or Vilsmeier—Haack protocols.*

He was eventually able to access pentasubstituted aromatic 2.46 through a lengthy
synthesis. Benzaldehyde 2.34 was treated with boron tribromide followed by methyl iodide and
potassuium carbonate to shuffle the methyl group from one phenol to the other to afford 2.35.
Benzaldehyde 2.35 was oxidized to a carboxylic acid utilizing Tollens’ oxidation protocol and then
esterified under acidic conditions to afford benzylic ester 2.36.° Benzylic ester 2.36 was converted
to tertiary alcohol 2.37 under the action of two equivilents of methyl magnesium bromide. Tertiary
alcohol 2.37 was dehydrated by pyridinium p-toluenesulfonate to afford styrene 2.38 which then
underwent a hydroboration—oxidation protocol to yield primary alcohol 2.39. The phenolic
hydroxyl on 2.39 was allylated to generate 2.40 which was then methylated to afford O-
allylbenzene 2.41. Treatment of O-allylbenzene 2.41 with heat resulted in a Claisen [3,3]-

sigmatropic rearrangement to afford allylbenzene 2.42.
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’ 1. BBrs, CHZCI?b OCHs 4. Ag,0, NaOH(aq)> OCHs
2.CH3l, K,CO5 H  2.H,SO, CHiOH OCH,
DMF r r

94% o]
61% ° 2.36
CH3MgBr
THF
91%
OH

OCH BH; DMS, THF OCH OH

3 <then NaOH 4q) 3 - PPTS OCH,4

Br OH then H,0, Br CH,Cl,, 100 °C Ol
CH, 98% 93% Br
2.39 23 2.37 CHs
AllylBr, K,CO5
acetone
97%
OAllyl OAllyl

OCH H

3 CH3I NaH OCH,

OCH;
90%
2.41

Figure 2.10 Synthetic route to allylbenzene 2.41

Allylbenzene 2.42 was isomerized under basic conditions to yield a styrene and
subsequently trapped with methyl iodide to afford 2.43. 2.43 then underwent a reductive
ozonolysis to produce benzaldehyde 2.44 which was then subjected to a Suzuki-Miyaura coupling
to afford styrene 2.45. Reduction of styrene 2.45 with diisobutylaluminium hydride generated the

desired pentasubstituted righthand side of the southern monomer, 2.46.
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7 H,C O OCH
OH oo 1. KO'Bu | Qs 04 ® ocH
3 THE OCH;  GH,OH:CHCI;_  H ’
2. CHal, K,CO then PPhy
Br OCH,4 ace?ione2 ° Br OCH, : Br OCH,
CH CH,3
3 71% CHs 91%
2.42 2.43 2.44
l/\éFalw
Ph(PPh3)4, 032003
THF:H,0
76%
OH OCH, O OCH,
OCH,4 OCH,4
¢ DIBAL—H H
i OCH, THF OCH,
CH, 99% CH,
2.46 2.45

Figure 2.11 Synthetic route to the righthand side of the southern monomer, 2.46

The joining of the right- 2.9 and lefthand 2.46 sides of the southern monomer was achieved

using previously employed methods to produce icetexane 2.49.

22



of Qe Br  OCH,
OCH, MsCl, Et;N, THF OCH,
then LiBr, THF
| OcHs OCH,
CH,4 L,
2.46 2.47 ]
oTMS
CHjsli, LiBr ocH Grubbs Cat.
—_ 5 32" Gen (5 mol%)
DME o)
H.C”: H then 3.60, DME C?gilz
3 CH, 24 h H,C”: H e Haa
29 (3 steps)

Figure 2.12 Synthetic route to icetexane 2.49

Alex Ziegelmeier built upon Naeini’s work to complete the protected southern monomer
of Premnalatifolin A. To this end, 2.50 was synthesized from 2.34 with their fert-butyldimethylsilyl
(TBS) alcohol projective groups over 16 steps. [ have previously assisted in the completion of this
synthesis of 2.50 during work completed before my thesis project. The same alkylation and ring-
closing metathesis strategy utilized by Naeini to join enolate 2.9 and vinyl bromide 2.51,
Ziegelmeier was able to synthesize 2.53. However, the previously described deprotection strategy
with BBr3 not only fully stripped 2.53 of their respective protecting groups but also brominated at
the end of the alkyl chain. This undesired bromination led to the attempts of other global
deprotection conditions but also yielded no success. Due to the lengthy synthesis of 2.53 and 2.49
and difficulty of deprotection, a more efficient route to synthesize 2.50 and 2.46 was necessary

and is currently under development.
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o OCH,  _ MsCl, EtN, THF OCH,
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CH3 | CH,
2.3 2.50, R = TBS, 6% (16 steps) — 2.51, R=TBS -
2.46, R = CHs, 15% (16 steps) 2.47, R = CHs
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CHjsli, LiBr R OR
2" Gen (5 mol%)
DME > >
> then 2.51 or 2.46 CH, ngch;lz : CH,
3 _ 3

29 24h . gig: ~ EEIS 2.53, R = TBS, 39% (3 steps)
e 8 2.49, R = CHs, 69% (3 steps)

HsCO  ocH,

(0]
OR
~ CH,
HiC CHy \
2.52b, R = TBS
2.48b, R = CH,

Figure 2.13 Synthetic route to icetexane 2.53

Ziegelmeier is currently pursuing a more efficient route from 2.34 to 2.50 and 2.46 that
leverages an electrochemical pyridinium cross coupling approach to install the alkyl chain at the
bromine. Using conditions developed in collaboration with Prof. Mary Watson and her group, 2.54
and 2.58 were subjected to electrolysis using Co (+) and SS (—) electrodes, nickel catalysts, and
a pyridinium salt to form 2.55 and 2.59, respectively.*’ The syntheses of 2.57 and 2.61 from 2.28
and 2.60 are now viable in seven and five steps, respectively. This chemistry optimizes the number
of steps required to synthesize 2.57 from 16 to seven steps, cutting the route down by over half the

steps.
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Figure 2.14 Optimization of the route to 2.57

