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Abstract

Thapsigargin is a compledensely oxygenated guaianolide, which functions as a selective
and irreversible subnanomolar inhibitor of sarco/endoplasmic reticulufh AEPases.
Importantly, a prodrug of this natural produtipsagargin, is currently in latgtage clinical

trials for the treatment of multiple cancers. Nevertheless, the limited availability of the
material from natural sources, coupled with an estimated demand of one metric ton per
annum, provides a compelling mandate to develop a practical total synthesis okttiis ag
This thesis describes the developmena obncise, effient and scalable total synthesif

thapsigargin and related natural produats] it is divided into four chapters.

Chapter 1 provides an account of thapsigargin includ#igolation,biosynthetic pathay,
biological activity andfocusson thepreviouslyreportedstrategies towards the synthesi

thapsigargin natural products

Chapter 2 describes our synthetic efforts towards the total synthesis of thapsigargin by using
a rhodiumcaalyzed [(3+2)+2] carbocyclization reaction as the key step. This strategy
enabled the rapid construction of the highly functionalized guaianolide skeleton present in

thapsigargin.

Chapter 3 describes the successful route towamdtotal synthesis dhapsigargin by using
an enantioselective ketone alkylation andiastereoselectivpinacol/lactonization cascade
as the key step Our synthetic strategy is inspired

sequence, which facilitates the constructiém tighly functionalizedyuaianolideskeleton



in five steps Overall, the total sythesis of thapsigargin was accomplished irstEpsand

with 5.8%overall yieldfrom thecommercially availableR)-( i-carvone.

Chapter 4 discusseasur ongoing work orthe synthes of other members of thapsigargin
natural products, which is exemplified by the completion of tb&l synthesis of
nortrilobolidein 10 stepsand with 13.8%6 overall yieldfrom thecommercially availableR)-

( T-carvone The divergent naturef our strategy shouldermitthe rapid preparation of all

the members of thapsigargins and a library of simplified thapsigargin analogs for detailed

structuretactivity relationship studies.
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Chapter 1

|l ntroduction of Thapsigarg

1.1.1solation, Structural Analysis and Related Compounds

Thapsia garganical, an umbelliferous plant in the familjpiaceae is found in the
Mediterranean region and is often referredsb h e ftde atoh . 0 This plant

skin irritants and has been used in traditional folk medicine for centuries.

The chemical source of this irritating effect was not fully understood until Christensen and
coworkers isolated two major components in ab®.1% and 0.02%ield, which were
identified as the guaianolides, thapsigarband thapsigargici@, respectively (Figure 1)f
Thapsigarginl is categorized as a potent and selective subnanomolar inhibitor of
sarco/endoplasmic reticulum €aATPases(SERCAs)*® which makes ita particularly

useful tool to investigate a variety of Calependent cellular proces$e3he significance

Thapsigargin Thapsigargicin Guaianolide skeleton

Figure 1.1. Structure othapsigargin, thapsigargicin and general guaianolide skeleton.



of 1 in molecular biology and oncology has resulted in more than 17,000 publications since

its isolation in 1978.

The structure of thapsigargirwas elucidated through extensive spectroscstpidies, which
revealed a hexaoxygenated guaianolide core functionalized with acetoxyl, butyroxyl,
angeloxyl and octanoxyl esters in addition to two tertiary hydroxyl grdupihough the
non-crystalline nature ofl makes structure determination chafiery, the singlecrystal
elucidation of epoxide4 and trilobolide 5 further confirmed the proposed structure of

thapsigargirl (Figure 12).%1°

Trilobolide

Figure 1.2. Structure othapsigargin epoxide and trilobolide.

In addition to thapsigargid, thapsigargicin?2 and trilobolide5, an increasing numbeof
structurally related guaianolidefiave beenisolated, which are collectively namecdhe
66t hapsi gar 918 IstéréstinglyF altlpugh this fAmilyBof guaianolides differ at
the C-2 and G8 positions, they altlisplay similar biological activity:'? In addition, the
thapsigargins havbe oppositeonfigurationat G-1 relativeto all other guaianolides and they

also contain a uniqué-hydroxyl group at €7.



15 0 16 (0] 17 (6]

18 9] 19 ¢} 20 ]
Thapsivillosin L Thapsivillosin K 2-Acetoxytrilobolide

Figure 1.3. The thapsigargin family.



1.2.Biosynthetic Pathway for Thapsigargin

Despite an overwhelming number of biologicalglated publications on thapsigardinthe

complete biosynthetic pathway fbin Thapsia garganicd has not yet been established. In

2012, Simonson and coworkers identified a terpene synthase called TgVRi&2 can
efyciently catalyze t he 21jerovideepikunzeaol22inf f ar n
vitro.®® In 2017, the same research group published the putative second step in the
biosynthesis of thapsigargihy in which the enzyme, CYP76AEPramotesthe selective

oxidation of 22 to generateepihydrocostunolide23 (Scheme 1.1)* However, the
identification of the other enzymé#satare responsible for the construction of the guaianolide
skeleton, hydroxylation of a number of positions andthEsequent selectiaeylations, have

notyetbeen elucidated.

TgTPS2
—_—
\
PPO HO
21 22
Farneyl pyrophosphate epi-Kunzeaol
CYP76AE2
steps

Thapsigargin1 =~ =<-------------.

23
epi-Hydroconstunolide

Schemel.1. Proposed biosynthetic pathway for thapsigargin.



1.3. The Biological Activity of Thapsigargin

1.3.1. Thapsigargin, an Inhibitor of SERCAs

It is well known that C# functions as an important second messenger in all types of cells, by
controlling a broad range of cellular processes, such as cell growth, division, differentiation
and deat® Owing to thelarge C&" concentration gradient between the cytosol and the
endoplasmic reticulum (ER) and sarcoplasmic reticulum (SERCAs transfe€a* from

the cytosol of the cell to the ER/SR, to balance the continual leakage’‘of@hthereby

maintain a consta con@ntration (Figure 1)4'

Figure 1.4. Inhibition of SERCAs by thapsigargin (reproduced from reference 17).

The SERCAs belong tdahe family of P-type ion transporting ATPases arteir
conformational changeallows the transportation obound C& across membranes.
Thapsigargirl is a highly selective inhibitor of SERCAactingby locking the enzyme in a
conformation that has extremely low®affinity. Moreover, this inhibition pragss is at the
subnanomolar range and irreversible, therefore, th@etermination of SERGA f unct i on

is observed in the presencelofFigure 14). Hence, the abnormal increase of the cytosolic
5



Ca* concentration and depletion of the intracellular®Cstorage inER and SR by

thapsigargiri disrupts a variety of Gasignallingcontrolled cellular proces§®

The SERCAs are one of the most well investigated membrane transporting proteins and
Hundreds of SERCA inhibitordhave been identified. Thapsigargih 2,5di-tert-
butylhydroquinoneé4 and cyclopiazonic aciéd5 are three of the most frequently and widely
used SERCA inhibitors (Figure 1.5 However,1 is generally active against all SERCA
isomers (IGo=0.2112 nM)and it is four orders of magnitude more potent thdand25,

thereby making it a standard tool for the study of intracellular calcium proc@sses.

HO
OH
24 25
Thapsigargin 2,5-Di-tert- butylhydroquinone Cyclopiazonic acid

Figure 1.5. Structure osome inhibitors of SERCAs.

Overall, the remarkably high level of selectivity and potency toward SERCAs make
thapsigargiri particularly useful ircellular biology studies. Moreover, the induction of cell
apoptosis is also dependent orf Gagnals, in which the strategic application of thapsigargin

1 to promote the induction of programmed cancer cell death in a proliferation independent

manner has led to the development of novel cancer therapétfics.



1.3.2. Location of Binding Sites

The X-ray structure of thapsigargihbound to SERCAs provides the exact location of the
binding sites, which are positioned in a hydrophobic cavity between transmembrane helices
M3, M5 and M7. In the thapsigarginbound protein, there are large hydropitoresidues

of those three helices that generate a complementary surface for lipophilic interactions with
1. The angeloyl side chain, which is in an internal cavity between helices M3, M4, and M5,
also contributeso interactions with the binding s&. Furthermore, there is weak hydrogen

bonding between [1e829 and the carbonyl group efhitanoyl moiety (Figure 1).6%28

Figure 1.6. X-ray structure of thapsigargin bound to SERCAs (reproducedriterence
26a).



1.3.3. Structurer Activity Relationship Studies of Thapsigargin

Thapsigarginl selectively inhibits SERCAs with an extremely small dissociation constant
(<2.2 pM), which indicates extremely strong interactions betwieand the binding sit&#
The structural modifications df, which result in changes in the affinity tifapsigargin

analogs towards SERCAsre summarized in Figure7l.

The greatest decrease in potency arises from inversion of the configuraitheet-3 or G

8 position, wi tfdid radyction for274nd4B, respectivelg. GFOridermore,

changes in the lactone ring and hydrolysis €f @nd/or C8 esters at the same time result in
reductions of 600 to >606@Id for 39 and 40. However, e naturalderivatives,
thapsigargicir?2 and nortrilobolides, which only differ at € position are equipotent with
thapsigarginl. The absence of acyl residuegta C-8 position in47 providesno obvious

change in activity, whereas changes a3@ndC-10 | ead t o -fald I8 &0 and

activity, respectively, ir29 and44.

In contrast,changes to the lactone ring and7@1 diol result in only a marginal drop in
activity (32-38). The difference between theethyl acetaB6a n dethfl acetaB5indicates
that thea-face of thapsigargit is critical for binding to SERCAs. The synthetic analbds
and55, which lackanoxygensubstituenat G2 position and are saturated a#(® positions,
are 3 and 10 ties more potent thah respectively. Mre significantly, the analogsl and
53, which have a long amino acyl group at8(position are equipotent inhibitors of the

SERCAs compared th?8:2°



39,(R=582) O : 40,(R=6312) 0O



= 55, (R=0.1
53, (R = 0.8) 54, (R=0.3) o) ( ) O

Figure 1.7. Relative inhibitory potencies of thapsigargin derivative (R sd(@nalog)/IGo
(thapsigargin)]).

10



1.3.4. Pharmacophore of Thapsigargin

The aforementioned studies indicate the necessity for lipophilic interactions betwé&&n the
10 acetyl group, €15 methyl group, €8 butanoate moiety and-& angeloate moiety with
SERCAs and suggest that the pharmacophore of thapsigargin may be as shown in figure 1.9
Water mediated hydrogen bonding from th& €arbonyl group of the butanoatwiety and

the G7 hydroxyl group may also be of importance (Figu®).2® These studies provide a
guide for additional structure modifications to enhance the potency and selectivity of this

family of natural products.

Figure 1.8. Pharmacophore of thapsigargin (reproduced from reference 28b).

1.3.5. Application of Thapsigargin in Drug Discovery

Thapsigarginl, which compares favorably with other commonly used chemotherapeutic
agents such as taxol (1) and doxorubicin (10M) in the NCI 60 Cancer Cell Line Screen,

is a potent and universal cytotoxin with particularly strong grewtitbiting properties (Gb

~ 10 M) in the same assay (Figure9)l3® The mechanism behirttie cytotoxicity ofl is

the remarkable inhibition of SERCAs, which leads to a continuous elevation of cytosdlic Ca
concentrations, subsequent DNA fragmentation and the eventual cell apoptosis, regardless of

cell division. Thereforel stands out as gromising chemotherapeutic agent in cancer
11



treatment, and iparticularly important forslower proliferatingcancersnamely, prostate

cancersince its cytotoxicity is independent of the cell cycle.

57 =
Doxorubicin

Figure 1.9. Structure of thapsigargin, taxol and doxorubicin.

Prostate cancer is the most frequently diagnosed cancer in men. For example, there are
approximately 22,000 new cases each year in Canada, representing 21% of ahmew

cases in Canadian memMoreover, it is the third leading cause of death from cancer in men

in Canad&® Unfortunately, there is currently no effective method for the treatment of
androgerindependent primary or metastatic prostate cancers. Figl@ellustrates the
comparison of thapsigargihwith taxol 56 and doxorubicirb7 in the induction of apoptosis

in prostate cancer cells, which indicates that all these agents are equally effective at inducing
apoptosis of cells in standard higioliferation cultures. However, onl{ retains its
effectiveness in lowproliferation culture$? Hence 1 demonstrates @romise forthe

treatment of prostate cancer.

12



Thapsigargin Induces Apoptosis
in Prostate Cancer Cells

50
40
30
20
10
4

Control Doxorubicin Taxol Thapsigargin
100 nM for 48 h

% apoptosis

W standard cultures > 90% growth fraction

m low proliferation cultures < 20% growth fraction

Figure 1.10. Comparison of doxorubicinaxol and thapsigargin in inducing apoptosis

(reproduced from reference 32).

The inhibition mechanism of thapsigardimdicates that it is a nespecific cytotoxin, which

kills both cancerous and normal cells in a proliferation independent manner.ugitho

could be an effective agent in the treatment of all types of cancers, it cannot be administered
systemically without significant host toxicity. To make thapsigalgaviable therapeutic

agent prodrug delivery technolodyas beeemployed to addss this problend* The concept

of a prodrug has been used to improve undesirable properties of drugs since the late 19th
century. In fact, approximately 20% of all small molecular drugs approved during the period
2000 to 2008 were prodrugs.Prodrugs ee inactive, bioreversible derivatives of active drug
molecules, which can undergo vivo enzymatic and/or chemical transformation to release
the active parent drug to elicit its desired pharmacological effects in the body. Another
advantage afheprodrug is that certain groups can be strategically used to provide specificity

for a specific enzym&*3
13



G202 (Generic Name "mipsagargin”), a thapsigabgised chemotherapeutic agent,
demonstrates the advantages of the prodrug strategy in drug dedigeagargin58, a
thapsigargin derivative that has a coupled protective peptide8a{Fiyure 1.1), is only
activated by prostatspecific membrane antigen (PSMA) that is over expressed on the tumor
vasculature surface in a wide variety of solid tunasrg directly on prostate and lung cancer

cells®” Currently,58 is in latestage clinical trials for the treatment of liver, brain, prostate

and kidney cancef

y Asp 0 COH " Glu 0 COH " Glu
N - N N CO,H
A T
10 H/\/\c[)r co H/\/\c[)r \é;:/
2 Glu 2 Glu 2
58
Mipsagargin

Figure 1.11. Structure of mipsagargin.
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1.4.Reported Studies towards the Synthesis of Thapsigargins

Thapsigarginl represents one of most notoriously challenging natural products for total
synthesisThis can be ascribed to the high degree of oxidation of the carbon skeleton. For
example, fifty three percent of the carbon atoms in thapsigaegmbonded to oxygen atoms,
whereas other challenging targets, namely, ta8¢40%)3° phorbol60 (30%)° andryanodol

61 (40%)" are less oxidized (Figure P)L

53% 40%

60 61
Phorbol Ryanodol
30% 40%

Figure 1.12. Structure of thapsigargin, taxol, phorbol and ryanodol.

1.4.1. Reported Synthetic Approaches towards the Synthesaf
Thapsigargins

1411 Leybs Approaches towards the Synt

15



Ley and coworkers pioneered the total synthesis of thapsigangith several innovative
strategies. In 2004, they reported an early approaghitowhich the Grob fragmentation
andatransannular cyclization were the key transformations to construct the core framework
of thapsigarginl. The olefin63, prepared in three steps from diketo®2 underwent
regioselective hydroboration and thesitu Grob fragmentation under basiorditions to
generate macrocyclic intermedig@é. The installation othe electrordeficientacyl group
facilitated the transannular cyclization to provide compo6idafter acetylationwhich
permitted the [2+2] ketene cycloaddition and Bagyéliger oxidation of the cyclobutanone

68, to afford the requisite 5,7fbicyclic skeleton69. However, the combination of poor
regio- and facialselectivity in the ketene cycloaddition step m#ds approach untenable for

the synthesis (Scheme 1%).

0 OMs
. 1. NaBH,
ij;\/\l\ 2. MsCl, pyridine OQ BH3.THF
o) 3 Li(Ot-Bu)sAlH NaOMe “OCOR
62 50% 74% 64, R=H

92%
65, R = p-NO,Ph

66% \ NaHCO4

Q
o
-~ OR
PR H>
H20, cl
- -
CF3CH,0H 28% B

53%

Schemel.2. Synthetic studies of thapsigargins by Ley and coworkers: first generation.