Ziegelmeier was also able to optimize the alkylation conditions, ultimately finding that the

reaction proceeded diastereoselectively under the action of tetramethylammonium fluoride,

eliminating the formation of the undesired regiosomeric product of the alkylation.
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Figure 2.15 Optimization of alkylation conditions

2.4 Synthetic Efforts towards the Northern Monomer of Premnalatifolin A

Following the synthesis of the protected southern monomer of premnalatifolin A, the Chain
group began devising a route towards the northern monomer of premnalatifolin A. Unlike the
southern monomer, the northern monomer has a dihydrobenzofuran ring connecting C(12) to
C(13) and lacks a carbonyl group on C(1), instead carrying a hydroxyl group on C(10). The Chain
group proposed a synthetic route involving two key steps: the generation of the dihydrobenzofuran
ring and the transposition of the oxygen.

The proposed retrosynthesis first transposes the oxygen in 2.66 through a series of
dehydration, epoxidation, and epoxide opening to 2.62. The dihydrobenzofuran ring 2.3 can then
be generated from the open monomer 2.62 via a Mitsunobu type cyclization, or cyclization of the

previously mentioned bromide in the synthesis of the southern monomer.*®
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2.66 2.65 2.64

Figure 2.16 Proposed synthetic route to the northern monomer of Premnalatifolin A, 2.3

The success of this route was confirmed using icetexane 2.33 as a model system. Icetexane
2.33 was first reduced under the action of lithium aluminum hydride to give diastereomers 2.67a
and 2.67b, which were tediously separated.

HCO  OCH,

LiAIH,
THF

Figure 2.17 Synthetic route to icetexane 2.67

Diastereomers 2.67a and 2.67b were dehydrated to generate diene 2.68 using literature

protocols involving treatment with methanesulfonyl chloride in pyridine followed by heating in
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2,4-lutidine.?! Generation of diene 2.68 from 2.67 was also feasible using the Burgess reagent.*’

MsCl, pyridine
then 2,4-lutidine

MsCI, pyridine
then 2,4-lutidine

26%

Burgess reagent
g g -

benzene

15%

Figure 2.18 Synthetic route to icetexane 2.68

Diene 2.68 was then epoxidized under the action of m-CPBA to form epoxide 2.70, the
stereochemistry of which is currently still under investigation. The northern monomer model 2.71
is then generated through an epoxide ring opening reaction of epoxide 2.70 under the treatment of

lithium aluminum hydride.
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Figure 2.19 Synthetic route to icetexane 2.71

Further synthetic investigations are necessary to both optimize this route and apply this

methodology to other icetexanes in order to access the northern monomer of Premnalatifolin A.
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CHAPTER 3

Analog Synthesis Routes and Experimentation

3.1 Background and Necessity

More recently, the Chain group is devising a medicinal chemistry approach to synthesize a
large array of icetexanes and analogues. As previously demonstrated in simplified scaffolds, the
biological activity of an icetexane may be greatly affected by a change in functional groups. The

variable functional groups of interest can be seen in Figure 3.1.

Figure 3.1 Functional groups of interest on icetexanes

One feature of interest is the oxidation state at C(1). The presence or absence of the gem-
dimethyl at C(4), the double-bond between C(6) and C(7), and the alkyl group at C(13) are also of
interest. In the presence of the alkyl group at C(13), a ring formation between C(17) and the oxygen
at C(12) is also of interest. To date, the following analogues 3.2 — 3.8 have been synthesized by

Moon, Naeini, and Ziegelmeier.
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HO HO
0 0 o
OQQ
HaC' CH; 5, HC' CH; 5 HaC' CH; 5 4
HyC CH3 HaC CH3

3.8

Figure 3.2 Previously synthesized icetexane analogues

My targets are analogues 3.9, 3.10, and 3.11. In 3.10, the impact of the saturation between
C(6) and C(7) on biological activity can be compared to that of the presence of said unsaturation
in 3.9. Similarly, the impact of the absence of the gem-dimethyl at C(4) in 3.11 on biological

activity can be compared to that of the presence of the C(4) gem-dimethyl 3.9.

HO 0 HO OH HO OH
0 0
HiC CHs 59 3.10 3.11

Figure 3.3 This work’s targeted icetexane analogues

3.2 Synthesis of Analog 3.9

Continuing from Dr. Naeini and Ziegelmeier’s works and following the precedent of the
Moon paper, analogues were desired to probe a greater structure activity relationship of the less

complex premnalatifolin A analogues. To this end, I pursued the syntheses of a range of different
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analogues 3.9, 3.10, and 3.11. These targets were chosen for their ease of synthesis and ability to
probe chemical space and determine structure activity relationships of multiple functionalities on
the analogues. The hydrogenated analog of 3.7 was desired to investigate the activity of the styrene

unit.

First, the right-hand side 3.17 of the desired analog 3.9 was synthesized. Using published
methods, methoxybenzaldehyde 3.13 was methylated from dihydroxybenzaldehyde 3.12 under the
influence of base and methyl iodide in a 93% yield.>* Sodium borohydride was then used to reduce
dimethoxylbenzaldehyde 3.13 to benzylic alcohol 3.14 with a 95% yield.’! Benzylic alcohol 3.14
was brominated under the action of N-Bromosuccinimide to 3.15 in 67% yield.”®> The Suzuki-
Miyaura  cross  coupling of 3.15 to 3.16 was attempted with a
tetrakis(triphenylphosphine)palladium(0) catalyst using procedures from Naeini, but separation of
the product 3.16 from the catalyst proved to be challenging and low yielding. After several failed
attempts, the cross coupling was realized using alternative conditions with a palladium(II) acetate
catalyst, giving 3.16 in 73% yield. 3.16 was then subjected to triethylamine and methanesulfonyl

chloride to give intermediate 3.17 in 65% yield.
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NBS .
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10:1 Br
65%
i sar ] | 516 73% 3.5

Figure 3.4 Synthetic route to the right-hand side 3.17 of analog 3.9

The synthesis of the left-hand side, enolate 3.19 of analog 3.9 was much shorter and
completed in a one pot two-step process. 4,4-dimethylcyclohexenone 3.18 was first treated with
vinylmagnesium bromide and copper iodide at —78 °C before being treated with trimethylsilane
chloride and triethylamine and allowed to warm to room temperature.!’® Using Ziegelmeier’s
optimized alkylation conditions, enolate 3.19 and 3.17 were joined together under the action of
tetramethylammonium fluoride, giving intermediate 3.20. The ring-closing olefin metathesis
strategy was employed to convert intermediate 3.20 into icetexane 3.21 under the action of the
Grubbs 2™ generation catalyst. From bromide 3.17, icetexane 3.21 was isolated in 54% yield over
two steps. Icetexane 3.21 was then hydrogenated using hydrogen gas and palladium on carbon to
yield analog 3.7 in 91% yield. Subsequent treatment of analog 3.7 with boron tribromide gave
analog 3.9 in 59% yield. We currently await bioactivity results of analog 3.9 against the NCI-60

panel of 60 different model cancer cell lines.
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Figure 3.5 Synthetic route to analog 3.9

3.3 Synthesis of Analogs 3.10 and 3.11

The synthesis of analogues 3.10 and 3.11 proceeds similarly. The right-hand side 3.17 is
built using the synthesis plan described above.

The synthesis of the left-hand side, enolate 3.24 was completed in a one pot two-step
process similar to the aforementioned synthesis of analog 3.9. Cyclohexenone 3.23 was first
treated with vinylmagnesium bromide and copper iodide at —78 °C before being treated with
trimethylsilane chloride and triethylamine and allowed to warm to room temperature. Silyl enol
ether 3.24 and 3.17 were joined together under the action of tetramethylammonium fluoride, giving
intermediate 3.25. The ring-closing olefin metathesis strategy was employed to convert
intermediate 3.25 into protected icetexane 3.26 under the action of the Grubbs 2" generation
catalyst. From silyl enol ether 3.24, icetexane 3.26 was isolated in 31% yield over two steps.

Icetexane 3.26 was then de-methylated under the action of boron tribromide to afford analog 3.10
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in 27% yield. We currently await bioactivity results of analog 3.10 against the NCI-60 panel of 60

different model cancer cell lines.

o) A MgBr OTMS VAR
Cul, THF DCM
then NEt, TMSCI . then 3.6, DME
73% H |
3.23 3.24
Grubbs Cat.
one G“ . 31%
en (5 mol%) (2 steps)

CH,Cl,

3.1 3.10

Figure 3.6 Synthetic route to analog 3.10

Analog 3.10 was then hydrogenated under the action of palladium on carbon. Upon
reduction we await purification by flash column chromatography to investigate the viability of this

method and is currently where the project resides.

3.4 Summary

The need for a more efficient chemotherapeutic treatment against breast cancer and the
exciting diversity in icetexanes motivated us to develop methods for the synthesis of different
icetexanes. Inspired by the remarkable works of Dr. Ali Amiri Naeini and Mr. Alex Ziegelmeier in

the Chain Laboratory, I worked to enlarge the library of synthesized icetexanes in Chain lab,
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including 3.9, 3.10, and 3.11. During this work, the synthesis of icetexanes 3.9 and 3.10 was
completed, and we are poised to complete the synthesis of 3.11. These icetexane analogues will be
evaluated against a panel of human breast cancer cell lines and the NCI-60. Further synthesis of
various icetexanes to identify new lead compounds for human cancer chemotherapeutic agents is

also desirable.
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Experimental Procedures

General Information: These experimental procedures have been published previously in
its current or a substantially similar form and I have obtained permission to republish it.*
Proton ('H), carbon ('*C), fluorine (°F), and silicon (*’Si) nuclear magnetic resonance (NMR)
spectra were recorded on Bruker AV400 CryoPlatform QNP or Bruker AVIII600 SMART NMR
spectrometers at 23 °C. Proton chemical shifts are expressed in parts per million (ppm, 6 scale)
downfield from tetramethylsilane and are referenced to residual protium in the NMR solvent
(CHCI3: 0 7.26, CsDs: 6 7.16). Carbon chemical shifts are expressed in parts per million (ppm, &
scale) downfield from tetramethylsilane and are referenced to the carbon resonance of the NMR
solvent (CDCls: & 77.16, CsDe: & 128.06). Data are represented as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad, app =
apparent), integration, and coupling constant (/) in Hertz (Hz). High-resolution mass spectra were
obtained using an Agilent 1100 quaternary LC system coupled to an Agilent 6210 LC/MSD-TOF
fitted with an ESI or an APCI source, or Thermo Q-Exactive Orbitrap using electrospray ionization
(ESI) or a Waters GCT Premier spectrometer using chemical ionization (CI). Unless otherwise
noted, column chromatography was performed either manually or by use of a Biotage Isolera One
unit with 40-63 um silica gel, and the eluent reported in parentheses. Analytical thin-layer
chromatography (TLC) was performed using glass plates pre-coated with silica gel (0.25 mm, 60-
A pore size, 5-20 pum, Silicycle) impregnated with a fluorescent indicator (254 nm). TLC plates
were visualized by exposure to ultraviolet light (UV), then were stained by immersion in iodine-
impregnated silica gel, submersion in aqueous ceric ammonium molybdate solution (CAM),

ethanolic phosphomolybdic acid solution (PMA), acidic ethanolic p-anisaldehyde solution