In 2004, Ley and coworksralso reported another strategy towards the synthesis of
thapsigargirl utilizing a Favorskii rearrangement and Prins cyclization as the key s@®ps. (

(+)-Carvone 70 was converted into the chloridél, which then underwent a regiand
16



stereoselective Favorskii rearrangement to provide the cyclopentane derfzitivalmost
quantitative yield. The protecting groups were exchanged and th&&sias then converted
to the aldehyder4. A four-step sequence, involving organocuprate itaald benzyl

protection, reduction and oxidatidgirnished unstable aldehydé6 with poor efficiency and

E/Z selectivity. Nevertheless, the key Prins cyclization, after extensive screening of a range

of Lewis acidsafforded the desired isomeé¥ bearirg the core skeleton of thapsigardiand

correctconfigurationat G-8 position in averylow yield (Scheme 1.3¥%

H 1. H,0, M
2.LiCI, CF3COOH 1,00 NaOMe RO
3. DHP, PPTS ¢ o 95% § CO-Me
o) 73%
70 71 72, R = THP
(S)-(+)-Carvone 2. TBOPSCI
it 73, R = TBDPS
= oTBs
Me0,C” ¢ 1. LiAH,

95% | 2. Swern ox

1. Me,Culi, 75

2. BnBr, NaH H
3. Dibail-H

Me,AICI RO ibai RO
8% 4. TPAP, NMO H CHO
ZIE =54
oTBS 26% overall
77 76 74

Schemel.3. Synthetic studies of thapsigargins by Ley and/orkers: second generation.

1412 Kaliappands Approach towards
Thapsigargins

In 2005, Kaliappan anNandurdikareported a domino enghRCM strategy to construct a

5,7 5-tricyclic thapsigargin skeleton. The rigid structure of the readily available k&®ne

17
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enabled the stereoselee introduction of twoolefins and onealkyne for the key tandem
enynéd RCM. To this endthe secondgeneration Grubbs catalyst proved ogtirto convert

the dienyne82to the tricyclic produc83in excellent yield (Scheme 1.%).

O ©°

0 1. =c= - 1. AcOH
2. n-BuLi, Mel :aOMe 2. NalOy4 z
:a0OMe
© (o) 3. Lindlar cat., H, 0 3. n-BuLi, CeClg
45% =—TMS

0
07L
82% 07L
78

> MgBr < j

X~ MgBr
80 . 1.PDC
59% | 2.CeCls, 80
Grubbs Il 1. TBAF
89% 2. TESOTf

90%

Schemel.4. Synthetic studies of thapsigargins by Kaliappan daddurdikar

1413. Massanet s Approach towards the S

In 2006, Massanet and coworkers developed an efficient strategy for the synthesis of
thapsigargirl, which isbased on the classic photochemical rearrangement of sa@fdnto
guaianolide85. (+)-Dihydrocarvone86 was converted to dienor@8a in three steps, which

was then subjected to an asymmetric Sharpless dihydroxylation to genergi8. didhe

subsequent photoisomerization of eudesmheto guaiane skeletof0 proceeded with

18



high dficiency and stereoselectivity. Successive oxidations enabled the formation of the

lactone moiety to provide 7,idihydroxyguaianolid®2 (Scheme 1.5§*

1. KOH, 0, : ;
2. DDQ AD-mix-ou pH I
i X :
3.87 76%

48% 88a 89

0]
84
j\ \ Santonin
MeO™ "N”""NEts

© ® ~35%

(+)- d:hydrocarvone

93% | hv, AcOH hv, AcOH

o

87
Burgess reagent

Schemel.5. Synthdic studies of thapsigargins by Massanet and coworkers.

I n 2014, Massanet and cowor ke r-acyloryatpo oft e d
enones, which enabled the stereoselective introduction of the octanoxyl ester a? the C
position in their effortsowards the synthesis of thapsigardin The TBS protection dhe
previously prepared enorg® furnished intermediat®3, which was subjected to KMn©

me d i a-toglakylatioNjin the presence of octanoic acid and octanoic anhydride to afford
94in 61% yield. After deprotection, two successive oxidations permitted the construction of
the advanced intermedia@b, albeit without the requisite -8 oxygen substituent that is

present in all the thapsigargin natural products (Schemé®1.6).
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TBSC

99%

1. TBAF
2. OSO4
-
3. TEMPO
NaClO
NaClO,
40%

C;H;5COOH
61% KMnO,
(C7H15C0),0

Schemel.6. Synthetic studies of thapsigargin by Massanet and coworkers: acyloxylation.

1.4.1.4. Ardisson 6 s

Ap pr o a c ynthesisobThapsgargirs e

In 2012, Ardisson and coworkers published an allenic Pa#d@mnd cyclocarbonylation

strategy to construct the thapsigargin skeleton. AldeBgdeas transformed to propargyl

alcohol98, which was mesylated to permit the2S6

addi ti on

o fte tonatfordh vy |

the 1,%disubstituted allen@00 The resulting allenyn&00 underwat the PausdnKhand

anndation in the presence of [Rh(C£)]. as acatalyst to afford the 5;Bicyclic dienone

101in 80% vyield (Scheme 1.75.
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TBSO HO

_ or 1. —=——MgBr — OTr = OTr
P 2. DMP ! 1. MOMCI !
Ox N = OPMB = OPMB
OPMB 3. (R)-CBS, OH 2. HFePy OMOM
BH3'M828 78%
% 60% 97 98
MsClI
Y% MsQ
o oTr Meli - /OTF
ot [Rh(CO),Cll, Licl
., AOTF — \ = OPMB
MOMGO OPMB co — buone CUuCN OMOM
80% 75%
101 100 99

Schemel.7. Synthetic studies of thapsigargin by Ardisson and coworkers.

1.4.2. Reported Semisynthess of Thapsigargins

In 2015, Christensen and coworkers developed a-sgntinesis approach to produce the
hexaoxygenated thapsigardirfrom the pentaoxygenated nortriloboli@ewhich was first
isolated from the fruits offhapsia garganical in 0.07% vyieldin 19911% The drect
oxidation of the angelic ester ito the corresponding enod®2was investigated. To the
end, the microwave assisted Gréxidation converte® into 102 under acidic conditiogin
74%yield. The Mn(OAc3-mediated radical oxidation selectivelgtivated the CH bond at

C-2 position, which permitted the stereoselective installation of the octanoyloxy group to
provide intermediaté03 The subsequent reduction and acylation permitted the preparation

of thapsigargirl in four steps from nortrilodiwle 6 in 21% overall yieldScheme 1.8}’
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Nortrilobolide

o Mn(OAc)3
51% | c,H,;5sCOOH

2. benzoyl chloride
angelic acid
51%

Thapsigargin

Schemel.8. Semisynthesis of thapsigargin by Christensen and coworkers.

In the same yearChristensen and coworkers also published a -sgnthesis of the
hexaoxygenated guaianolidea2etoxytrilobolide20 from nortrilobolide 6. By taking
advantage of the established meth@theme 1.8)the acetyloxy moiety at @2 was
introduced, which was flowed by selective hydrolysis othe C-8 butanoate to provide
alcohol104in 57% vyield over two steps. After conversionl®# into (S-methylbutanoate
derivativel05 the same reduction and acylation procedasebeforevere used to generate

2-acetoxytilobolide 20in six steps from nortrilobolid&in 5.9% overall yieldScheme 1.9%
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1. Mn(OAc);

CH3COOH
_—
2. Et;N, MeOH
57%
N
78% O>]/:\/
O pt
I
1. Zn(BH,), 0
61%
dr=1:2

2. benzoyl chloride
angelic acid
49%

2-Acetoxytrilobolide

Schemel9.Semisynt hesi s of 2 acetoxytrilobolide

1.4.3. Reported Total Synthesis of Thapsigargins

1431. Leyodos Total Synthesis of Thapsiga

Although the previous approaches Ley and coworkers describéu Section 1.4.1.1 were
inefficient, they recognizethatthe scalable preparation of the cyclopentane intermegate
would allow them to utilize this intermediate in a new strategy towards the synthesis of
thapsigargirl. Hence he conversion 0f3to keton€l05in three steppermitted the addition

of allylmagnesium bromide to generate the tertiary alcdl@@with 8:1 diastereoselectivity,
presumably under Felkit\nh control. Protection of the tertiary alcohol and removahef

PMB protecting group enabled the oxidation of the resulting primary alcohdioral éhe

aldehydel08 The stereoselective addition of the enol eft@furnished the dien&10in
23



66% yield after protection of the allylic alcohol, which is the key intermediate for the

subsequent ringlosing metathesis (Scheme 1.18%%!

. o)
H 1. LiAlH, H
2. NaH, PMBCI X"MgBr
RO RO
COMe  3.0s04 NMO OPMB dr=81
H NalO, H
R = TBDPS
)‘\ 84% | MOMCI
OEt
109
-~ OMOM
1. +BuLi, 109 1. DDQ
RO
2. TESCI 2. DMP
H otes 66%
110 108

R =TBDPS

Schemel.l0.Ley 6s total synthesis of thldpsigargi

The severmembered ring was then forgedh ring-closing metathesis using the second
gereration Grubbs catalyst to afford enol ethlerl, which underwent stereoselective
Sharpless dihydroxylation from the concave face to furnish kétbaeAfter the construction
of the butenolide motif in two steps, the installationtlod requisite diol at € and G11
positions was only feasible when the lactone was reddaedoboth electronic and steric
reasons. Theubsequenteprotection and oxidatiomanipulationsprovided the highly
functionalized guaianolidel17, which enabled # successful preparation of the key

intermediatel 19in three steps in good overall yield (Scheme 143433
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- . OMOM . OMOM
1 OMOM e H-
= Grubbs II AD-mix-o.
RO —— RO ———————> RO . +10H
88% 96%
H OEt ° H OEt ° H 0
OTES OTES OTES
110 111 112
R = TBDPS
(Et0),0P.__CO,H
T 1.113, EDCI
13 2. NaH

KsFe(CN)g 1. LiBH4
MeSO,NH, 2. Ac0
0s0,4, 17 d 3. MOMCI
49%
116 115 114
. 1. K,CO;4
63% | 2. TPAP, NMO
_ OMOM
Me,C(OMe
RO 'OMOM _ MeClOMe)
OH 95%

Schemel.llLey 6s synthesis of tinteanpdiaield®a r gi ns:

The installation of a double bond at4ZC-5 positions proved quite challenging. The
introduction of the € oxygenated substituent ih19 enabled the discovery of an
unprecedented, selenigonomoted elimination reactiodnom 120, whichafforded the enone
121in good yield. Reduction of the resulting enone afforded the allylic alci@®ivith
moderate diastereoselectivity, which was then converted toahgsterl23 Removal of
the TMSprotecting group and selective acetylation of th&0Calcohol afforded the acetate

124in 67% yield (Scheme 1.12¥:4951
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1.TMSCI
_—
2. PhSeBr
85%

angelic
anhydride

< Hoe

80%

1. TBAF
- R?O
2. isopropenyl
acetate
67%

, 124 123
R< = angeloyl! R = TMS
R? = angeloy!

Schemel.l2Ley 6 s synt hes i epaation df ihtermesliattd4a r gi n s :

The advancement of compouri@4 to three thapsigargins without the-2ZCoxygen
substituent outlined in Scheme 1.13, involved the deprotection of the acetonide protecting
group under acidic conditions and the selective aoylatf the G8 hydroxy graip.
Overall, this route permittetthe preparation of the key intermedia@5, which allowed

the completion of the total syntheses of three thapsigargin natural products: tril@olide
nortrilobolide6 and thapsivillosin BR2from (S)-(+)-carvone, anth 36 steps, respectively

(Scheme 1.13¥49%!
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R? = angeloy!

Thapsivillosin F

Schemel.l3Leyd6s syntheses of trilobolide,

To complete theotal synthesis of thapsigargin a number of significant challenges had to
be overcome, namely, the selective introduction of an internal olefin -atCG,
stereoselective reduction tbfe resulting enonand regioselective installation thfe angeby!
ester at €3 position. Interestinglyit wasfound that SEM protection of the-Z hydroxyl
group offered several advantages. Firstly, it avoids the deoxygenatimh, wds observed
in the synthesi of thapsigargins without the-Zsubstituent, by alwing the introduction of
theC-4/C-5 double bond to provide enobh26 Secondly, the combination of the oxygen rich
SEM protecting group at-€ position and the cleting reducing regent Zn(Bbk overcome
the steric bias and allad the delivery of hydde from theexoface to give allylic alcohol
127 with the correctconfigurationafter deprotection. Finally, the presencetlod SEM
protecting group facilitatesmooth acylation to furnisthi29 without any detection of acyl

group migration. After removaif the SEM group under mild conditignacylation of the
27
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resulting alcohol andubsequerdeprotections provided the key intermedia8d, which set

the stage for the completion of the total synthesis (Scheme“#42).

1. SEMCI
2. LiIHMDS
PhSeCl 1. Zn(BHy),
3.03 2. TBAF
56% 80%
O O ¢l
N O
52% | 128, NaHCO;
Cl Cl
128
1. octanoic
anhydride HO PH
2. isopropenyl
acetate RO 110 BuSH, MgBr,
GOH . ><
3. HCI, MeOH O

60%

130
R = angeloyl R = angeloyl

Schemel.l4 Leyd6s synthesis of thapsil3fargin: pr

With compoundL31in hand, they installed the last acyl group through the selective acylation
of the G8 position, which redted in the first total synthesiof thapsigarginl and

thapsivillosin C10 each in42 steps fromS)-(+)-carvone (Scheme 1.1%)3%%1
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0}
10
Thapsivillosin C

Schemel.l5. L ey 6 s softmpsigagniand thapsivillosin C.

1432. Baranés Total Synthesis of Thapsi

In 2017, Baran and coworkers completed the second total synthesis of thap4igsrgiking
advantage of Massanet d6s apprBumeshdeltydrainoof i bed i
the intermediaté8b which was previously prepared by Massanet and coworkers, and the
following onepot hydroxylation of the resulting olefin provided known d88lin modest

yield andwith modestdiastereoselectivity. After TBS protection of théary alcohol, the

oxygen functionality at € position was introducedia a classic Se@mediated allylic

oxidation, generating alcohdl32 with incorrectconfigurationin 52% yield and with 5:1
diastereoselectivity. Mitsunobu inversion of the8@lcohol afforded the estéB3in 60%

yield, which wasthen subjected to the same photochemical rearrangement cosdition
described i n Massanet-bicyclicaskeletond3aenh50% yietd. f ur ni

Subsequent oxidations nc | udi n g -atylaxylatiann @pjohn dihjdroxylation and
29



Pari khi Doering oxidation, which ©pr oclé3ed
which led to the completion of the second totaltkgsis of thapsigargihthrough the known

procedures described in Section 1.4.2 (Scheme %.16).

Burgess 87 TBSCI ”:/OH
[ I ] then AD-mix-a. ‘e OH then SeOz
60% o - 52%
dr=5:1 HO

dr=5:1 TBSO

60% PrCOOH
dr=10:1| PBugz, DEAD

1
C;H45COOH L0 P
KMnO, hv, ACOH OH
B T O ~
(C7H415C0O)20 50%

1. Zn(BHy),
Thapsigargin 1
2. benzoyl chloride
angelic acid
52%

Schemel.16. Total synthesis of thapsigargin by Baran and coworkers.

T h e B aoutato thapsigargihwas also adapted to permit the synthesis of nortrilobolide
6 as outlined in Scheme 1.17. The Upjohn dihydroxylatiori®4 followed by in situ
deprotection delivered intermedidt87,wh i ch was e Xx p o s eimyoxidatiort h e

conditiors to promote lactone formation. The synthesis was completed askmpwn
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sequencéncludingreduction and acylation to afford nortriloboli@en 48% yield over two

steps (Scheme 1.1%).