" Naeini, A. A. Ph.D. Dissertation, University of Delaware, Newark, DE, 2022.
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(anisaldehyde), aqueous ceric phosphomolybdic solution (“Magic”)!, or aqueous potassium
permanganate solution (KMnO4), followed by brief heating on a hot plate (215 °C, 1015 s).
Materials: Commercial reagents and solvents were used as received with the

following exceptions. Triethylamine, dichloromethane, diethyl ether, tetrahydrofuran,
dimethylsulfoxide, toluene, benzene, N,N-dimethylformamide, and 1,2-dimethoxyethane were
purified by the method of Pangborn, et al.? All reactions were performed in a single-neck oven- or
flame-dried round bottom flasks fitted with rubber septa under a

positive pressure of argon, unless otherwise noted. Air- and moisture-sensitive liquids were
transferred via syringe or stainless-steel cannula. All temperatures reported are external readings
of the oil bath heating the reaction vessel. Organic solutions were concentrated by rotary

evaporation at or below 35 °C at 10 Torr (diaphragm vacuum pump) unless otherwise noted.

2 Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. Organometallics 1996, 15, 1518-
1520.
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Synthesis of Methoxybenzaldehyde 3.133

O  OCH, ICH, O OCH,
OCHj K2COs OCHj
H ——
DMF
93%
3.12 3.13

Iodomethane (2.03 mL, 32.6 mmol, 2.25 equiv) was added to a stirred suspension of 2,3-
dihydroxybenzaldehyde (2.00g, 14.5 mmol, 1.00 equiv) and potassium carbonate (4.50g, 32.6
mmol, 2.25 equiv) in N,N-dimethylformamide (145 mL) and the resultant yellow mixture was
stirred at 80 °C for 2h. The resultant solution was then cooled to 23 °C and diluted with water
(150mL). The resultant mixture was then extracted with diethyl ether (5 x 150 mL). The combined
organic layers were washed with saturated aqueous sodium chloride solution (50 mL), dried over
anhydrous sodium sulfate, and the dried solution was concentrated. The residue was diluted with
diethyl ether (150 mL) and washed with 2.0 M aqueous lithium chloride solution (3 x 150 mL)
and saturated aqueous sodium chloride solution (50 mL). The combined organic layers were dried
over anhydrous sodium sulfate and the dried solution was concentrated to afford 2,3-

dimethoxybenzaldehyde 3.13 as a yellow solid (2.24 g, 13.5 mmol, 93%).

'H NMR (400 MHz, CDCl5), &: 10.44 (s, 1H), 7.44 — 7.40 (m, 1H), 7.17 —

7.11 (m, 2H), 3.9 (s, 3H), 3.91 (s, 3H).

13C NMR (100 MHz, CDCL), 5 190.6, 153.4, 153.1, 130.2, 124.6, 119.6,

118.5,77.8,77.5,77.2,62.9, 56.5.

TLC: 20% ethyl acetate—hexanes, Ry=0.39

8 Sato, T.; Hotsumi, M.; Makabe, K.; Konno, H. Bioorg. Med. Chem. Lett. 2018, 28, 3520-3525.
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(UV, CAM).



Synthesis of Benzylic Alcohol 3.14*

O  OCH, OH OCH,
y OCH, NaBH, OCHj
CH3OH
95%
3.13 3.14

Sodium borohydride (0.31 g, 8.08 mmol, 0.60 equiv) was added in portions to a stirred
solution of 2,3—methoxybenzaldehyde (2.24 g, 13.47 mmol, 1.00 equiv) in methanol (7.9 mL) at
23 °C. The resultant solution was stirred at 23 °C for 1 h, then was concentrated. The resulting
yellow oil was diluted with water (20 mL) and extracted with dichloromethane (4 x 30mL) until
no product remained in the aqueous layer (TLC analysis). The combined organic layers were
washed with saturated aqueous sodium chloride solution (30 mL) and then were dried over
anhydrous sodium sulfate. The dried solution was concentrated to afford 2,3—dihydroxybenzyl

alcohol 3.14 (2.15 g, 12.8 mmol, 95%) as a pale-yellow oil.

'"H NMR (400 MHz, CDCls), &: 7.05(t,J=7.9 Hz, 1H), 6.93 (dd, J; = 7.8 Hz,
J>=1.5Hz, 1H), 6.89 (dd, J; = 8.2 Hz, J> =

1.5 Hz, 1H), 4.70 (s, 2H), 3.88 (d, J = 11.2

Hz, 6H).

3C NMR (100 MHz, CDCl3), &: 152.5, 147.1, 134.6, 124.2, 120.7, 112.3, 61.7,
60.9, 55.8.

TLC: 20% ethyl acetate—hexanes, Ry=0.15
(UV, CAM).

4D., Subhadip; C., Saikat; M., Sourabh; M., Himanshu; B., Alakesh. J. Ind. Chem. Soc. 2013, 90, 1871-1884.
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Synthesis of 3.15°

OH OCH, OH OCH,
H
OCH, NBS OCH,
CH,CN
67%  Br
3.14 3.15

N-Bromosuccinimide (2.73 g, 15.4 mmol, 1.20 equiv) was added in one portion to a stirred
solution of 3.3 (2.15 g, 12.8 mmol, 1.00 equiv) in acetonitrile (9.6 mL) at 23 °C. The resultant
mixture was stirred for 30 min at which point the N-bromosuccinimide was fully dissolved. The
resulting solution was then diluted with diethyl ether (25 mL) and filtered. The filtrate was washed
sequentially with 2.0 M aqueous sodium hydroxide solution (2 x 25 mL) and saturated aqueous
sodium chloride solution (15 mL). The resultant organic layer was dried over anhydrous sodium
sulfate and the dried solution was concentrated. The resultant oily residue was purified by flash
column chromatography (silica gel, 20% ethyl acetate—hexanes) to afford 3.15 (2.12 g, 8.57 mmol,

67%) as a yellow oil.

"H NMR (400 MHz, CDCl5), &: 7.27 (d, J=8.8 Hz, 1H), 6.77 (d, J= 8.8 Hz,
1H), 4.83 (s, 2H), 3.90 (s, 3H), 3.85 (s, 3H).

152.7,149.1, 134.2,128.3, 115.2, 113.7, 62.1,

13C NMR (100 MHz, CDCl3), &: 60.7, 56.4.
TLC: 20% ethyl acetate—hexanes, Ry=0.15
(UV, CAM).

5Schmidt, E. A.; Hoffmann, H. M. R. J. Am. Chem. Soc. 1972, 94, 7832-7837.
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Synthesis of 3.16

A BEK
OH OCH, Pd(OAc),, (+)-BINAP, OH  OCH,
OCH, Cs,CO3
THF: H,0
Br 10:1 |
3.15 73% 3.16

OCHj

Cesium carbonate (8.38 g, 25.7 mmol, 3.00 equiv) was added to a stirred solution of 3.4
(2.12 g, 8.57 mmol, 1.0 equiv), potassium vinyltrifluoroborate (2.00 g, 14.9 mmol, 1.74 equiv),
palladium(II) acetate (0.19 g, 0.86 mmol, 0.10 equiv) and 2,2’-bis(diphenylphospphino)-1,1°-
binaphthyl (1.07 g, 1.71 mmol, 0.20 equiv) in tetrahydrofuran : water (56 mL : 5.6 mL) in a glass
pressure reactor. The deep red mixture was sparged with argon for 15 min at which point the
solution turned yellow and was sealed under an atmosphere of argon and stirred at 85 °C for 24h.
The resultant mixture was cooled to 23 °C and quenched by the addition of water (160 mL). The
resultant mixture was extracted with diethyl ether (3 x 150 mL). The combined organic layers were
washed with saturated aqueous sodium chloride solution (100 mL) and then dried over anhydrous
sodium sulfate. The dried solution was concentrated, and the residue was purified by flash column
chromatography (silica gel, 20% ethyl acetate—hexanes) to afford a 3.16 (1.22 g, 6.26 mmol, 73%)

as a yellow-orange oil.

'H NMR (400 MHz, CDCl), & 7.25 (d, J= 9.8 Hz, 3H), 7.01 (dd, J; = 17.3,
J>=10.9 Hz, 1H), 6.88 (d, J = 8.6 Hz, 1H),
5.58 (dd,J;=17.3,J>= 1.4 Hz, 1H), 5.28 (dd,
Ji =109, J; = 1.4 Hz, 1H), 4.79 (d, J = 6.2

Hz,
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13C NMR (100 MHz, CDCL3), &:

FTIR (KBr, thin film), cm™:

HRMS ES* [M+H]":

TLC:

49

2H), 3.91 —3.85 (m, 6H), 1.98 (t, /= 6.2 Hz,
1H).

152.5, 147.8, 134.1, 132.1, 131.2, 122.5,
115.9, 112.6, 61.7, 57.3, 56.2.

3418, 2940, 1624

Caled for CiiHisOs3: 195.01016. Found:
195.1013.

20% ethyl acetate—hexanes, Ry=0.17

(UV, CAM, anisaldehyde).



Synthesis of 3.17

OH OCH, Br  OCH,
OCH;,4 MsCI, EtsN, THF OCHj3
>
then LiBr, THF
| 65% |
3.16 3.17

A solution 0f 3.5 (250 mg, 1.29 mmol, 1.00 equiv) in tetrahydrofuran (16.7 mL) was cooled
to —40 °C. Triethylamine (1.2 mL, 8.39 mmol, 6.52 equiv) and methanesulfonyl chloride (0.6 mL,
8.30 mmol, 6.45 equiv) were added sequentially and the resultant solution was stirred for 50 min.
The solution was then warmed to 0 °C and stirred for 30 min. Flame-dried lithium bromide (1.11
g, 12.8 mmol, 9.92 equiv) in tetrahydrofuran (7.6 mL) was added via cannula and the resultant
solution was stirred for an additional 10 min at 0 °C. The reaction mixture was then allowed to
warm to 23 °C and stirred for 40 min before it was cooled to 0 °C and quenched with sodium
bicarbonate (20 mL). The resultant mixture was extracted with ethyl acetate (3 x 25 mL). The
combined organic layers were washed with saturated aqueous sodium chloride solution (30 mL)
and then dried over anhydrous sodium sulfate. The dried solution was concentrated and purified

through a short column of basic alumina to afford 3.17 (217 mg, 0.84 mmol, 65%) as a yellow oil.
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Synthesis of 3.19°