0Os0y4, NMO
then TBAF

AcOH
48%

1. NaBH,

2. Angelic
anhydride
48%

Nortrilobolide

Schemel.17. Total g/nthesis of nortrilobolide by Baran and coworkers.
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1.5. Summary

The isolation of thapsigargihandits identification as a powerful inhibitaf SERCAshave

had a huge impact arellular biology. The ongoing clinical trials of mipsagardia for the

treatment of liver, brain, prostate and kidney cancee damonstrated the significance bof

for the development of new anticancer chemotherapeutics. It is anticipated that the market
demand dr 1 is likely to exceed one metric ton per annum if mipsagasgirs clinically
approved>**"However, the supply of this medicinally important agent is a problem since the
isolation fromThapsia garganicd., which is the only source for this material and resistant

to cultivation, is inefficient. Chemical synthesislofay provide a solution to address the
aforementioned problem. Nevertheless, the prior synthedgesoff or exampl e, Ley
(42 steps and 0.6% overall yieldf°and Baranods synt B8sdvesall (11 st
yield),>? are either lengthy or inefficientand are therefore unsuitable to manufacture
thapsigargiril on commercial scale and at reasonable cdlerefore, the goal of thithesis

is to develop an efficient, practical and scalable route for the synthesis of thapsigangin

its structurally related derivatives.
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Chapter 2
Studliioavar ds the Tot al Synt hes-i s of

catalyzed Cyclization Appr

The complex structure and significant biological activity of thapsigafgimake it an
attractive target for the total synthesis. The goal of this thesis is to devetpe to the
thapsigargin family. In addition, this study is expected to address the supply problem of this
important agent. Furthermore, this research may permit the preparation of a library of natural

and unnatural thapsigargin analogs for detaited su ct ur eT acti vity rel at]

2.1. Synthetic Strategy: Retrosynthetic Analysis

We envisioned the development of an efficient strategy for the total synthesis of the complex

and highly oxidized guaianolide natural product, thapsigatgimould needo adiress three

critical challengesl) the rapid and stereoselective construction of Sri¥clic guaianolide

core with suitable functionalityo allow further elaboration, 2) the highly choreographed
sequence of introducing up to six oxygenated suilesttsinto the guaianolide skeleton in a

cheme, regic and stereosettive manner, and, 3) the manipulation and differentiation of

their reactivity and the precise installation of four different acyl groups. Furthermore, we also
analyzed challenges assated with the installation of the required stereochemistry and
functionality for the cycl openffimwhichmet i f i n
anticipatedvould requiresarly introduction of these elements in the designed synthetic route

to alleviate latestage functionalization problems.
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Scheme 2.1 outlines our firgeneration retrosynthetic analysis. To this endpalevedthat
thapsigargirl would be accessible from the advanced interme@iaia selective acylations
based on the deagation studies oh by Christensen and coworketsSecondly, sequential
introduction of oxygenations at-; G-8, G-10 and G11 positions would bexecuted in the
following manner:he G8 oxygen substituent, which is mainly responsible for the high level
of bioactivity in 1, would be stereoselectively incorporated by a hydroxyl group directed

hydroboratiorof intermediate3, which in turn could be prepared from a [4+2] cycloaddition

P'Q
acylations
Pl———> PO
Thapsigargin
[4+2] singlet
oxygen cycloaddition
BnO allylic BnQ 4 BnO
transposition cascade
BnO"- {———— Bno" {—— Bnom
HO' N\ —CO,Et N—CO0,Et
2 HO z
6 5

[(3+2)+2]
carbocyclization

“ BnO y BnO HO
Y
C e
+ Bo S _— > pgno- > 5. COMe
CO,Et HO' = 4 CO,Me
7 8 9

10
(+)-dimethyl L-tartrate

Scheme2.1. Retrosynthetic analysis.

with singlet oxygeh with diene 4; A proposed cascade reaction involving olefin

isomerization, hydroxylation and lactonization of guaianolide skeletwauld permit rapid
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construction of the kegtiene4. Additionally,the key guaianolide cofewould be prepared
by an allylic transposition of tertiary alcoh6lwhich canbe traced back to a rhodium

catalyzed [(3+2)+2] carbocyclization reaction of allehevith alkynylidenecyclopropane

(ACP)8. Notably, the carbocyclization methodology was developed by Evans and coworkers

and itrepresents one of the most efficient apphess to the bicyclo[5.3.0]decanes scaffold
presenin sesquiterpene natural produttginally, the densely oxygenated AGRvould be
derived from the commercially availabt®nracemidouilding block (+}dimethyl L-tartrate
10, in which the diol functioality establishes the requiramnfigurationat G2 and G3
positions in thapsigarginl and potentially controls the diastereoselectivity of the

carbocyclization reaction step.

2.2.Rhodium-Catalyzed [3+2+2] Approach for the Total Synthesis of
Thapsigargin

2.2.1. Scalable Synthesis of ACP 8

The synthesis ACRBB commenced from the readily available -@inethyl L-tartrate 10
(Scheme 2.2). Following known proceduféshe diol in 10 was protected abis-benzyl
ether, using sodium hydride and benzyl bromide in DMF at low temperature to afford
intermediatell in 89% vyield on a 3@ram scale. Reduction of the diester WiilAIH 4
afforded diol12, which wasmonaoprotected as the TBS ethasing one equivate of NaH,
to generate the known primary alcoh® in excellent yield on a 5@ram scale. This

sequenc@ermits enough material to be conveniently preptoexbntinuethe synthesis.
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In the next phase, thestallation of the strained cyclopropylidemmiety provedparticularly

challenging. Hencethe modification of theFirstnerprotocol® was required to enable the

preparation of the ACR6. For example, Swern oxidation of the primatgohol13 using

Hunig's baséurnished the correspondimddehyde which wasvery unstabléo silica geland

thus required therude aldehydé be used immediatelg the next stepWittig olefination

HO
BnBr, NaH
HO- CO,Me
COyMe 89%
30 g scale
10
(+)-dimethyl L-tartrate
BnO
YV
BnO! HCI/MeOH
58 % over 3 steps
HO
16 33 g scale
1. (COCl),, DMSO
DIPEA 2. MeMgBr
BnO
VY
BnO- IBX
HO
17

BnO BnO oH
LiAIH
BnO!- COyMe ¢ BnO"'é\/
CO,Me quant.
HO
1 12
Br_-~_ PPh3Br 95%
>50 g scale NaH, TBSCI
14
BnO BnO
VY 1. (COCIl),, DMSO OH
BnO! " DIPEA BnO! "
TBSO 2. t-BuOK, 14 T8SG
15 13
>100 g prepared
M\
By o . Nu
Hi U=
R Me
18
BnO |
VY
BnO! MgBr
o 83 % over 4 steps
dr=10:1
9 15 g scale 8

>30 g prepared

Scheme2.2. Scalable synttss of ACPS8.

of the crude aldehydwith the ylidegeneratedn situ from 14 with t-BuOK, provided after

considerable optimization the desired produibt
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rapidly facil it denz/loxylgreupétheialehydea ibtérnoediatep ihictb
necessitate strictly anhydrous conditioh¥ Finally, the facile removal of the TBS
protecting group under acidic conditions afforded the primary alddial58% overall yield

over three steps andecagranscale.

Swern oxidation of the primary alcohbb followed by the addition of methylmagnesium
bromide provided secondary alcoHidd asa mixture ofdiaster@isomers, which was then
oxidized using IBX to afford methyl keton®. Chelatiorcontrolled addition of
ethynylmagnesium bromide tthe ketone9 furnished the cyclization precurs8rin 83%
overall yield over four steps with 10:1 diastereoselectivity on-grab scale (Scheme 2.2).
This route permits the rapid preparation of >30 grams of the highly funtietaACP 8,

which sets the stage for the kéywdiumcatalyzed [(3+2)+2] carbocyclization reaction

2.2.2. Construction of the Guaianolide Core of Thapsigargin

In a program focused on the development of higitder carbocyclization reactions, the
E v a n s 6hagdeveloppd two variationsrbiodiumcatalyzed [(3+2)+2] carbocyclization
reactions, which has huge potential for the total synthesis of sesquitegiared products
with a 5,7bicyclic framework. In 2008, Evans and Inglesby reported the first rhedium
catalyzed [(3+2)+2] carbocyclization of alkenylidenecyclopropanes (AQRYR! = H or
Me) with activated alkynef0 (R> = H or Me and R = EWG) to consuct cis-fused
bicycloheptadiene®1in a highly stereoselective manrférAdditional studies demonstrated
that this process could be extended to substituted olefins, such as vinyl silanes cetated a

in ACPs, which improveregioselectivity with ativated and unactivated alkynes and permits
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incorporation of the oxygenation or equivalent into the slek&drurthermore, the recent
completion of sesquiterpene pyrovellerolact@2an only three steps showcased the utility

of this methodology in theontext of complex natural product total synthesis (Schemé®.3).

R3 H H
/\/A Il cat. Rh! N R3 o)

X +
\/\/R'I 2
R HR1 R2 A (0]
19 20 21 22
R" = H, alkyl, SiR3, OAc Pyrovellerolactone
R? = H, alkyl

R3 = EWG, alkyl, SiR3

Scheme2.3. Rhodiumcatalyzed [(3+2)+2] carbocyclization with alkynes.

In 2015, Evans and coworkers reportedtereoselective rhodiwatalyzed [(3+2)+2]
carbocyclization of ACP23 with a variety of substituted allen&sl to prepare 5,7
bicyclic motifs 25 in a concise and atogconomical mannéf. This methodology
providesa novel strategy for accessing the-bi@yclic core of guaiane natural products
(Scheme 2.4). Hence, we envisioned this approach would plewnépid construction
of the fused polycyclic moiety present in thapsigarhend related guaianolide natural

products.

+ _—

R)I\FG 57-99% \ FG
rs >219:1

X

| v
I
/\/A C cat. Rh X
=
23

24 25 26
R = H, alkyl Guaiane skeleton

Scheme2.4. Rhodiumcatalyzed [(3+2)+2] carbocyclization with allenes.
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Having prepared the requisite A@Pwe initiated investigatiainto the key rhodium
catalyzed [(3+2)+2] carbocyclization, which would probe the feasibility of using highly
functionalized ACPs for the construction of complex natural produd®atifyingly,

after a brief reaction optimization, cyclization of A@Rvith the commercially available
allene 7 catalyzed by [Rh(cod)Cl] modified with P(OPh) at elevated temperature
afforded the desired cycloadducts in excellent yield, albeit with no diastereocontrol.
Surprisingly, the free tertiary alcohol and benzyl prigéwicinal diol were well tolerated

in the reaction condition. Hence, given that the reaction provided 1:1 ratio of two
diastereomers at -C bridge position, the expected subst@tatrolled
diastereoselectivity of this rhodiunatalyzed cyclization paesswasnot feasible, which

is presumably due to the distance between the metal center-2mt G4 oxygenated
groups in the transition state. Fortunately, these two diastereomers could be conveniently
separated by flash column chromatography and tBeecchemistry of the desired

diastereome8 was confirmed by NOE experiments (Scheme 2.5).

BnO

y I [Rh(cod)ClI],
BnO! - _ + (PhO)3P
—_—
P CO,Et 92%
HO = 2
dr=1:1
8 7

up to 8.6 g scale

6-isomer

Scheme2.5. Synthesis of compourlvia rhodiumcatalyzed [(3+2)+2] carbocyclizan.
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Unfortunately attempts to improve the diastereoselectivity by increasing the steric
hindrance of the protecting group on the tertiary alcohol and substituting the alkyne
terminus were unsuccessful. Furthermore, a brief screening of chiral ligaga= (Z1)

also failed to improve the level of stereocontrol. Gratifyingly, the scalability of this
transformation allowedonvenient preparation &fL0 grams of the key intermedid¢o

further explore the completion of the synthesis.

e O Ce . OO0, Q2
o/ ° SEIVA .

PN IP—N<:| P—N P-N |
o ¢ o )— 0
99 99 U w CT°
27 28 29 30

dr=1.8:1 dr=1.8:1 dr=1.3:1 dr=1:1

Figure 2.1. Brief chiral ligand screening.

Scheme 2.6 outlines the proposed mechanism for the rhegitatyzed [(3+2)+2]
carbocyclization of ACB with allene7 to generateite desired cyclized produgt Oxidative
addition of rhodium catalyst31 into the strained cyclopropylidene i8 provides
metallacyclobutene 32a which is followed by a rearrangement to afforthe
trimethylenemethane compl&2b. The subsequent carbometan thengenerates stable
rhodacycle33. It is worth mentioning thahe formation of the rhodacycle intermediate in
this type of transformation was confirmed experimentathyan X-ray single crystal structure
of a related compound by Evans and coworkérs Regioselective allene insertion and
subsequent reductive elimination provide cyclized pro@actd regenerate the active catalyst

31 (Scheme 2.6}
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BnO
BnO n
BnO"-
BnO' n \
_ Lisgpy CI HOT2
B L -8
31

nO

B
BnO BnO!
EtOQC/A e ! E
C BnO e HO
N
7 i-;;f'hi —
HO = L
33

“'RhCILn
A

0) 32b

Scheme2.6. Mechanism of rhodiurtcatalyzed [(3+2)+2] carbocyclization.

2.2.3. Allylic Transposition

A notable feature irthe total synthesis of related sesquiterpene natural productsthsing
rhodiumcatalyzed [(3+2)+2] carbocyclization methodoldws beemhechallenges with the

regio and stereoselective installation thfe C-6 oxygenated substituent. For example,
previous efforts to accomplish this transformation with -ipstalled oxygeated
functionality, allylic oxidation and epoxidation/opening methods eithtforded poor
efficiency or required extra synthetic steps. Hence, we sought to develop a new solution for
the introduction of the @ oxygenation and to install the challeng®@/C-5 tetrasubstituent

double bond in a single operation.
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To this end, the 1;8ansposition of allylic alcohob was investigated, which required
stereoselective rearrangement of the sterically hindered tertiary allylic alcohol and
deconjugation oftte 1,6unsaturated ester 6to furnish the expected produt Preliminary
experiments examined a number of well established reaction conditions, which are outlined
in Scheme 2.7. These conditions, which include: 1) oxidative rearrangement condigons (
IBX1, PCC® PDC® and NalQTEMPO'Y); 2) acidpromoted rearrangement conditions
(refluxing HO'8, HCI'®, TsOH?, CSA*, and BR.ELO?); 3) metaicatalyzed isomerization

conditions (CoGF3, Re07?*, and QReOSiPE>), were all unsuccessful.

BnO H
condition BnO'-
N—CO,Et
HO
5
Oxidative rearrangement E Acid-promoted rearrangement E Metal-catalyzed rearrangement
IBX, DMSO, 60 °C ' H,0, 100 °C ' CoCl,, CH3CN, 80 °C
NalO4, TEMPO, DCM, rt | HCI, Et,0, rt | Re,07, Et,0, rt
PCC, MS, PhH, rt . TsOH, DCM, rt . 0O3Re0SiPhj, Et,0, rt

PDC, MS, PhH, rt E BF3¢Et,0, DCM, rt

Scheme2.7. Attempted allylic transposition conditions.

In a related synthesis, Overman and coworkers encountered a similar problem with the allylic
alcohol rearrangement ime construction of A rings of daphnicyclidistype alkaloids.
Interestingly, exposing tertiary allylic alcor@bto a mixture of thionyl chloride and pyridine,
followed byin situ hydrolysis of the resulting allylic chloride intermediate in the presehce

alumina and water, afforded the desired transposed allylic al86hofood yield (Eq. 2.13°
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SiMe,Ph SiMe,Ph

TBDPSO" OH TBDPSO"
SOCl,, pyridine
2.1
BnN then ALOs,, H,0 BN on @1
H 66% H
35 36
Encouraged by Overmands succ e alylicalahol, wehe i so

initiatedexaminatios of this protocol inour system. Treatment 6fwith SOCh and pyridine
at140°C delivered the corresponding allylic chloride intermediate, which was evident from
the shift of G6 proton by NMR (Table 2.1, entry 1). However, the attempted isolation of the
allylic chloride failed due to its poor stability on silica gel. Nevertheless, a small amount of
the desired allylic alcohob was isolated aftesilica gel chromatography, whictvas
presumablygenerated from the hydrolysis of the allylic chloride interiatedby water from

the silica gel. Gratifyingly, addition of a bulkier basei 80 °C followed by immediate
hydrolysis improved the yield significantly (entrw&3). Finally, the reaction can be carried

out on a gram scale without loss of its efficignc

Table 21. Allylic transposition: @ndition optimization.

BnO H
SOCl,
Base BnO"-
Temperature HO N)y—CO,Et
then A|203, Hzo
6 5
Entry Base Temperature Yield

1 Pyridine 140°C <10%
2 Pyridine 190°C <10%
3 2,6-Lutidine 190°C 44% brsm
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The stereochemicautcome of this transformation can be attributed to steric factors, since
nucleophils would preferably attack from the less sterically hindeocedside face of
intermediate37. The relativeconfigurationwas confirmed by the observation of NOE

enhancement between thel@Gnd C6 hydroxyl proton (Scheme 2.8).

Scheme2.8. Explanationfor diastereoselectivity of the allylic transposition.

2.2.4. Investigations of theProposed Cascade Reaction

We envisioned a cascade reaction would permit the conversion-oinsaturated estérto
guaianolideskeleton4, which involveda sequential isoarization/hydroxylation. The
generation of dienolate intermedi&®8 could befeasible with strong bases senthe initial
deprotonation of th€-6 free alcoholn 5 should force the second deprotonation to occur at
theC-8 rather than & position due to the electronic repulsidsomerization of thexocyclic
C10/14 olefin couldhenoccur spontaneously because of the tendency to form an extended
conjugation systerfi. We thenbelieved thabxidation of the resulting dienolag8 would

lead to hydroxylation at @1 position and provelthe desired tricyclic guaianolide code

uponanacidic workup (Scheme 2.9).
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14 BnO 4
BnO 4
deprotonation BnO'
BnOl-- 8  TTTToooooooooes >
o |
\ \
HO 77 COE M-o” “OEt
5 38
[O]
\]
BnO 4 BnO
BnOr workup BnO!
s oM
MO
(0]
L OEt |
4 39

Scheme2.9. Proposed cascade reaction.

Scheme 2.9 summarizes conditions for the proposed cascade process, wherein a combination
of strong bases and oxidants afforded none of the desired product. Moreover, reactions with

t-BuOK, KH and NaH in DMSO, which had been successfully applied to theesiszation

Base and oxidant examined
5 LDA, 40

LiHMDS, 40

KHMDS, 40

LiTMP, 40

Cs,CO3, O,

t-BuOK, O,

Scheme2.10. Attempted cascade reaction from alcobol
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of alkenes? resulted in complete decomposition of the starting material. Further attempts to
utilize weaker bases, such as@S; in DMSOunder an atmosphere of @ere also fruitless

(Scheme 2.10%°

In an alternative approach, we investigated a-step sequencenvolving an olefin
isomerization to induce lactonization and an hydroxylation step. Unfortunately, treatment of
5 with either DBU in refluxing toluene (Table 1.2, entry 1) or NaOEt in refluxing ethanol
(entry 2), furnished none of the desired guaiandlitle Gratifyingly, alcohol5 underwent
lactonization smoothly in the presence of UV light, to afford the guaianolidedddrean
acceptable yield (entry 3). The mechanism of this transformation presumably involves the
photochemical equilibration of thea,b-unsaturated ester and the concomitant

lactonizationt3?

Table 22. Lactonization:Condition screening.

BnO BnQ H
BnO!- condition BnO'-
A\ E \
a CO,Et 3
5 a1 ©
Entry Condition Yield
1 DBU, PhMe, reflux -2
2 NaOEt, EtOH, reflux -2
3 hv, DCE,rt 60% brsm

2No desired product was nigolated

The ability to construct the 5, 7Ecyclic guaianolide skeletof2in this manner has immense

potential for the synthesis of other guaianolide natural products, which consist of hundreds of
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members (Figure 2.2). In addition, many of them exhibit a diverse range of biological
activities, for example, antitumor, antisclosbomal, anthelmintic, antimicrobial,

contraceptive, roegrowth stimulatory, roegrowth, antifeedargtc>

44 45
Cladantholide Estafiatin

Moxartenolide Chinensiolide B Repin

Figure 2.2. Selected examples gtiaianolidenatural products

Having successfully prepared guaianokdewe focused on the isomerization/hydroxylation

step to install the tertiary hydroxyl group in the lactone. Unfortunately, this reaction failed to
provide the expected produétwhen intermediatdl was subjectedo a variety of strong

bases and oxidants. Although extensive investigations were conducted, there was no evidence
for the formation of the deconjugated product. Presumably the unfavorable conformation of
the G H bond at G8 position in intermediat® or 41 makes it inert to deprotonation. (Scheme

2.11).
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BnO H BnO H

BnO condition BnO!

o Base and oxidant examined
o) LDA, 40
41 LiIHMDS, 40 4
KHMDS, 40
LiTMP, 40
CSZCO3, 02
t-BuOK, O,

Scheme2.11. Attempted cascade reaction from lactdie

Another strategy involving oxidation of the secondary alcétitdwed by isomerizatiowas
also investigatefl. Oxidation of allylic alcohol5 with Des§ Martin periodinane afforded
conjugated keton&lin agood yield. Nevertheless, the attempted isora¢ion of51 under
basic conditions, for instance DBU,®Oz and CsCQO:; at various solvents and temperatures,
did not afford any of homodieng&2 (Scheme 2.12). Hence, the failure of isomerization
strategy prompted the examination of a revised synthetic route to thapsibandich will

bediscussed in Section 2.3.

BnO H BnO H
DMP
BnO' _ > BnO'
NaHCO
N\y—CO,Et s N\ —CO,Et
HO 2 76% 0 2

Base examined Solvent examined
DBU PhMe

E condition
K,COj3 DMSO !
CSQCO3 DMF |
y
BnO H
BnO!-
CO,Et

o 2
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Scheme2.12. Attempted isomerization from ketob4.
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2.3.A Revised Synthetic Strategy

Since the first route that focused on the isomerization of olefins was unsuccessful, we
proposed a new synthetic route towards the total synthesis of thapsigangimch s
illustrated inScheme 2.13 The revised strategy featuregect functionalization of the
existing double bonds i® to circumvent the aforementioned problems of introducing
oxygenated substituents presentlin Allylic oxidation of intermediatés4 should permit
installation of the € oxygenation and stereoselective dihydroxylation of #%11 olefin

should afford the corresponditigans diol in 53 by taking advantage of its geometry. The
epoxidation/ring opening operation of thelGQ/C-14 oldin in 55 should incorporate the-C

10 tertiary alcohol. Finally, the method of allytiranspositiorestablished in Section 2.2.3

should furnish the & oxygenatiorfrom 6.

selective

acylations
Thapsigargin
oxidation
allylic BnO epoxidation BnO 4~
rearrangement reduction /
—— BnO"' {—— Bnon
CO,Et \ CO,Et
AcO

6 55

Scheme2.13. Revised synthetic route to thapsigargin.
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2.3.1. Optimization of the Allylic Transposition

Before embarking on the new strategy, an efficient method for the preparation of allylic
acetateb5 was required. Preliminary studies demonstrated36abuld be prepared in two
steps, which involvedhe allylic rearrangement of tertiary allylic alcoh6l described in
Section 2.2.3 and a subsequent acetylation. Nevertheless, this sequence providesbacetate
in a low overall yield, which made it difficuto accumulate enoughaterialto implement

the proposed synthie route. We envisioned thatmodification of the nucleophile would

provide the allylic acetate directly and thus improve the overall yield (Scheme 2.14).

BnO H BnO H
SOCI
BnO 2 BnO!'
HO:‘— N\ CO,Et 2,6-Lutidine A COLEt
Cl
6 - 56 _
44% | Al,03, Hy,O
BnO
H BnO H
" A DMAP
BnO c20, BnO!
N\\—CO,Et quant.
AcO 2 Ld )coat

55

Scheme2.14. Two-step synthesis of acetdi®.

Treatment of allylic alcohdb with a mixture of SOC] and 2,6lutidine in combination with
AgOAc in AcOH provided allylic acetat&5 directly. Furthermorethis procedure was
conveniently carried out on a gram scale to pro&sla an improved 67% overall yield for

this onepot method (Eq. 2.2).
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BnO SOClI,, 2,6-Iutidine BnQ
then AgOAc, AcOH

BnOr BnO!: (2.2)
67% \

N—CO,Et [gram scale] AcO

6 55

CO,Et

2.3.2. Installation of C-10 Oxygenation

Introduction of the €0 oxygenation wasccomplishedwith an epoxidation/reduction
sequence. After careful analysis of the conformation of el 0/C-14 exocyclic methylene

in 55, we envisionedhe chema and stereoselective epoxidation could be feasible since the
peroxide species should attattks olefin from the togace due to the steric hindrance.
Treatment ob5with m-CPBA at room temperature afforded epoxdeductsn 77% yield,
albeit as a 3:1 ratio of two separable diastereomers, favoring the desired &gdqgddeeme
2.15). The pimer can be recycled to starting mates&khrough the deoxygenation using a
mixture of tungsten (V1) chloriddoutyllithium in 94% vyield®* Finally, the relative
configurationwas supported by the NOE enhancement between {heu@ C14 proton

while no such NOE signal was observed in the epimer.

BnOr
14
BnO H
Bno... __moPBA
\_co,Et 77%
AcO ar=3:1 BnO H/’—_

57-isomer

Scheme2.15. Installation of G10 oxygenation.
56



2.3.3. Installation of C-8 Oxygenation

2.3.3.1. Allylic Oxidation Strategy

The allylic oxidation of compoun87 at G8 position proved to bgery challengingand
problematic. Initially, we investigated Se@ediated allylic oxidation which has been
widely used in a number of stessful natural product synthesiHowever, reaatns of57
with either catalytic or stoichiometric amounts of S@®refluxing dioxane or xylene with
additives(NaHCQ, KoHPQs and KHPQy) afforded none of the desired adduct. In addition,
we also examined chromium (VI) reagents, which are also commedy for allylic

oxidation reactions. To this end, the reactiobd¥vith CrOs in acetic acid led to

BnO! condition
................. -
57
Se0, oxidation, additive examined E [Cr] oxidation
TBHP 5 CrO3/AcOH
NaHCO3; : PCC
K;HCO3 | PDC
KH,COs3, ! CrO3/DMP
____________________________________ L
NBS bromination, initiator examined E Metal-catalyzed allylic oxidation
AIBN 5 Pd(OH),, TBHP, Cs,COj
BPO RuCls, TBHP

Pd(OAc), BQ, TBHP, AcOH
Pd(OAG),, NaBO3, Ac,0

Scheme2.16. Attempted allylic oxidation at €8 position.

decomposition of starting material, whereas PDC, PCC and the complex derived frem CrO
with 3,5dimethylpyrazole (DMP) also failed to promote this oxidation. We also examined
radical halogenation reactions, which could be accompanied by a suitable edfisgtdc

Unfortunately, all attempts to prepare the allylic bromide using NBS in refluxing Gl
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radical initiators (AIBN or BPO) failed to afford the desired product. Finally, rosiizlyzed
allylic oxidations via the radical pathway of-allyl palladium intermediate were also

unsuccessful (Scheme 2.18).

In a related study, Tu and coworkers reported a similar allylic oxidation in the synthesis of
naturally occurring dihydroagarofuran sesquiterpene products, wherein subStize a
similar functonality and steric hindrance to our system (Eq. £.3Jonsidering the failures

of the above attempts, we speculated that the eledt®rf i ci ent nundaturated o f
ester was presumably the main reason for the poor reactivity of the allytido@nd at C8
position. Hence, we decided to reduce the ester functionality before performing the allylic
oxidation. This reduction would also allow a gp& conversion of €.0/C-14 epoxide to the

requested tertiary alcohol and deprotection @ Bydrokyl group.

M
° \OH
o o
CQQX = e es
o I 6n o I 6H :
Me /T/O t-BuOOH Me O

95% /i/ ©

59 60

The attempted reduction of epoxid@ proved more challenging than anticipated, in which
LiAIH 4 (Table 2.3, entry 1) and LiBHE{entry 2) gave complex mixtures. In contrast,
DIBAL -H reduced the two esters to primary and secondary alcohols, but did not open the
epoxide (entry 3). Gratifyingly, Alklgenerateadh situfrom the mixture of LiAIlH and AICk

reduced the epoxide and@s to afford the desired triélLin excellent yield (entry 43
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Table 23. Reduction 067: Condition screening

BnO 3,0 BnO 4~
BnO condition BnO'"
\ CO,Et
AcO
57
Entry Reducing Agent Yield
1 LiAIH 4 -a
2 LiBHEts -2
3 Dibal-H -a
4 AlH 3 90%

aNo desired product was nisolated

The attempted acetylation of the three hydroxyl group8lifailed to provide the desired
productin a good yield. Alternatively, the primary and secondary hydroxyl groups were
protected as TBS ethers to furnié@ in a quantitative yield, which ssthe stage for the

critical allylic oxidation (Eqg. 2.4).

BnO .~ BnO .~

TBSCI, imidazole
BnO'

BnO: (2.4)

quant.

OTBS

61

Unfortunately, allylic oxidation 062 with TBHP and Se@failed to proceed at-8 position.
Instead, two successive allylic oxidations occurred -d2Gnd C13 positions to provide
unexpected aldehyd&3 in excellent yield (Eg. 2.5). The mechanism ofnfiation of63
presumably involves an initial allylic oxidation of-12 position followed by a Michael

addition and another allylic oxidation atX3 position followed by an elimination.
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BnO H:‘._

SeOZ
————— Bno QQ L, @5

TBHP
84% TBSO o

63

The unexpected formation 68 may allow the application of this strategy to the synthesis of
the skeleton of guaiarigpe sesquiterpenes. For example, engleréd And B65, orientalol

E 66 and F67 and oxyphyllol68 (Figure 2.3)which exhibit a wide range of biological
activities. Fo instancef4is a potent and selective inhibitor of renal cancer cell lineg (Gl

= 1-87 nM) 3

O{OH
o

66 67 68
Orientalol E Orientalol F Oxyphyllol

Figure 2.3. Structureof englerin A and B, orientalol E and F and oxyphyllol.

2.3.3.2. CcH Functionalization Strategy

The @ H functionalization of €8 position was also expected to provide a viable approach for

the introduction of the requested oxygenated substituent. To this efezSonditions,
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which involveintramolecular hydrogeatom abstractiomia an alkoxy radical, were deemed
an ideal approach to this probléf. Nevertheless, treatment of allylic alcoh®l with

Phl(OAc) and b in the presence of visible light failed fwomote the proposedi@

activation at G8 position (Eq. 2.6).

-~ OH
BnO H™.

BnO!

We also examined iridiurnatalyzed CH functionalizationwhich mayprovide an alternative

solution to the introduction of-8 hydroxyl groug® The iridium-catalyzed dehydrogenative

i. Et,SiH,
[Ir(cod)OMe],

ii. Meygphen

Scheme2.17. Functionalization at € by iridium-catalyzed silylation.

coupling of tertiary alcohdb2 with diethylsilanefollowed byintramolecular silylation at C

8 position vasexpected to afford oxasilolaf&, which was then subjected to Tarfdeming
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oxidation condition (TBHP/CsOH/TBARpp generate alcohal2. However, treatment of
tertiary alcohol62 under the conditions desceitd by Hartwig and coworkef§,afforded

neither the expected intermedidtenor productZ2 (Scheme 2.17).

2.3.3.3. Direct Use of the Oxygen Substituted Allene 73

Since the installation of the -8 oxygenated substituent had proversurmountably
challenging, we ttned our focus to utilizing an oxygen substituted allene that would permit
direct introduction of the 8 oxygenated group in the carbocyclization reaction. Preliminary
studies demonstrated the feasibility of this strategy, albeit in modest yield angoeith
selectivity(Eq. 2.7) The rhodiurrcatalyzed reaction [(3+2)+2] of AC®with the unstable
allene 73 afforded the cyclized product as a mixture of four stereoisomers, in which the
desired isomer4was isolated in 10% yiel(Eqg. 2.7). Although this reaction provides proof
of-principle with regard to this strategy, it requires the combination of an enantioselective
carbocyclization with an enantiomerically enriched allene to overcome the poor selectivity

and provide a practat approach to thapsigargin

OAc
b 4 "/ Rh(cod)ClI Y
BnO': é + )CJ\ [ (CO ) ]2 BnO!- 10AC .
Ho' % CO,Et (PhO)zP e \_coc + three stereoisomers  (2.7)
2 t
8 73 74
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2.4.Summary

In summary, we have developed an efficient strategy for the preparation-bicchic
intermediate6 usingthe rhodiumcatalyzed [(3+2)+2] carbocyclization reaction ACP 8

with allene7, which showcases the utility of this powerful methodology in the context of total
synthesis of complex natural products. The development of a challenging and stereoselective
isomerization of tertiary allylic alcohob permits the construction othe densely
functionalized guaianolide skelet®b in 12 steps from the commercially available-(+)
dimethyl L-tartrate 10, which could be applied tthe synthesis of other structurelated
sesquiterpene natural products. However, the initial isomernizafiolefins route and the

later oxidation and H functionalization strategies were unsuccessful. These failures
prompted development of a novel strategy outlined in Chapter 3, which successfully permits

aconcise, efficient and scalable total synthesithapsigargiri.
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2.5. Experimental Procedures

All reactions were carried out under an atmosphere of argon in anhydrous solvents using
ovendried or flamedried glassware and commercially available reagents that were used as
received unless otherwisgtated. Anhydrous dichloromethane (DCM), tetrahydrofuran

(THF), diethyl ether (D), and toluene (PhMe) were obtained by passing degassed solvents
through activated alumina columns in a Grubbs solvent purification syBie3olMVID-6

of Innovative Techology Inc.). Dimethyl sulfoxide (DMSO) was distilled from Gakhder

reduced pressure and stored over 4A molecular sieves. Triethylamine was distilled from CaH
under an atmosphere of argon. Analytical thin layer chromatography (t.l.c.) was performed

on precoated 0.2 mm thick silica gel @®s4 plates (Merck) and visualized using UV light

and by treatment with acidic vanillin solution (in EtOH), followed by heating. All compounds

were purified by flash column chromatography using silica gel 6880 m, Si |l i cycl e)
gave spectroscopic data consistent with bei

(uncorrected) were obtained from a Biichi M560 melting point instrument. Optical rotations
( [ 3)were measured on an Anton Parr MCP 200 polaemeith a tungsten halogen lamp

(589 nm) at the stated temperature using a 0.7 mL quartz cell of 100 mm length. Solution
concentrations (c) are given in g/100 miH NMR and**C NMR spectra were recorded on

Bruker Avance 400/500/600 spectrometers in GCambient temperature. Chemical shifts

() are given in ppm and calibrated using th
reference forH N MRy = (7.86 ppm for CDG) and using the signal of the deuterated

solvent for’3C N MR = {7U6 ppm for CDGJ). H NMR data are reported as follows:

chemical shift (multiplicity, first order spin system if available, coupling constant,
integration). Coupling constantd) (are reported in Hz and apparent splitting patterns are

designated using éhfollowing abbreviations: s (singlet), d (doublet), t (triplet), g (quartet),
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sextet, m (multiplet), br. (broad), app. (apparent) and the appropriate combinations thereof.
13C NMR spectra with complete proton decoupling were described with the aid d®@B&n A
sequence, separating methylene and quaternary carbons (e, even), from methyl and methine
(o, odd). IR spectra were recorded on an Agilent Technologies Cary 68R (ATR)
spectrometer. Wa v e n'lamlthe abbreviatiohs wiwea33%)inv e n i n
(medium, 3366%), s (strong, >66%) and br (broad) are used to describe the relative intensities

of the IR absorbance bands. Mass spectra were obtained through the Department of Chemistry

Mass Spectrometry Service at Queends Univer ¢

(2S,39)-2,3-Bis(benzyloxy}4-((tert-butyldimethylsilyl)oxy)butan -1-ol (13)

BnO
OH

BnO

TBSO
13

The solution of dioll2 (76.0 g, 250 mmol) in THF (200 ml) was added slowly to a suspended
solution of NaH (10.0 g, 250 mmol) in THF (1000 ml) at@ The resulting mixture was
stirred at the same temperature for 1 hour before a solution of TBSCI (38.8 g, 250 mmol) in
THF (50 ml) was added dropwise. The reaction mixture was further stirretCaodca. 4

hours before being quenched with sat. agseNaHCQ solution. The resulting mixture was
partitioned with EtOAc and the combined organic phases weredifieth over anhydrous
MgSQ;, filtered and concentrated vacuoto afford the crude product. Purification by flash
column chromatography (sikogel, 1:10 to 1:4 EtOAc/petroleum ether) affordedatteary

alcohol13(99.2 g, 95 %) aa colorless oil.
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[a]? +16.2 (c = 0.50, CHG); lit.[a]? +13.9 (c = 0.50, CHG).**

IH NMR (500 MHz, CDC#) i 7-7.2B 4m, 10H), 4.73 (d, A of ABJag = 11.8 Hz, 1H),
4.66 (d, A of ABJag = 11.7 Hz, 1H), 4.62 (d, B of ABlas = 11.9 Hz, 1H), 4.62 (d, B of AB,
Jas = 11.7 Hz, 1H), 3.83.74 (m, 3H), 3.68.64 (m, 3H), 2.38 (ddl = 6.9 Hz, 1H), 0.90 (s,
9H), 0.6 (s, 6H).