o) ZMgBr OTMS
Cul, THF
then NEts, TMSCI )
48% H,C éH';' |
3.18 3.19

Vinylmagnesium bromide (1.0 M in tetrahydrofuran, 9.1 mL, 9.1 mmol, 2.39 equiv) was
added to stirred solution of copper iodide (860 mg, 4.55 mmol, 1.20 equiv) in tetrahydrofuran (15
mL) cooled to =78 °C. The resultant mixture was stirred for 15 min at which point 4,4-
Dimethylcyclohexanone 3.7 (0.5 mL, 3.80 mmol, 1.00 equiv) was added in one portion and the
resultant solution was stirred for 1 h. At which point triethylamine (1.6 mL, 11.4 mmol, 3.00 equiv)
and chlorotrimethylsilane (1.5 mL, 12.2 mmol, 3.20 equiv) were added sequentially to the mixture
and the resultant solution was allowed to warm to 23 °C and stirred for an additional 3 h. The
reaction was then quenched with saturated aqueous 9:1 NH4CI:NH4OH solution (25 mL) and the
resultant mixture was extracted with diethyl ether (30 mL). The resultant organic layer was washed
with saturated aqueous 9:1 NH4Cl:NH4OH solution (30 mL) until the organic layer no longer
appeared blue. The combined organic layers were washed with aqueous sodium chloride and dried
with anhydrous sodium sulfate. The dried solution was then concentrated. The concentrated
residue was purified by flash column chromatography (deactivated silica gel, pentane) to afford
((4,4—dimethyl—3—vinylcyclohex—1—en—1—yl)oxy)trimethylsilane 3.19 as a yellow oil (408 mg,

2.18 mmol, 48%).

8Moon, D.J.; Al - Amin, M.; Lewis, R. S.; Arnold, K. M.; Yap, G. P. A.; Sims - Mourtada, J.; Chain, W. J. Eur. J. Org.
Chem. 2018, 25, 3348—-3351.
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"H NMR (600 MHz, CDCl;) &: 5.75 - 5.68 (m, 1H), 5.02 — 4.96 (m, 2H),
4.68 —4.65 (m, 1H), 2.06 — 1.94 (m, 2H), 1.51
—1.44 (m, 1H), 1.37 (dt, J=13.5, 7.0 Hz, 1H),
0.95 (s, 3H), 0.79 (s, 3H), 0.19 (d, /= 1.2 Hz,
9H).

3C NMR (151 MHz, CDCls) &: 150.3, 140.6, 115.3, 107.0, 50.1, 35.4, 31.8,

28.3,27.9,23.7,0.3.
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Synthesis of 3.21

OTMS

TMAF Grubbs Cat.
DCM 2"4 Gen (5 mol%)
then 3.17, DME._ A CHCh,
HsC” - A 54% over two steps
3.19 3.20

A solution of ((4,4—dimethyl—3—vinylcyclohex—1—en—1—yl)oxy)trimethylsilane 3.19 (381
mg, 1.70 mmol, 2.01 equiv) in dichloromethane (5.5 mL) was added via cannula transfer to a 50
mL round bottom flask cooled to —78 °C with tetramethylammonium fluoride (165 mg, 1.77 mmol,
2.10 equiv) The resultant orange-brown solution was stirred for 5 min at which point 3.17 (217
mg, 0.844 mmol, 1.00 equiv.) in dichloromethane (2.7 mL) was added via cannula to the reaction
mixture. The resultant opaque orange reaction mixture was allowed to warm to 23 °C and stirred
for 24 h. The reaction mixture was quenched with water (10 mL) and the resultant mixture was
extracted with dichloromethane (3 x 15 mL). The combined organic layers were washed with
saturated aqueous sodium chloride solution (10 mL), dried over anhydrous sodium sulfate, and the
dried solution was concentrated. The resultant yellow oily concentrate was purified by flash
column chromatography (silica gel, 5% ethyl acetate—hexanes) to afford crude 3.20 (213 mg) as a
black—yellow oil. Grubbs second-generation catalyst (28 mg, 0.03 mmol, 0.05 equiv) was added
to a stirred solution of 3.20 (213 mg) in dichloromethane (13 mL) a at 23 °C. The resultant red
solution was heated at 65 °C for 48 h, then cooled to 23 °C and concentrated. The resultant black
oily residue was purified by flash column chromatography (silica gel, 5% ethyl acetate—hexanes)

to afford 3.21 (137 mg, 0.447 mmol, 54% over 2 steps) as a white solid.

'H NMR (600 MHz, CDCls) §: 6.88 (d,J=8.4 Hz, 1H), 6.72 (d, J= 8.4 Hz,
1H), 6.46 (d, J = 12.5 Hz, 1H), 5.75 (dd, J, =
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13C NMR (151 MHz, CDCL3) &:

FTIR (KBr, thin film), cm™:

HRMS LIFDI* [M]":

TLC:

54

12.6, J> = 3.5 Hz, 1H), 4.07 (d, J = 14.8 Hz,
1H), 3.85 (s, 3H), 3.77 (s, 3H), 2.58 (dd, J; =
12.8, J>=7.4 Hz, 1H), 2.45 (dt, J; = 16.2, J>
=8.9Hz, 1H), 2.36 (dt,J; =14.3,J2=4.0 Hz,
1H),2.27 (dd, J1=14.6,J>=7.9 Hz, 1H), 1.76
—1.69 (m, 2H), 1.13 (s, 3H), 1.02 (s, 3H).
211.0, 152.4, 146.3, 134.6, 130.7, 129.9,
129.6, 126.5, 109.8, 61.5, 58.0, 56.1, 51.3,
41.5, 38.8, 35.1, 30.0, 23.9, 20.3.

2959, 1713, 1596.

Caled for Ci9oH2403: 300.1725. Found:
300.1730.