IR (neat)3453 (br, w), 3032 (w), 2930 (m), 2858 (m), 1456 (w), 1390 (w), 1360 (w), 1253

(m), 1077 (s), 834 (s), 776 (s), 733 (s), 696(s)'cm

((2S,39)-2,3 Bis(benzyloxy)}4-cyclopropylidenebutoxy) gert-butyl)dimethylsilane (15)

BnO
BnO

TBSO
15

DMSO (22.7 ml, 320 mmol) was added dropwise siiaedsolution of (COCI) (14.0 ml,

160 mmol) in DCM (500 ml) &at78 °C. The resulting solution was stirred fwa. 30 minutes,

before asolution 0f13(32.6 g, 78 mmol)n DCM (100 ml) was added dropwise and stirred

at the same temperature @. 30 minutes N,N-diisopropylethylamine (69.7 ml, 400 mmol)

was then slowly added dropwise and the reaction mixture was stirred. 80 minutesati

78°C before it was warmed to 0 °C and the mixture stirred for a fuch&0 minutes The

reaction was then quenched with water (500 ml) and the organic phase was washed with sat.
agueous NaHCgX»solution (1000 ml), dried over anhydrous MgSfitered andconcentrated

in vacuoto afford the crude product which was dried by adding cyclohexane (x3) and

concentrating by rotary evaporation.
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The solution ot-BuOK (32.4 g, 280 mmol) in THF (200 ml) was addea cannula slowly

to a suspended solution of-KBomopropyl) triphenylphosphonium bromide (66.8 g, 144
mmol) in THF (450 ml) at room temperature. The resulting orange mixture was stirred at
room temperature for 3inutesbefore being refluxed for 2 hours. The resulting red/brown
mixture was cooled tmom temperature before the crude aldehgdeq8 mmol) in THF (50

ml) was added dropwise. The reaction mixture was then refluxed.fbhour(t.l.c. control)

The reaction mixture was concentrated and diluted wi@ (00 ml) before being filtrated
through a pug of silica gel and washed witE The resulting solution was concentrated
vacuoto afford the crude product. A small portion of crude product was purified by flash
column chromatography (silica gel, 1:20,@thexanes) to afford th&€BS etherl5 as a

colorless oil.

Notes. Anhydrous THF was further dried over 4A Molecular Sieves for at least 24 hours
before use. Compouri¥ was dried under high vacuum at @for ca. 12 ht-BuOK was

dried under high vacuum at room temperatureéod?2 h.

[a]® +10.49 (c = 1.2, CHG)

'H NMR (500 MHz, CDC}) i 7-7.25 @m, 10H), 5.88 (d quintel,= 10.5, 1.9 Hz, 1H),
4.76 (d, A of ABJag = 11.8 Hz, 1H), 4.73 (d, B of ABlas = 11.9 Hz, 1H), 4.61 (d, A of AB,
Jas = 12.1 Hz, 1H), 4.38 (d, B of ABlag = 12.1 Hz, 1H), 4.19 (dd, A of AXYJax = 8.7 Hz,
Jav=5.0 Hz, 1H), 3.83 (dd, A of ABXJas = 10.6 Hz Jax= 4.3 Hz, 1H), 3.72 (dd, B of ABX,
Jag = 10.6 Hz,Jsx = 6.5 Hz, 1H), 3.61 (ddd, X of ABXYlax = 6.4 Hz,Jex = 5.0 Hz,Jxy =

4.3 Hz, 1H), 1.2@.99 (m, 4H), 0.89 (s, 9H), 0.04 (s, 6H).

67



CNMR (125 MHz, CDCI3) & 139.12 (e), 138.08
127.88 (0), 127.45 (0), 127.40 (0), 127.18 (e), 116.33 (0), 83.03 (0), 79.77 (0), 73.78 (&),
70.56 (e), 63.68 (€), 26.06 (0), 18.40 (e), 2.51 (e), 2.32)1 (0),i 5.26 (0).

IR (neat) 3032 (w), 3032 (w), 2929 (m), 2857 (w), 1606 (W), 1496 (W), 1455 (m), 1358 (w),
1253 (m), 1088 (s), 1059 (s), 834 (s), 775 (s), 732 (s), 695 (%) cm

HRMS (ES, [M+Na]") calcd for G7H3sNaOsSi 461.2484, found 461.2483.

(25,39)-2,3-Bis(benzyloxy}4-cyclopropylidenebutan1-ol (16)

BnO
BnO!:

HO

16
The crude TBS ethdr5 wasdissolved in HCI/MeOH (1 M, 200 ml) at 0 °C and the solution
was stirred forca. 20 minuteqt.l.c. control) The reaction was then naturalized by adding
solid NaHCQ. Most of MeOH was removed under reduced pressuretendesulting
mixture was partibned with EtOAc and water. The combined organic phases werdrtadn
over anhydrous MgSQ filtered and concentrateid vacuoto afford the crude product.
Purification by flash column chromatography (silica gel, 1:5 EtOAc/hexanes) afforded the

alcohol16 (14.6 g, 58% over 3 steps) as a white ssatid.

[a]% 111.8 (c = 0.6, CHG)

H NMR (500 MHz, CDC}) Ui 7-7.2Z8 @m, 10H), 5.84 (d quintet= 8.8, 2.1 Hz, 1H), 4.84
(d, A of AB, Jag = 11.6 Hz, 1H), 4.66 (d, B of ABlag = 11.6 Hz, 1H), 4.63 (d, A of ARlag

= 12.1 Hz, 1H), 4.38 (d, B of ABlas = 12.0 Hz, 1H), 4.34 (dd} = 8.8, 6.0 Hz, 1H), 3.76
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3.70 (m, 2H), 3.58 (app. di,= 11.3, 5.8 Hz, 1H), 2.14 (dd,= 7.5, 5.0 Hz, 1H), 1.21.08

(m, 4H).

13C NMR (125 MHz, CDCI34 138.62 (e), 138.58 (e), 128.
128.02 (0), 127.86 (0), 127.83 (0), 127.63 (0), 115.30 (0), 81.47 (0), 80.95 (0), 73.57 (e),
70.43 (), 62.39 (e), 2.65 (e), 2.40 (e).

IR (neat) 3450 (br), 3039 (w), 2980 (w), 2826 (m), 1787, (1605 (W), 1496 (w), 1454 (m),

1349 (w), 1242 (w), 1206 (w), 1044 (s), 931 (m), 733 (s), 696 (&) cm

HRMS (ESI, [Mi H]") calcd for GiH230s 323.1653, found 323.1648.

(3S5,49)-3,4-Bis(benzyloxy)}5-cyclopropylidenepentar2-ol (17)

BnO
BnO

HO
17

DMSO (12.8 ml, 180 mmol) was added dropwise stiredsolution of (COCH (7.9 ml, 90

mmol) in DCM (375 ml) ai 78 °C. The resulting solution was stirred foa. 30 minutes,

before asolution of16 (14.6 g, 45 mmol) iCM (20 ml) was added dropwise and stirred at

the same temperature foa. 30 minutes. N,Ndiisopropylethylamine (39.2 ml, 225 mmol)

was then slowly added dropwise and the reaction mixture was stirred. 80 minutes at

78°C before it was warmed to°@ and the mixture stirred for a furthea. 30 minutes. The
reaction was then quenched with water (500 ml), the organic phase was washed with sat.
agueous NaHCgXsolution (1000 ml), dried over anhydrous MgSfitered and concentrated

in vacuoto afford the crude product.
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The solution of MeMgBr (45 ml, 135 mmol, 3 M inEX) was added dropwise to a solution

of the crude aldehyde (ca. 45 mmol) in THF (300 mi)7& °C. The resulting solution was
stirred at' 78 °C forca.3 hours before being quencheih sat. aqueous Ni€I solution (250

ml) and partitioned with EO. The organic phases were combined, washed with sat. aqueous
NacCl solution, dried over anhydrous Mg&@itered and concentrated vacuoto afford the

crude product. A small portion otrude product was purified by flash column
chromatography (silica gel, 1:20.BE¥hexanes) to afford thalcohol 17 as a colorless oill,
which was a 2.5:1 mixture of two inseparable diastereomers.

Major isomer:

'H NMR (500 MHz, CDC4$) U -725 (8,80 H), 5.88 (d quintet= 8.2, 2.0 Hz, 1H), 4.92
(d,J=11.2 Hz, 1H), 4.63 (d] = 11.6 Hz, 2H), 4.38 (d] = 11.9 Hz, 1H), 4.30 (ddl = 8.7,

6.0 Hz, 1H), 3.89 (td) = 6.4, 4.0 Hz, 1H), 3.35 (dd,= 5.9, 3.9 Hz, 1H), 2.32(s, 1H),1T.
(d,J=6.5 Hz, 3H), 1.28..05 (m, 4H).

13C NMR (125 MHz, CDCI3)i 138.63 (e), 138.50 (e), 128.:
127.83 (0), 127.79 (0), 127.71 (0), 127.42 (0), 115.94 (0), 85.31 (o), 81.00 (0), 75.17 (e),
70.43 (e), 67.40(0), 20.26 (0)43 (e), 2.33 (e).

Minor isomer:

IH NMR (500 MHz, CDCls) U -725 (8,8.0H), 5.92 (d quintel= 8.8, 2.0 Hz, 1H), 2.81
(d,J=11.2 Hz), 4.63 (d] = 11.6 Hz, 2H), 4.36 (dl= 11.9 Hz, 1H), 4.3@.27 (m, 1H), 3.94
(dd,J=12.3, 6.2 Hz, 2H), 3.51 (appJt= 5.7 Hz, 1H), 2.78 (s, 1H), 1.15 (@ 1.5 Hz, 3H),
1.281.05 (m, 4H).

13C NMR (125 MHz, CDCI3)i 138. 67 (e), 138.55 (e), 128.:
127.83 (0), 127.71 (0), 127.64 (0), 127.62 (0), 115.078§4.08 (0), 80.74 (0), 74.08 (e),

70.36 (e), 67.60 (0), 18.90 (0), 2.53 (€), 2.36 (€).
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IR (neat)3473 (br), 3031 (w), 2978 (w), 2978 (w), 2873 (W), 1605 (w), 1496 (w), 1453 (m),
1371 (W), 1057 (S), 965 (m), 733 (s), 696 (sjem

HRMS (ESI, [M+NaJ) calcd for GoH26NaOs; 361.1774, found 361.1768.

(3R,49)-3,4-Bis(benzyloxy)5-cyclopropylidenepentan2-one (9)

BnO

BnO

9

IBX (34.1 g, 122 mmol) was added in small portions to a solution of the crude d&dhal

45 mmol) in DMSO (& ml). The reaction was stirred at room temperatar&0 hourdt.l.c.
control) The reaction mixture was diluted with water, filtrated through a paeldé and
washed with ethyl acetate. The resulting mixture was partitioned with ethyl acetaat.and
agueous NaHC® The organic phases were combined, washed with water (x3), sat. aqueous
NacCl solution, dried over anhydrous Mg&@ltered and concentrated in vacuo to afford the
crude product which was filtrated through a plug of silica and wasfitedEt.O (200 ml).

The solvent was removed in vacuo to afford the cketene9. A small portion of crude
product was purified by flash column chromatography (silica gel, 1:5 EtOAc/hexanes) to
afford theketone9 as a white crystalline solid.

Caution: IBX is potentially explosive; perform the reaction under a safety shield.

M.P.: 56-57°C
[a]? +64.4 (c = 1.5, CHG)
I1H NMR (500 MHz, CDC}) U -726 (sh,00H), 5.95 (d quintet= 8.8, 1.9 Hz, 1H), 4.72

(d, A of AB, Jag= 12.0 Hz, 1H), 4.62 (d, A of ABlag = 12.0 Hz, 1H), 4.55 (d, B of ABas
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= 12.0 Hz, 1H), 4.37 (dd,= 8.2, 4.4 Hz, 1H), 4.34 (d, B of ABs = 12.0 Hz, 1H), 3.89 (d,

J=4.2 Hz, 1H), 2.23 (s, 3H), 1.2419 (m, 1H), 1.140.98 (m, 3H).

13C NMR (125 MHz, CDCI3)ti 210.03 (e), 138.25 (e), 137..
128.35 (0), 128.24 (0), 128.06 (0), 127.93 (0), 127.65 (0), 115.07 (0), 87.75 (0), 80.51 (o),

73.81 (e), 70.61 (e), 27.75 (0), 2.61 (€), 2.29 (e).

IR (neat) 3032 (w), 2982 (w), 2866 w1714 (m), 1605 (w), 1496 (w), 1454 (m), 1350 (m),

1216 (w), 1057 (s), 968 (M), 734 (s), 696 (s)’cm

HRMS (ESI, [M+NaJ) calcd for G-H24NaO; 359.1618, found 359.1613.

(3S,4R,595)-4,5-Bis(benzyloxy)6-cyclopropylidene-3-methylhex-1-yn-3-ol (8)

The solution of ethynylmagnesium bromide (204 ml, 102 mmol, 0.5 M in THF) dropwise to
a solution of the crude ketorge(ca. 45 mmol) in THF (150 ml) a78 °C. The resulting
solution was stirred a8 °C forca. 6 hours lefore being warmed to room temperature and
stirred forca. 10 hours. The reaction was then quenched with slow additiosabf aqueous
NH4CI (150 ml) and partitioned between EtOAc and water. The organic phases were
combined, washed with sat. aqueous N@H€blution, dried over anhydrous Mgga@ltered

and concentrateih vacuoto afford the crude product. Purification by flash column
chromatography (silica gel,:5 EtOAc/hexangsafforded theACP 8 (11.0 g, 83% over 3
steps) as a colorless aWvhichwas a 10:1 mixture of two inseparable diastereomers.

[a]% +46.9 (c = 0.59, CHG)
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IH NMR (500 MHz, CDC}) i~ 7-7.23 @n, 10H), 6.13 (d quintet= 9.1, 1.7 Hz, 1H), 4.88

(d, A of AB, Jas = 11.2 Hz, 1H), 4.76 (d, B of ABlas = 11.2 Hz,1H), 4.60 (d, A of ABJas

= 11.8 Hz, 1H), 4.44 (dd,= 9.1, 5.4 Hz, 1H), 4.35 (d, B of ABas = 11.8 Hz, 1H), 3.58 (d,
J=6.5 Hz, 1H), 3.49 (s, 1H), 2.46 (s, 1H), 1.50 (s, 3H), L2® (m, 1H), 1.17.07 (m,

3H).

13C NMR (125 MHz, CDCI3)i 1 3 8, 138721 (e)e )28.76 (e), 128.43 (0), 128.42 (0),
128.39 (0), 128.13 (0), 127.85 (0), 127.73 (0), 116.17 (0), 86.91 (e), 85.56 (€), 81.26 (€), 75.70
(€), 72.63 (e), 70.49 (e), 70.16 (e), 27.29 (0), 2.79 (€), 2.53 (e).

IR (neat)3437 (br), 3290 (w), 303@v), 2983 (W), 2870 (W), 1604 (w), 1496 (W), 1453 (w),
1346 (w), 1209 (w), 1056 (s), 931 (m), 735 (s), 696 (S)cm

HRMS (ESI, [Mi H]") calcd for G4H2s03 361.1809, found 361.1800.

Ethyl 2-((1S,2R,3S,8aR,E)-1,2-bis(benzyloxy)}3-hydroxy-3-methyl-8-methylene

2,3,6,7,8,8ehexahydroazulen5(1H)-ylidene)propanoate (6)

In a glove box, [Rh(cod)Cl}0.074 g, 0.150 mmol) and (PhB)(0.279 g, 0.900 mmol) were
weighed into a flameried flask equipped with a magnetic stirrer bar and capped with a
rubber septum. The flask was removed from the glove box and anhyexglene (30 mL)

was then added, and the resulting solution stirred at 100 ¥a.fbb minutes. A solution of
ACP 8 (1.087 g, 3 mmol) and ethyt®ethylbuta2,3-dienoate7 (1.892 g, 15.00 mmol) ip-
xylene (30 ml) was added to the catalyst soluttancannula. The reaction mixture was

stirred forca. 2.5 hours at 120 °Q@.l.c. control)before being cooled to room temperature and
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concentratedn vacuo to afford the crude product as 1:1 ratio of two diastereomers.
Purification by flash column chromatography (silica gel, 1:1D5dEtOAc/hexangsafforded

the bicyclic product (1.353g, 92 combined yield6: 573mg,6-isomer. 524mg and mixture

of both: 256 mg) as a colorless oil.

[a]% 114.2 (c = 0.7, CHG)

'H NMR (500 MHz, CDC}) U 7-7.26 8n, 10H), 6.49 (d] = 2.8 Hz, 1H), 4.91 (d, A of

AB, Jag = 11.9 Hz, 1H), 4.82 (B of AB, Jas = 11.9 Hz, 1H), 4.81(s, 1H), 4.80 (d, A of AB,

Jag = 11.6 Hz, 1H), 4.79 (s, 1H), 4.67 (d, B of ABg = 11.6 Hz, 1H), 4.28.17 (m, 2H),

4.13 (app. t, A of AXY Jax = Jay = 8.0 Hz, 1H), 4.00 (d] = 7.8 Hz, 1H), 3.59 (d] = 7.8 Hz,

1H), 3.053.02 (m, 1H), 2.6€.61 (m, 1H), 2.58.42 (m, 2H), 1.93 (s, 3H), 1.90 (s, 1H), 1.31

(t, J=7.1 Hz, 1H), 1.31(s, 3H).

13C NMR (125 MHz, CDCH)ti 170.01 (e), 152.85 (e), 147.
138.53 (e), 128.60 (0), 12&40), 128.01 (0), 127.86 (0), 127.73 (0), 125.48 (e), 123.24(0),
107.56 (e), 90.57 (0), 80.49 (0), 79.39 (e), 73.00 (e), 72.96 (e), 60.48 (e), 48.79 (0), 35.98 (e),
29.89 (e), 24.87 (0), 15.89 (0), 14.42 (0).

IR (neat) 3440 (br), 3032 (w), 2980 (w), 28%0, 1702 (m), 1592 (w), 1453 (m), 1364 (m),
1243 (m), 1196 (m), 1107 (s), 1062 (s), 907 (m), 731 (s), 696 ($) cm

HRMS (ESI, [M+H])c a | ¢ 6 1H3:05489.26B5, found 489.2653.

Ethyl 2-((1S,2R,3S,8a8S,E)-1,2-bis(benzyloxy)3-hydroxy-3-methyl-8-methylene-

2,3,6,7,8,8ahexahydroazulen5(1H)-ylidene)propanoate (6isomer)

74



6-isomer

[a]% 110.5 (c = 0.57, CHG)

'H NMR (500 MHz, CDC$) U 7-7.2F 8&n, 10H), 6.55 (d] = 2.8 Hz, 1H), 4.99 (s, 1H),

4.95 (s, 1H), 4.69 (s, 2H), 4.51 @+ 2.1 Hz, 2H), 4.20 (qdl = 7.1, 1.4 Hz, 2H), 4.06 (dd,

A of AXY, Jax= 5.7 Hz,Jay= 3.2 Hz, 1H), 3.85 (d] = 3.1 Hz, 1H), 3.79 (app.d,= 3.4 Hz,

1H), 3.00 (app. dt, A of ABX Jas = 15.8 Hz,Jax = 3.6 Hz, 1H), 2.92 (s, 1H), 2.68 (app. dt,

B of ABX>, Jag = 15.5 Hz,Jgx = 8.1 Hz, 1H), 2.89 (app. dd, X of ABXJex = 8.3 Hz,Jax =

4.0 Hz, 2H), 1.92 (s, 3H), 1.46 (s, 3H), 1.31(, 7.1 Hz, 3H).

13C NMR (100 MHz, CDCH) i 1 6 9 . 162496 (e)e 146.53 (e), 144.14 (e), 138.33 (e),
137.63 (e), 128.53 (0), 128.51 (0), 127.96 (0), 127.88 (0), 127.78 (0), 125.22 (e), 124.07 (0),
111.73 (e), 87.02 (0), 84.91 (0), 81.34 (e), 72.96 (e), 72.39 (), 60.24 (e), 49.40 (0), 35.51 (e),
33.00 (e), 2.64 (0), 16.07 (0), 14.39 (0).

IR (neat) 3485 (br), 3032 (w), 2980 (w), 2930 (w), 2870 (w), 1702 (m), 1643 (w), 1589 (w),
1453 (m), 1365 (m), 1198 (m), 1106 (s), 1028 (m), 891 (w), 736 (s), 698'(s) cm

HRMS (ESI, [M+Na]')c a | ¢ 6 @Hssfla@®r511Q455found 511.2442.

Ethyl 2-((1S,2S,4R,8aR,E)-1,2-bis(benzyloxy}4-hydroxy-3-methyl-8-methylene

2,4,6,7,8,8ehexahydroazulen5(1H)-ylidene)propanoate (5)
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BnO H

BnO

N\\—CO,Et
HO

5

To a solution o6 (90 mg, 0.184 mmol) in THF (6 ml) was added sequentiaiyutidine

(129 pl, 1.205 mmol) and thionyl chloride (27 pl, 0.368 mmol) @ °C. The reaction
mixture was stirred &t90 °C for 1 hour before aluminum oxide (ca. 3 g), water (2 mL) and
THF (6 mL) were added. The resulting mixture was warmed to room temperature and was
stirred vigorously for 3 hours before being filtered through a paldk and washed with
EtOAc (50mL). The filtrate was concentratéd vacuoto afford the crude product.
Purification by flash column chromatography (silica de#t EtOAc/hexangsaffordedthe
secondary alcohob (20 mg, 22%44% brsm) as a yellow oil and recovered mixtures of
starting materiab (55 mg) as a yellow oil.

[a]% 17.3 (c = 0.53CHCb)

H NMR (500 MHz, CDC#) Ui 7-7.23 ém, 10H), 5.43 (s, 1H), 5.11 @z= 1.7 Hz, 1H),

4.99 (s, 1H), 4.74 (d, A of ABlag = 11.6 Hz, 1H), 4.70 (d, B of ABlag = 11.5 Hz, 1H), 4.63

(d, A of AB, Jag = 11.5 Hz, 1H), 4.62 (d, B of ABlag = 11.5 Hz, 1H), 4.46 (d] = 5.5 Hz,

1H), 4.20 (app. qq] = 7.2, 3.6 Hz, 2H), 3.99 (dd,= 6.7, 5.8 Hz, 1H), 3.6B8.59 (m, 1H),

2.71 (ddd, A of ABXY Jag= 14.3 Hz Jax= 7.0 Hz Jay= 3.5 Hz, 1H), 2.43 (ddd, X of ABXY,

Jxy = 13.0 HzJax = 7.2 Hz,Jxy = 3.9 Hz, 1H), 2.4€2.33 (m,1H), 2.20 (ddd, Y of ABXYJxy

= 12.7 HzJay= 9.7 Hz,Jey = 3.3 Hz, 1H), 2.00 (s, 3H), 1.74 (br. s, 1H), 1.74)(d,6.8 Hz,

3H), , 1.30 (tJ = 7.1 Hz, 3H).

13C NMR (125 MHz, CDC4) & 170.62 (e), 150.09 (e), 143

136.52 (e), 134.06 (e), 128.57 (0), 128.52 (0), 128.05 (0), 127.97 (0), 127.86 (0), 127.80 (0),
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126.57 (), 114.54 (e), 90.18 (o), 89.25 (0), 72.71 (e), 72.64 (e), 67.82 (0), 60.72 (e), 55.01
(0), 33.46 (e), 30.65 (e), 16.12 (0), 14.37 (0), 12.15 (0).

IR (neat) 3443 (br, w), 3031 (w), 2926 (m), 2857 (w), 1713 (s), 1642 (W), 1453 (m), 1367
(m), 1246 (s), 1176 (m), 1103 (s), 1068 (s), 1026 (s), 905 (m), 739 (m), 699s) cm

HRMS (ESI, [MiH]") ca | ¢ & dH3£Oe487.2883, found 487.2490.

Ethyl 2-((1S,2S,8aR,E)-1,2-bis(benzyloxy)3-methyl-8-methylene-4-oxo-2,4,6,7,8,8a

hexahydroazulen5(1H)-ylidene)propanoate(51)

BnO H

BnO'

N\\—CO,Et

51
DMP (8.8 mg, 0.020 mmol) and sodium bicarbonate (17.2 mg, 0.205 mmol) were added to a
solution of5 (5.0 mg, 10.23 pmol) in DCM (2 ml). The mixture was stirred at room
temperaturea. 12 hours. Another portion of DMP (8.8 mg, 0.020 mmol) was added and th
reaction mixture was further stirred for 2 hours. The reaction mixture was filtrated and
concentratedin vacuo to afford the crude product. Purification by flash column
chromatography (silica gel,;4 EtOAc/hexangsaffordedthe ketone51 (3.8 mg, 76%)s a
yellow oil.
[a]% 126.33 (c = 0.40, CHG)
'H NMR (500 MHz, CDC}) U -728 (81,610H), 4.96 (s, 1H), 4.94 (s, 1H), 4.73 (d, A of
AB, Jas = 11.6 Hz, 1H), 4.66 (d, B of ABlas= 11.6 Hz, 1H), 4.62 (d, A of ABlas=11.7
Hz, 1H), 4.56 (d, B of ABJag= 11.7 Hz, 1H), 4.481.45 (m, 1H), 4.26 (tJ = 4.5 Hz, 1H),

4.23 (g, A of AXs, Jax = 7.0 Hz, 2H), 3.40 (s, 1H), 3.05 (app. dt, A of ABXXg = 13.9 Hz,
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Jax = Jay = 6.2 Hz, 1H), 2.57 (app. dt, X of ABXYIxy = 13.1Hz, Jax = Jex = 6.3 Hz, 1H),

2.47 (ddd, Y of ABXY Jxy = 13.5 Hz,Jay = 8.6 Hz,Jsy = 4.9 Hz, 1H ), 2.2&.23 (m, 1H),

2.15 (app. ddJ = 2.1, 1.0 Hz, 3H), 1.84 (s, 3H), 1.44 (s, 1H), 1.32 (t, X kA Jax = 7.0

Hz, 3H).

13C NMR (125 MHz, CDCH U 1 0 @), 157.37 (), 149.98 (e), 147.24 (e), 147.17 (e),
137.19 (e), 137.14 (e), 134.54 (e), 127.64 (0), 127.58 (0), 127.33 (e), 127.10 (e), 127.05 (0),
126.95 (0), 126.93 (0), 111.34 (), 89.67 (0), 86.19 (0), 71.69 (e), 71.40 (e), 59.86 (e), 53.64
(0), 3613 (e), 29.51 (0), 29.30 (), 28.85 (e), 15.62 (o), 13.38 (0), 13.16 (0).

IR (neat)3032 (w), 2926 (m), 2857 (w), 1716 (s), 1673 (m), 1618 (m), 1454 (m), 1366 (m),
1251 (s), 1111 (s), 1098 (s), 1028 (m), 902 (w), 738 (m), 699 (3) cm

HRMS (ESI, [M+H])c a | c 0 H3s®:d87.24C9, found 487.2471.

(6aR,7S,8S,9bR)-7,8-bis(benzyloxy)}3,9-dimethyl-6-methylene5,6,6a,7,8,9b

hexahydroazuleno[4,5b]furan -2(4H)-one (41)

BnO

BnOII,

3\

@)
41

A solution of5 (10.5 mg, 0.021 mmol) in DCE (3 ml) wasoggenated by bubbling through
argon for 15 minutes. Then the mixture was subjected to UV lightdfof hours before
being concentrateth vacuoto afford the crude product.Purification by flash column
chromatography (silica gel;5 EtOAc/hexangsaffordedthelactone4l (3.8 mg, 40%) as a

yellow oil and recovered starting matert&(2.4 mg, 22%) as a colorless oil.

[a]% 118.40 (c = 0.37, CHG)
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IH NMR (600 MHz, CDC}) i 7-7.2B ém, 10H), 5.54 (s, 1H), 4.93 (s, 1H), 4.88 (s, 1H),
4.66 (d, A of ABJas= 11.5 Hz, 1H), 4.62 (d, A of ABlas= 11.8 Hz, 1H), 4.60 (d, B of

AB, Jas=12.6 Hz, 1H), 4.57 (d, B of ABag=11.9 Hz, 1H), 4.35 (dl= 3.6 Hz, 1H), 3.91

(t, J= 4.3 Hz, 1H), 3.22 (br. s, 1H), 2.80 (ddds 14.0, 8.8, 7.2 Hz, 1H), 2.45 (dk= 12.7,

8.0 Hz, 1H), 2.4@.35 (m, 1H), 2.26 (ddd] = 12.1, 7.3, 4.3 Hz, 1H), 1.92 (d= 2.2 Hz,

3H), 1.78 (s, 3H).

13C NMR (125 MHz, CDC) U 17 4. 57 (4829 (e), 143.99.(6),63838(}), 1
138.33 (e), 131.80 (e), 128.62 (0), 128.52 (0), 128.05 (0), 127.98 (0), 127.82 (0), 125.32 (e),
114.22 (0), 113.13 (), 90.05 (0), 89.43 (0), 78.17 (0), 72.56 (e), 72.26 (e), 55.32 (0), 31.35
(e), 29.85 (e), 27.30 (e), 22 (0), 8.53 (0).

IR (neat) 3065(w), 2923 (m), 2857 (w), 1750 (s), 1681 (w), 1496 (w), 1453 (m), 1350 (m),
1301 (m), 1087 (s), 997 (m), 737 (m), 698 (s)'tm

HRMS (ESI, [M+H]*) ¢ a | GoblxOs 4422217 Gound 443.2209.

Ethyl 2-((1S,2S,4R,8aR,E)-4-acetoxy-1,2-bis(benzyloxy)3-methyl-8-methylene

2,4,6,7,8,8ehexahydroazulenr5(1H)-ylidene)propanoate (55)

BnO H

BnO!:

\ CO,Et
AcO

55

To a solution of (780 mg, 1.596 mmol) in ED (50 ml) was added sequentially lutidine
(0.46 ml, 3.99 mmoland thionyl chloride (0.23 ml, 3.19 mmol) &0 °C. The reaction
mixture was stirred at90 °C for 1 hour before solvent was removed by flushing wigh N

The residue was dissolved in acetic acid (40 ml) and silver acetate (1.599 g, 9.58 mmol) was
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addedn one portion. The resulting mixture was stirred at room temperature underadark
12 hours. The resulting mixture was partitioned with EtOAc and walée organic phases
were combined, washed with water (x5), sat. aqueous Nakd3pand sat. aqueoidaCl
solution, dried over anhydrous Mg&@ltered and concentrated in vacuo to afford the crude
product. Purification by flash column chromatography (silica gel, 1:20 to 1.5
EtOAc/hexanes) afforded tlaeetates5 (569 mg, 67%) as a colorless oil.

[a]Z +55.30 (c = 0.73, CHG)

IH NMR (600 MHz, CDCH) i 7-7.28 (m, 10H), 6.47 (s, 1H), 5.01 (s, 1H), 4.92 (s, 1H),
4.73 (d, A of ABJas=11.5 Hz, 1H), 4.68 (d, A of ARlag = 11.4 Hz, 1H), 4.64 (d, B of
AB, Jas = 12.1 Hz, 1H), 4.61d, B of AB,Jas= 11.7 Hz, 1H), 4.43 (dl= 4.8 Hz, 1H), 4.25
4.14 (m, 2H), 3.94 (app. 4,= 5.9 Hz, 1H), 3.41 (d] = 3.9 Hz, 1H), 2.79 (dd] = 13.3, 6.3
Hz, 1H), 2.432.40 (m, 1H), 2.282.12 (m, 2H), 2.03 (s, 3H), 2.00 (s, 3H), 1.81 (s, 3H), 1.30

(t, J= 7.1 Hz, 3H).