20% ethyl acetate—hexanes, Ry = 0.38 (UV,

CAM).



Synthesis of 3.22

3.21 3.22

Palladium on carbon (15 mg, 0.014 mmol, 0.1 equiv) was added to a 10mL round bottom
flask and the sides of the flask were washed with ethyl acetate (0.6 mL). 3.21 (50 mg, 0.14 mmol,
1.0 equiv) in ethyl acetate (1 mL) was then added. The resultant slurry was placed under positive
hydrogen pressure and stirred for 4 h. The resulting slurry was poured over a 1 c¢m silica plug and
flushed with ethyl acetate (50 mL). The resultant solution was then concentrated to afford a 3.22

(38 mg, 0.13 mmol, 91%) as a yellow oil.

"H NMR (600 MHz, CDCl;) &: 6.78 (d, J= 8.1 Hz, 1H), 6.65 (d, J = 8.2 Hz,
1H), 4.01 (d, J = 14.0 Hz, 1H), 3.82 (s, 3H),
3.74 (s, 3H), 2.75 = 2.67 (m, 2H), 2.52 (td, J;
=13.8,J>=6.3 Hz, 1H), 2.36 — 2.31 (m, 1H),
2.23-2.14 (m, 2H), 1.76 — 1.65 (m, 2H), 1.61
(td, J; = 11.4, J> = 3.1 Hz, 1H), 1.27 — 1.18
(m, 2H), 1.01 (s, 3H), 0.97 (s, 3H).

3C NMR (151 MHz, CDCI;) &: 212.5, 151.5, 147.1, 137.7, 134.6, 123.1,
109.8,61.5,58.2,56.1,51.1,42.8, 38.7, 34.4,

34.3,30.0, 29.8, 24.9, 20.4.

TLC:
55



20% ethyl acetate—hexanes, Ry=0.31 (UV, DNP).
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Synthesis of 3.9
OCHj,4

BBr3
hor T CH,Cl, AN
H3é H 59% 3H36
3.22 3.9
Boron tribromide (1.0 M in dichloromethane, 0.22 mL, 0.22 mmol, 1.69 equiv) was added

H

to a solution of 3.22 (38 mg, 0.13 mmol, 1.0 equiv) in dichloromethane (0.9 mL) cooled to —40 °C.
The resulting red orange solution was stirred for 2 h at —40 °C. The reaction mixture was quenched
with water (5 mL) and the resulting mixture was extracted with dichloromethane (3 x 10 mL). The
combined organic layers were washed with saturated aqueous sodium chloride solution (10 mL),
dried over anhydrous sodium sulfate, and the dried solution was concentrated. The resultant
residue was purified twice by flash column chromatography (silica gel, 20% ethyl

acetate—hexanes) to afford 3.9 (20 mg, 0.074 mmol, 59%) as a white solid.

"H NMR (600 MHz, CDCl;) &: 8.07 (s, 1H), 6.79 (d, J= 8.1 Hz, 1H), 6.65 —
6.60 (m, 2H), 5.92 (dd, J; = 10.3,.J> = 6.1 Hz,
1H), 5.77 (s, 1H), 3.38 — 3.33 (m, 1H), 3.08
(d, J=14.0 Hz, 1H), 2.55 (tdd, J; = 13.9, J>
=6.7,J; = 1.3 Hz, 1H), 2.36 — 2.31 (m, 2H),
1.90 — 1.86 (m, 1H), 1.77 (ddd, J; = 13.7, J>
=6.7,J; = 2.4 Hz, 1H), 1.54 — 1.49 (m, 1H),
1.26 (s, 3H), 0.90 (s, 3H).

13C NMR (151 MHz, CDCI;) &: 216.9, 145.2, 141.4, 132.0, 131.4, 129.6,
126.0, 121.0, 112.6, 60.5, 52.0, 41.9, 38.5,

33.0,29.5, 24.8, 20.2.
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Synthesis of 3.24’

o] ZMgBr OTMS
Cul, THF
r
then NEt;, TMSCI
73% H |
3.23 3.24

Vinylmagnesium bromide (1M in tetrahydrofuran, 12.5 mL, 12.5 mmol, 2.40 equiv) was
added to stirred solution of copper iodide (1.19 g, 6.20 mmol, 1.20 equiv) in tetrahydrofuran (15
mL) cooled to =78 °C. The resultant mixture was stirred for 15 min at which point cyclohexanone
(0.5 mL, 5.20 mmol, 1.00 equiv) was added and the resultant solution stirred for 1 h at which point
Triethylamine (2.2 mL, 15.6 mmol, 3.00 equiv) and trimethylsilyl chloride (3.0 mL, 15.6 mmol,
3.00 equiv) were added sequentially. The resultant solution was allowed to warm to 23 °C and
stirred for an additional 3 h. The reaction was then quenched with 9:1 NH4Cl:NH4OH (25 mL) and
the resultant mixture was extracted with diethyl ether (30 mL). The resultant organic layer was
washed with saturated aqueous 9:1 NH4CI:NH4OH solution (30 mL) until the organic layer no
longer appeared blue. The combined organic layers were washed with saturated aqueous sodium
chloride solution, dried with anhydrous sodium sulfate, and the dried solution was concentrated.
The concentrated residue was purified by flash column chromatography (deactivated silica gel,
pentane) to afford (3—vinylcyclohex—1—en—1—yl)oxy)trimethylsilane 3.24 as a yellow oil (745 mg,

3.79 mmol, 73%).