13C NMR (125 MHz, CDCH)t 170. 37 (e) , 169.87 (e), 149.°

138.54 (e), 138.57 (e), 136.15 (e), 133.42 (e), 128.57 (0), 128.49 (0), 128.07 (0), 127.92 (0),
127.88 (0), 127.77 (0), 127.09 (e), 113.11 (e), 9(01.289.57 (0), 72.82 (e), 72.58 (€), 69.57

(0), 60.77 (e), 55.05 (0), 33.54 (e), 31.35 (), 20.96 (0), 16.08 (0), 14.34 (0), 12.50 (0).

IR (neat) 3066 (W), 2980 (W), 2928 (W), 2962 (W), 1735 (s), 1716 (s), 1642 (W), 1453 (m),
1368 (M), 1228 (s), 1179 ()104 (s), 1064 (s), 1016 (s), 895 (m), 735 (s), 697 (5} cm

HRMS (EIl, M) c a | ¢ 0 #H3sDs630.2668, found 530.2659.

Ethyl (E)-2-((2S,3S,3aR,4S,8R)-8-acetoxy-2,3-bis(benzyloxy)1-methyl-2,3,3a,5,6,8

hexahydro-7H-spiro[azulene4,2'-oxiran]-7-ylidene)propanoate (57)
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BnO H =

BnO!:

57

m-CPBA (104.0 mg, 0.450 mmol, 75% by weight) was added to a soluti®® (@09.0 mg,
0.375 mmol) in D@ (20 mL) at room temperature. The reaction mixture was stirred at room
temperaturea. 10 hours before being quenched with sat. aqueouS,Qasolution(5 ml)

and sat. aqueous NaH@sblution (30 ml) angbartitioned with E£O. The organic phases
were combined, dried over anhydrous Mg&@ltered and concentrated in vacuo to afford
the crude product.Purification by flash column chromatography (silica gel, 1:10 to 1:5
EtOAc/hexanes) afforded thepoxide57 (118.4 mg, 58%) as a colorless oil andig&dmer
(38.4 mg, 19%) as a colorless oll.

[a]? +122 (c = 0.52, CHG)

IH NMR (600 MHz, CDC§) i 7-7.2B 6m, 10H), 6.57 (s, 1H), 4.61 (s, 2H), 4.61 (d, A of
AB, Jag= 11.1 Hz, 1H), 4.53 (d, B of ABag=11.4 Hz, 1H), 4.32 (d} = 3.2 Hz 1H), 4.34

4.14 (m, 2H), 3.76 (dd] = 4.5, 3.6 Hz, 1H), 2.82.87 (m, 1H), 2.72 (d, A of ABJag = 4.6

Hz, 1H), 2.67 (app. dt, A of ABXYJas = 14.5 Hz,Jax = Jav = 5.2 Hz, 1H), 2.62.56 (m,

1H), 2.47 (d, B of ABJas = 4.7 Hz, 1H), 2.07 (s, 3H), 2.02 (s, 3H), 1.91 (app. dt, X of ABXY,
Jxy=13.9 Hz,Jax = Jex = 6.2 Hz, 1H), 1.84 (d] = 1.4 Hz, 3H), 1.78 (ddd, Y of ABXY]xy

= 13.7 Hz,Jay= 10.1 Hz sy = 5.7 Hz, 1H), 1.29 () = 7.1 Hz, 3H).

3C NMR (125 MHz, CDCH)i 169. 96 (e), 169.78 (e), 140.
138.03 (e), 133.26 (e), 128.61 (0), 128.54 (0), 128.13 (0), 128.00 (0), 127.97 (0), 127.84 (0),
127.70 (e), 90.97 (0), 84.50 (0), 72.37 (e), 71.89 (e), 68.93 (0), 60.81 (e), 59.14 (e)ph4.10 (

51.94 (e), 33.07 (e), 24.41 (e), 21.18 (0), 15.82 (0), 14.35 (0), 12.63 (0).
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IR (neat)3032 (w), 2980 (w), 2928 (w), 2922 (w), 2865 (W), 1737 (s), 1714 (s), 1638 (w),
1496 (w), 1453 (m), 1368 (m), 1228 (s), 1185 (s), 1105 (s), 1067 (s), 1015 (SpREBL
(m), 736 (s), 698 (s) crh

HRMS (EI, M) c a | ¢ 6 #Hs:®;646.26C8, found 546.2608.

Ethyl (E)-2-((2S5,3S,3aR,4R,8R)-8-acetoxy-2,3-bis(benzyloxy)1-methyl-2,3,3a,5,6,8

hexahydro-7H-spiro[azulene4,2'-oxiran]-7-ylidene)propanoate (57somer)

57-isomer

[a]Z +20.6 (c = 0.68, CHG)

!H NMR (600 MHz, CDC}) i 7-7.2B @m, 10H), 6.55 (s, 1H), 4.76 (d, A of ABg=11.6
Hz, 1H), 4.62 (d, A of ABJas= 12.4 Hz, 1H), 4.60 (d, B of ABag= 12.4 Hz, 1H)4.57
(d, B of AB,Jas=11.6 Hz, 1H), 4.47 (dl= 4.0 Hz, 1H), 4.19 (g} = 7.0 Hz, 2H), 4.10 (app.
t,J=4.9 Hz, 1H), 2.8@.76 (m, 2H), 2.74€.69 (m, 2H), 2.32.34 (m, 1H), 2.05 (s, 3H), 2.05
(s, 3H), 2.042.00 (m, 1H), 1.80 (dJ = 1.3 Hz, 3H), 1.52 (dddl = 13.3, 8.0, 4.0 Hz, 1H),

1.28 (t,J = 7.1 Hz, 3H), 1.26 (s, 3H).

13C NMR (125 MHz, CDCY) i 169. 13 (e), 168.45 (e), 138.:

136.73 (e), 131.58 (), 127.55 (0), 127.49 (0), 127.12 (0), 127.07 G@B5I@), 90.36 (0),

86.69 (0), 71.09 (e), 70.84 (e), 68.80 (0), 59.87 (€), 58.74 (€), 54.74 (e), 53.72 (0), 31.60 (&),
29.68 (e), 28.84 (e), 27.11 (e), 20.00 (0), 15.22 (0), 13.33 (0), 11.52 (0).

IR (neat) 3032 (w), 2924 (w), 2859 (w), 1737 (m), 17151486 (W), 1453 (m), 1368 (m),

1226 (s), 1181 (s), 1103 (s), 1065 (s), 1017 (s), 962 (m), 861 (m), 736 (s), 697(s) cm
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HRMS (ESI, [M+Na])c a | c 6 mdH3sMa®r5692510 found: 69.2501.

Recovery of 55 from 57isomer:

Tungsten hexachloride (319 mg, 0.796 mmol) was suspended in THF (10 ml), and then n
BuLi (1.0 ml, 1.592 mmol, 2.5 M in hexanes,) was added’8t°C. The resulting mixture

was warmed to room temperature slowly. The giemmvn viscous suspension became a
dark-brown homogeneous solution that eventually turned green at room temperature. The
reaction mixture was cooled tdG, and then a solution &f-isomer (145 mg, 0.265 mmol)

in THF (2 ml) was added. The reaction mixture was warmed to room tempevatisérred

for 1.5 hours before being poured into sat. agueous sodium tartrate solution (20 mL) and
stirred for 20 minutes.The resulting mixture was partitioned with EtOAc and waide
organic phases were combined, dried over anhydrous lg@red and concentrated in
vacuo to afford the crude produdurification by flash column chromatography (silica gel,

1:10 to 1:8 EtOAc/hexanes) afforded teetates5 (133 mg, 94%) as a colorless oil.

(1S,2S,4R,8S,8aR,E)-1,2-Bis(benzyloxy)}5-(1-hydroxypropan-2-ylidene)-3,8-dimethyl -

1,2,4,5,6,7,8,8actahydroazulene4,8-diol (61)

BnO H/,,,OH

BnO

61

To a solution 067 (13.1 mg, 0.024 mmol) in THF (3 ml) was added a solution of aluminum

chloride (9.59 mg, 072 mmol) in THF (1 ml) dropwise at 0°C. The mixture was stirred for
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5 minutes before LiAlH(13.6 mg, 0.359 mmol) was added. The resulting mixture was stirred
at 0°C for 1 hour before being quenched with wafdne resulting mixture was partitioned

with EtOAc and waterThe organic phases were combined, dried over anhydrous MgSO
filtered and concentrated in vacuo to afford the crude prodRutification by flash column
chromatography (silica gel, EtOAc) afforded thiel 61 (10.0 mg, 90%) as a whkitserm

solid.

[a]? i45.4 (c = 0.14, acetone)

IH NMR (500 MHz, CDC}) Ui -727 (#,@0H), 5.51 (s, 1H), 4.69 (d, A of ARg=11.4

Hz, 1H), 4.60 (s, 2H), 4.56 (d, B of ABys= 11.4 Hz, 1H), 4.40 (d] = 3.2 Hz, 2H), 4.20

(d, J = 11.7 Hz, 1H), 3.97 (br. s, 1H), 3:3188 (m, 2H), 3.02.98 (m, 1H), 2.52.43 (m,

3H), 1.90 (s, 3H), 1.86 (ddd=13.9, 7.1, 4.8 Hz, 1H), 1.74 (@@= 1.3 Hz, 3H), 1.64 (ddd],

=13.9, 8.5, 4.8 Hz, 1H), 1.16 (s, 3H).

13C NMR (125 MHz, CDCY) i 1 G @), B38.38 (e), 138.34 (e), 136.65 (e), 134.14 (e),
130.13 (e), 128.63 (0), 128.51 (0), 128.05 (0), 127.97 (0), 127.79 (0), 109.99 (0), 91.41 (o),
86.02 (0), 73.73 (e), 72.20 (e), 71.38 (e), 68.03 (0), 63.84 (e), 59.37 (0), 38.75 (e), 26.77 (0),
22.77 €), 17.31 (0), 12.65 (0).

IR (neat) 3302 (br), 3033 (w), 2920 (m), 2867 (m), 1707 (w), 1496 (w), 1454 (m), 1351 (m),
1094 (s), 1067 (s), 1027 (s), 993 (s), 912 (m), 736 (s), 698 (&) cm

HRMS (ESI, [MiH)c a | ¢ 6 mH3s0s463.2900, found 463.2478.
(25,3S,3aR,4S,8R,E)-2,3-Bis(benzyloxy)8-((tert-butyldimethylsilyl)oxy) - 7-(1-((tert -

butyldimethylsilyl)oxy)propan -2-ylidene)-1,4-dimethyl-2,3,3a,4,5,6,7,;8

octahydroazulen4-ol (62)
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TBSCI (91.0 mg, 0.603 mmol) was added to a solutio610§35.0 mg, 0.075 mmol) and
imidazole (77.0 mg, 1.130 mmol) in DCM (10 ml). The mixture was stirred at room
temperature foca. 4 hours. The reaction was quenched with water @arttioned with
EtOAc. The organic phases were combined, dried over anhydrous Md8€red and
concentratedin vacuo to afford the crude product. Purification by flash column
chromatography (silica gel, 1:58Vhexanes) afforded tHEBS ethe62 (50.2 mg, 99%) as
a cobrless oil.

[a]% 10.6 (c = 0.31, CHG)

IH NMR (500 MHz, CDCH) i  7-7.28 9m, 10H), 5.56 (s, 1H), 4.72 @z 11.5 Hz, 1H),
4.62 (dJ=12.7 Hz, 1H), 4.61 (s, 2H), 4.41 (5 3.6 Hz, 1H), 4.13 (d, A of ARlaxs=12.0
Hz, 1H), 4.09 (d, B of ABJag=12.1 Hz, 1H), 3.96 (dd} = 5.5, 3.9 Hz, 1H), 3.68 (s, 1H),
2.98 (d,J = 2.4 Hz, 1H), 2.4&.41 (m, 2H), 2.10 (dddl = 13.4, 8.8, 4.5 Hz, 1H), 1.82 (@,

= 1.5 Hz, 3H), 1.78 (dl = 1.6 Hz, 3H), 1.63..58 (m, 1H)1.13 (s, 3H), 0.89 (s, 9H), 0.88 (s,

9H), 0.07 (s, 3H), 0.06 (s, 3H), 0.05 (s, 6H).

13C NMR (125 MHz, CDCY) i 139.24 (e), 138.56 (e), 134.:

128.61 (0), 128.50 (0), 128.03 (0), 127.95 (0), 127.89 (0), 127.71 (0), 91.7%.&0, (8),
73.34 (e), 71.75 (e), 71.35 (e), 69.47 (0), 63.77 (e), 60.14 (0), 39.13 (e), 38.96 (e), 30.47 (0),
26.02 (0), 25.90 (0), 25.80 (0), 24.88 (0), 24.84 (0), 22.89 (e), 18.04 (e), 18.27 (e), 16.41 (0),

12.73 (0).

85



IR (neat) 3441 (br), 2954 (w), 293M), 2857 (M), 1496 (W), 1460 (w), 1359 (w), 1252 (m),
1063 (m), 1027 (m), 909 (m), 833 (s), 774 (s), 731 (s), 697 (<) cm

HRMS (ESI, [MiH]') ¢ a | ciBledOsSk 8914219, found 691.4213.

2-((2S,3S,3aR,4S,7S,89)-2,3-Bis(benzyloxy) 8-((tert-butyldimethylsilyl)oxy) -1,4-

dimethyl-2,3a,4,5,6,&hexahydro-4,7-epoxyazulen?(3H)-yl)acrylaldehyde (63)

BnO g@
H
TBSO e

63

To a solution 062in (2.0 mg, 2.89 umol) in DCM (0.5 ml) was added selenium dioxide (0.2
mg, 1.443 pmol) and-BuOOH (2.6 ul, 0.014 mmol, 5.5 M in decane). The mixture was
stirred at room temperature fca. 48 hours. The reaction mixture was concentrate@cuo
and directly applied to flash chromatography (silica gel, 1:10 to 2G/E#xanes) to afford
thealdehyde63 (1.4 mg, 84%) as a yellow oil.

[a]2 118.1 (c = 0.15, CHG)

IH NMR (600 MHz, CDC) Ui 9. 53 ( &.27 (rh,HQH), 6.7 .(d#=61.4 Hz, 1H),
6.11 (d,J = 1.4 Hz, 1H), 4.67 (d, A of ABlag=11.7 Hz, 1H), 4.63 (d, B of ABas= 11.7

Hz, 1H), 4.58 (d, A of ABJas= 11.5 Hz, 1H), 4.55 (d, B of ABlas= 11.6 Hz, 1H), 4.48
(d,J=2.2 Hz, 1H), 4.41 (s, 1H), 3.73 (appd & 3.2 Hz, 1H), 2.942.91 (m, 1H), 1.92 (ddd,
J=12.9, 10.0, 5.4 Hz, 1H), 1.8681 (m, 1H), 1.80 (dJ = 1.5 Hz, 3H), 1.60 (app. td,=
12.8, 3.8 Hz, 1H), 1.41 (s, 3H), 1.35 (app.Xd; 12.8, 5.5 Hz, 1H), 0.78 (s, 9HN.08 (s,

3H),-0.10 (s, 3H).
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13C NMR (100 MHz, CDCH 4 193.62 (o), 151.30 (e), 138.

136.18 (€), 134.4(e), 128.59 (0), 128.54 (0), 127.88 (0), 127.86 (0), 127.80 (0), 127.64 (0),
93.20 (0), 86.17 (€), 85.60 (0), 83.61 (€), 72.02 (e), 71.27 (€), 67.92 (0), 57.42 (0), 33.81 (e),
32.22 (e), 25.91 (0), 24.67 (0), 18.30 (e), 11.90-bR0 (0),-4.50 (0).

IR (neat) 3033 (w), 2935 (M), 2928 (m), 2856 (M), 1691 (s), 1625 (W), 1455 (m), 1342 (m),
1252 (m), 1090 (s), 951 (m), 837 (s), 775 (s), 736 (M), 698 (<) cm

HRMS (ESI, [M+Na]") calcd for GsHssONaSi 597.3032, found 597.3007.