"H NMR (600 MHz, CDCl5) §: 5.80-5.74 (m, 1H), 5.01 —4.93 (m, 2H), 4.77

7Moon, D.J.; Al - Amin, M.; Lewis, R. S.; Arnold, K. M.; Yap, G. P. A.; Sims - Mourtada, J.; Chain, W. J. Eur. J. Org.
Chem. 2018, 25, 3348—-3351.
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(dt,J=3.1,J,= 1.4 Hz, 1H), 2.01 — 1.96 (m,
2H), 1.76 — 1.68 (m, 2H), 1.61 — 1.54 (m, 2H),
1.33 - 1.26 (m, 1H), 0.19 (s, 9H).

13C NMR (151 MHz, CDCls) &: 151.6, 143.7, 113.4, 107.1, 39.1, 30.2, 29.1,

21.2,0.7.
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Synthesis of 3.26

OTMS o GO  OCH,
TMAE Grubbs Cat.
DCM 2" Gen (5 mol%)
ﬁ '
then 3.17, DM CH,Cl,

31% over two steps

A solution of ((4,4—dimethyl—3—vinylcyclohex—1—en—1—yl)oxy)trimethylsilane 3.24 (380
mg, 1.94 mmol, 2.01 equiv) in dichloromethane (6.2 mL) was added to the precooled (78 °C)
flask containing tetramethylammonium fluoride (189 mg, 2.02 mmol, 2.10 equiv). The resultant
orange-brown solution was stirred for 5 min at which point 3.17 (248 mg, 0.965 mmol, 1.0 equiv.)
in dichloromethane (3.1 mL) was added via cannula. The resultant opaque orange solution was
allowed to warm to 23 °C and stirred for 24 h. The resultant solution was quenched with water (15
mL) and the resultant mixture was extracted with dichloromethane (3 x 20 mL). The combined
organic layers were washed with saturated aqueous sodium chloride solution (15 mL), dried over
anhydrous sodium sulfate, and the dried solution was concentrated. The dried concentrate was
purified by flash column chromatography (silica gel, 5% ethyl acetate—hexanes) to afford crude
3.25 (169 mg) as a yellow-black oil. Grubbs second-generation catalyst (24 mg, 0.028 mmol, 0.05
equiv) was added in one portion to 3.25 (169 mg) in dichloromethane (10.3 mL) at 23 °C. The
resultant red solution was heated at 65 °C for 48 h, then cooled to 23 °C and concentrated. The
resultant black residue was purified by flash column chromatography (silica gel, 5% ethyl

acetate—hexanes) to afford 3.26 (80 mg, 0.30 mmol, 31% over 2 steps) as a white solid.

'H NMR (400 MHz, CDCls) §: 6.88 (d, J= 8.4 Hz, 1H), 6.71 (d, J = 8.4 Hz,

1H), 6.34 (dd, J; = 12.4, J>=2.4 Hz, 1H),
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13C NMR (101 MHz, CDCls) &:

61

5.59 (dd, J;=12.4, J,=3.1 Hz, 1H), 4.20 (dd,
Ji=15.1,J,=1.0 Hz, 1H), 3.85 (s, 3H), 3.75
(s, 3H), 2.56 (tq, J; = 12.0, J> = 2.9 Hz, 1H),
2.49-2.41 (m, 2H), 2.33 —2.19 (m, 2H), 2.12
(ddq, J; = 12.5, J; = 6.0, J; = 3.0 Hz, 1H),
2.07 —2.00 (m, 1H), 1.75 (qt, J; = 13.2, J, =
4.1 Hz, 1H), 1.63 — 1.57 (m, 1H).

211.1, 132.6, 129.0, 127.2, 110.0, 77.8, 77.5,

77.2,56.2,54.9,50.8,41.6,33.53,26.8,24.4.



Synthesis of Analog 3.10

Boron tribromide (1.0 M in dichloromethane, 0.81 mL, 0.81 mmol, 2.75 equiv) was added
dropwise to a solution of 3.26 (80 mg, 0.30 mmol, 1.0 equiv) in dichloromethane (1.9 mL) cooled
at —40 °C. The reaction mixture was stirred for 3 h and then quenched with water (5 mL) and the
resultant mixture was extracted with dichloromethane (3 x 10 mL). The combined organic layers
were washed with saturated aqueous sodium chloride solution (10 mL) and dried over anhydrous
sodium sulfate. The dried solution was then concentrated. The resultant residue was first purified
by flash column chromatography (silica gel, 20% ethyl acetate—hexanes) and then purified by

high-pressure liquid chromatography to afford 3.10 (19.8 mg, 0.081 mmol, 27%) as a white solid.

'H NMR (600 MHz, CDCI3) &: 7.93 (s, 1H), 6.78 (d, J = 8.2 Hz, 1H), 6.62
(d, J=8.1 Hz, 1H), 6.56 (dd, J; = 10.1,J> =
1.9 Hz, 1H), 5.84 (dd, J; = 10.1, J> = 5.6 Hz,
2H), 3.19 (ddt, J1 = 132, .= 7.1, ;=12
Hz, 1H), 3.05 (d, J = 14.0 Hz, 1H), 2.49 —
2.36 (m, 3H),2.15-2.08 (m, 1H), 2.04—1.91
(m, 2H), 1.82 (qd, J; = 12.7,J>=4.1 Hz, 1H),
1.66 — 1.57 (m, 1H), 0.90 — 0.81 (m, 2H).

13C NMR (151 MHz, CDCI;) &: 216.4,145.2,141.4,132.5,131.3,131.3,
126.3, 121.0, 112.7, 65.7, 44.9, 40.9, 30.5,

26.9, 24.6.
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TLC: 20% ethyl acetate—hexanes, Ry=0.17

(UV, FeCl).
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Appendix
A. Catalog of Spectra
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