(2)-Ethyl 2-((1S,2R,3S,6S,8aR)-6-acetoxy-1,2-bis(benzyloxy}3-hydroxy-3-methyl-8-

methylene 2,3,6,7,8,8ehexahydroazuler5(1H)-ylidene)propanoate (74)

In a glove box, [Rh(cod)CI]2 (0.012 g, 0.025 mmol) and (RRAP.041 ml, 0.150 mmol)
were weighed ito a flamedried flask equipped with a magnetic stirrer bar and capped with
a rubber septum. The flask was removed from the glove box, anhyglgdisne (35 mL)

was then added, and the resulting solution stirred at 100 ¥2.fdb minutes. A solutionfo
ACP8(1.269 g, 3.5 mmol) and ethyatetoxy2-methylbuta2,3-dienoateZ3(3.220 g, 17.50
mmol) in p-xylene (35 ml) was added. The reaction was stirreccdB hours at 120 °C
before being cooled to room temperature and concentmatedcuoto afford the crude
product. Purification by flash column chromatography and further by preparative (silica gel,

1:5 EtOAc/hexanes) to affoith (0.191 g, 10%) as a yellow oil.
[a]2 +34.7 (c = 1.68, CHG)
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H NMR (500 MHz, CDCY) ti  7-7.28 @m, 10H), 6.32 (d} = 3.2 Hz, 1H), 6.13 (app. t, X
of ABX, Jax=Jsx = 3.6 Hz, 1H), 4.84 (d, A of ABlas= 11.8 Hz, 1H), 4.79 (s, 1H), 4.78 (d,
A of AB, Jas=11.4 Hz, 1H), 4.75 (d, B of ABlag= 11.8 Hz, 1H), 4.75 (s, 1H), 4.62 (d, B
of AB, Jag= 11.5 Hz, 1H), 4.17 (g = 7.0 Hz, 2H), 4.01 (app.d,= 8.2 Hz, 1H), 3.94 (d]

= 7.6 Hz, 1H), 3.71 (d) = 7.6 Hz, 1H), 2.82 (dd, A of ABXJas = 16.2 Hz, Jax = 3.5 Hz,
1H), 2.66 (dd, B of ABXJag = 16.1 Hz, Jax = 3.5 Hz, 1H), 1.93 (s, 3H), 1.92 (s, 3H), 1.81
(s, 1H), 1.27 (s, 3H), 1.25 @,= 7.1 Hz, 3H).

13C NMR (100 MHz, CDC)ti 172.02 (e), 170.00 (e), 153.
138.55 (e), 138.48 (e), 129.59 (e), 128.64 (0), 128.51 (0), 127.9RY4 (0), 127.91 (0),
127.83 (0), 119.04 (0), 110.11 (e), 102.10 (e), 90.96 (0), 81.26 (0), 79.50 (e), 73.04 (e), 72.96
(e), 71.55 (0), 61.14 (e), 48.83 (0), 40.44 (e), 29.87 (e), 24.78 (0), 21.49 (0), 16.40 (0), 14.32
(0).

IR (neat) 3450 (br), 3031 (w2980 (w), 2931 (w), 1737 (m), 1714 (m), 1645 (w), 1453 (m),
1369 (m), 1237 (s), 1110 (s), 1024 (s), 909 (m), 732 (s), 697 ($) cm

HRMS (ESI, [MiH]')c a | ¢ 6 Hs/®;645.2585, found 545.2534.
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Chapter 3
Tot al Synthesis of Thapeasgparegidn:

Approach

3.1. Biosynthetic Inspiration, Strategic and Retrosynthetic Analysis

The total synthesis of thapsigarginhas a number of inherent challenges, namely, the
stereoselective catruction of a hexaoxygenated 5:Tiisyclic guaianolide skeleton
functionalized with eight stereogenic centers, the installation of four different ester groups, a
transvicinal tertiary diol and an internal tetrasubstituted ole#m efficient synthesis ot
requires the strategic introdtion of these oxygen substituents to minimize redox chemistry,
protecting group and functional group manipulations. To this end, we devised a divergent
strategy, wherein the common synthetic intermedateuld access both thapsigardiand

all othermembers of the thapsigargin family (Scheme 3.1).

Lo 12
Thapsigargin Common Synthetic Intermediate R Hzor acyloxy group
R* = acyl group

Scheme3.1. Strategic analysis and identification of a common synthetic intermediate.

Inspired by the proposed biosynthgiathway for thapsigargihdescribed in Chapter*ye

recognized the retrosynthetic disconnections o€ ®onds between-6/C-7 and G8/C-9
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would provide a novel approach atiterebyminimize the number obynthetic steps.The
assembly from tha,b-unsaturated estérand(R)-(i )-carvone7 combines dive- and aten
carbon fragment whi ch s consistent with the

building blocks in the terpene biosynthesis (Scheme 3.2).

Cs BnO\/ﬁ/COZMe
6

Synthesis

— *

5 Thapsigargin

Scheme3.2. Biosynthetically inspired strategy.

Hence, the proposed abiotic approach would utilizee@antioselectiveransition metdl

catalyzed alkylation reaction to forge the-d&rbon frameworld necessary for a metal
mediated ketonealdehyde pinacol coupling and lactonization cascade to consttioet
guaianolide skeletor8 en routeto the common intermediat2 (Scheme 3.3). This
biosynthetically inspired process could incorporate the necessargoshemistry and

functionalities for the synthesis din a concise manner. Our hypothesisuld alsgrovide

rapid and scalable access to the common synthetic interm@diadeich serves as a key

intermediate for the preparation of thapsigafgamd other members of the family facilitate

comprehensive t ruct uretactivity relationship
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FGI

Common Synthetic Intermediate

Pinacol

(0]

(R)-(-)-Carvone
$0.18/g
Cio

Scheme3.3. Biosynthetically inspiredetrosynthetic analysis.

3.2. The development of a Concise Total Synthesis of Thapsigargin

3.2.1. Synthesis of Allylic Chloride 13

The synthesis commenced with conversion of the commercially available monotd®pene (
(i)-carvone? into an appropriate electrophile for the alkylative crosspling with ketone

10 (Scheme 3.4)Regioselective allylic chlorination of the terminal olefinsimvith t-BuOCI

at room temperaturefollowed by a ongot operation involving stereoselective reduction
of ketonell with Dibal-H andin situ protection of the resulting secondary alcoh®using

TBSCI, provided allylic chloridd.3in 88% vyield over two steps.
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(R)-(-)-Carvone

'. :// Dibal-H

TBSCI

88% over two steps

OTBS

[gram-scale]

13 12
One-pot

Scheme3.4. Synthesis of allylic chloridé3.

3.2.2. Synthesis of Ketone 10

The preparation of ketori started from the commercially available trisubstituted oléfin
Asymmetric Sharpless dihydroxylatibof 6 proceeded cleanly to provide dib4 in 94%

yield and with O099% enant i ocanfiguratiorof¢hetergas/s , wh i
alcohol at G11 position in thapsigargifh. Oxidation of the secondary alcohiol 14 using

IBX and subsequent pmettion of the tertiary alcohol as trimethylsilyl ether afforded the

desired productOin 77% yield over two steps (Scheme 3.5).
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OH AD-mix-g

BnO\/ﬁ/COZMe AD-mix-p BnO\/S/COZMe \
_ ADmixB .

94% HO ~
6 21 g scale 14
ee > 99%
IBX
o TMSCI o]
Bno\)S/COZMe Imidazole BnO\)S/COQMe
TMSO - HO -",/ AD-mix-a
77% over steps
10 15

Scheme3.5. Threestep synthesis of ketord®.

Although this was a convenient approach, we sought to devisere practical sequence to
prepare ketondO, in which the oxidation and protection steps weoenbined Swern
oxidation of diol14 wascompatible withthein situ TMS protection to genet@a ketonel0in
good overall yield. In addition, replacing IBX as the oxidartich is potentially explosive,

permits the preparation @D on a >20gram scale (Eqg. 3.1).

OH (COCl),, DMSO o

Et;N, =78 °C
Bno\)w'—/COZMe 3 BnO\)S/COQMe
2 3.1

HO then TMSCI ™sd # (3.1
—-78°Ctort

14 75% 10
22 g scale

3.2.3. Synthesis of Olefin 2 via Allylic Coupling

In 2008, Braun and coworkers developed an enantioselective paltadiaiyzed allylic
alkylation of unstabilized ketonésFor instancethe lithium enolate of cyclohexanoris

undewentan enantioselective alkylation with thallyl-palladium comple derived froml7
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using the catalyst derived from fdba}A C Hs@hd ©-BINAP 19in the presence of LiCl
ati 78 °C (Eq. 3.2). We anticipated that the high reactivity-allyl comple)xesmay provide
a solution to the poor reactivity and the chiral ligandld override any natural bias to afford

the desired diastereomer.

73%

0 o LDA, LiCl, (S}BINAP O OO P@
Pdydba)z*-CHCIy F (3.2)
+ \/\O)J\O/
THF, 78 °C O‘ P
18 2

16 17

ee = 98%
19

(S)-BINAP

In accord with this reasoning, we designed a route to construct itarldién framewdk 22

via an allylic substitution strategy. Notable, crassipling of fragment0andl13is far more

challenging due to the inherent structural complexity (Scheme 3.6), which is absent in the

prototypical approach (Eq. 3.2). For example, the steribailyered and unstabilized enolate
o f-alkdxy ketonelOis likely to be much less reactive in the alkylation. Moreover, alkylation
of 10in an acyclic systenwhichis further complicated bghe formation of a mixture d&/Z
enolate, thusprovides amadditional challenge for attainiriggh levet of enantioselectivity.
Furthermore, the allylic moiety in the igllsubstituted olefin system is mucts¢eused in the
transition metatatalyzed allylic substitution reactignsecause the stability of tratien
metal “-allyl complexes decrease with increasing olefin substittién. Finally, labile
leaving groups such ashloride are not typically compatibletinetransition metacatalyzed

asymmetric allylic allylationbecause ofompetitive backgnand reactions
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i LIHMDS -
BnO\)S_/COZMe | Bno\)v/COZMe

TMSO ~ TMSO -

10 20
coupling

OTBS OTBS

Scheme3.6. Challenges of the allylic coupling.

Inaccord withBr aunds pr ot oinvestigatiosvwortheipropoged alylicectbss
coupling To this end, direct alkylation failed to provittee coupled produc®2 because of
the poor reactivity of thelectrophile(Table 3.1, entry 1). Gratifyingly, allylic coupling of
13 with the lithium enolate of ketorE0 at room temperature in the prase of LiCl and the
chiral catalyst derived from B@ibayA C Hs@rd §-BINAP 19furnished the desired product
22 with 5:1 diastereoselectivity (entry 2). Surprisingly, usehafbulkier ligand §-xyl-
BINAP 23 switched the diastereoselectivity (entry &dthe (SS)-DACH-Phenyl Trost
ligand 24 did notafford anyof thedesired coupling products (entry Aurther improvement
in selectivity was garnered bywering the reaction temperature 180 °C, albeit the
alkylation proceededt a sigificantly slower rate (entry 5) Finally, the coupling reaction
proceeded efficientlyat 0 °C to afford two inseparable diastereomers with similar

diastereocontrglentries6 and 7).
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Table 3.1. Allylic alkylation: Optimization.

0 1 plos o
BnO\)S(COQMe . | ,On
TMSO ~ OBS Terrlqlr?earr;(tjure OTBS _ \OT™S
10 13 22 22.isomer
E = CO,Me E =COyMe
Entry Ligand Temperature dr
1a N/A rt -€
2 (S-BINAP fi 5:1
3 (9-xyl-BINAP fi 1:4
4 Trost ligand24 f -€
5b (S-BINAP i30°C 8:1
6° (S-BINAP 0°C 8:1
7d (S-BINAP fi 8:1

2No catalyst was used.The reactiorstoppecatabout 50% conversiorf. The reaction was carried out on
100 mg scalavith 72% yield ° The reaction was carried out on 7.50 g swédth 93% yield ¢No desired
product was naoisolated

(0] 0] P
COr? U
23 24
(S)-Xyl-BINAP (S,S)-DACH-Phenyl Trost ligand

3.2.4. Synthesis of the Cyclization Precursor 9

The preparation oketo-aldehyde9 from 22 was then achievedia an ozonolysis/aldol

condensation sequencéelective cleavage of the more electriech trisubstituted olefin in
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diene22 followed byin situaldol condensation catalyzed by piperidinium acetate at elevated
temperature, provided thimg-cortractedproduct9 in 40-55% yield (Eq. 3.45. Notably, he
amount of ozoneneeds to becarefully controlled to avoid the oxidation of the -1,1
disubstituted olefin At this stage, two isomers were separated by flash column
chromatography.Hence, this ongot transformation permits the installation of the internal
tetrasubstituted double bd present in the natural product and simultaneously sets the stage

for the subsequent pinacol cyclization/lactonization cascade reaction.

s, then PhsP TBSO!

piperidinium acetate
40-55%
[gram-scale]

3.2.5. Pinacol Coupling

Thepinacolreactionis avenerable processhich is welldeveloped in tersiof mechanistic
studies, new reagents and applicatitmghe total synthesis of natural produtt§. In this
section, a brief coverage of the pinacol coupling readsidescribed,which also serves as a
guide for our initial reactio condition screening in the context of the total synthesis of

thapsigargir.

3.2.5.1. Sml2-Promoted Pinacol Coupling

Samarium diiodidés the most frequently used agent for the pinacol coupling reactions, which

has been applied in thetal synthesis ohumerousatural products. In 2002, Snyder and
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coworkersreported a new strategy t®4-nortriterpene derivative27 using a pinacol
cyclization. Smb-mediated pinacol coupling a@lhe dicarbonyl intermediat@5 affords the

key pentacyclic irdrmediate26 in good yieldand with excellent diastereoselectivity owing

to the steriaepulsion between the samarium ketyl component and the angular methyl group
in the transition statelnterestingly, theeaction requiresBuOH as the additive, whianay

potentiallyfunctionas more than the proton source (Eq. 3'4).

OAc
Sml,, +-BuOH
e T,
THF, rt
87% HOY

24-Nortriterpene derivative

In 2003, Marcos and coworkers developed a route to prepai®té&rdl 30 and other
diterpenes using a Spapromoted ketonealdehyde pinacol coupling as the key
transformationKetonealdehydentermediate28 underwent diastereoselective coupling to
generate a sixnembered ring which forged the carbon skeleton cfdtgrol30. A critical
aspect of this work was the recognitioatthsirg MeOH as the additive improvele overall

efficiency (Eq. 3.5)2

o

e

0 Sml,, MeOH Pr (3.5)

THF, rt
79%

30
(+)-Totarol
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In 2010, Chen and Nicolaou reported a total synthesis of-ldagenatural products
echinopines A33 and B34 using a Sm}promoted pinacol coupling déetonealdehyde
intermediate31 to construct the challenging severembered ring. To this enthe pinacol
coupling affordedlesired producB2in amoderate yield andith complete diasteremntrol

in the presence of HMPA (E 3.6)*3

Sml,, HMPA

(3.6)
THF, -78 °C to rt
50% ROOC
TBSO Echinopines A 33, R = H
31 32 Echinopines B 34, R = Me

3.2.5.2. Titanium-Promoted Pinacol Coupling

In 1994, Nicolaou and coworkers reported the total synthesis of 3@xathich represents
one of the most challengy targets for total synthesis. A key feature withdtnategy was
pinacolcyclizationto construct the eighhembered ring in the natal product. The coupling
of di-aldehyde 35 was promoted by the lowovalent titanium complex at elevated
temperature to afford the corresponding @®In 23% yield. Alhough this step proceeds in
a poor yield and is sensitive to reaction scale, it enables the compédtitis complex

structure (Eq. 3.7

AcO O OH
) (0] Ph O
TiCl3(DME), 5, Zn,
DME, 70 °C, )J\ /'\/u\ "
PR N7 O _
A = O (3.7
added over 1 h OH - H oA @7
23% HO 0Bz OA¢
37

Taxol



3.2.5.3. Tin-Promoted Pinacol Coupling

In 1995,Fu and coworkerdeveloped a BsbnHmediated pinacol coupling of dicarbonyl
compounds. The key step in this transformatiohaesmtramolecular addition ¢ih ketyl 40

to the ketondollowed by a homolytic substitution (8) reaction (Eq. 3.8Y.

0 0 BusSnH, AIBN OH OH (0] o OSnBuj
- PhH, 80 °C i
B —— e
62% (3.8)
dr=20:1
TBSO OTBS TBSO OTBS TBSO OTBS
38 39 40

3.2.5.4. Vanadium-Promoted Pinacol Coupling

In 1991, Pedersen and coworkers reported an intramolecular pinacol coupketpioé
aldehydecompounds usindimeric vanadium (II) compleA3. This method is surprisingly
effective in the construction afs-1,2-cyclobutanediols. The use of HMPA as the additive
and the slow additioof the substratés crucial to avoid dimerizationia an intermolecular

process (Eq. 3.9%.

o & o

0
VCIy(THF)3, Zn HO. C()*v“ \\\\\ v”‘og
é/\fo HMPA, DCM, rt i? J \C' (3.9)
H O Q

added over 3 h 43
41 93% 42 Dimer core of [V,Cls(THF)g],[Zn;Clg]

In 2016, Toshima and coworkers reported a toyakresis of antibiotic natural product
aquayamyci6 usingthe vanadiunmediated pinacatyclization, whichsuccessfully build

a sixmembered ring 5% yield and with completaliastereoontrol. They pioposed
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stereochemical outcomshecause othe preferred chelation of the acetonide protected 1,2
diol with the vanadium (Il) complex. Additionally, the addition of DMF serves an effective

ligand in this vanadiuapromoted pinacol coupling reaction (Eq. 3.10).

“'OH
“OH (3.10)

VCl4(THF)3, Zn

T

DMF, DCM, rt
95%

46

44 BnO’ﬁ/ﬁz 45 Aquayamycin
R=
BnO

3.2.6. Synthesis of Guaianolide Core 8 using a Pinacol/lactonization

Cascade

We envisioned that completion of the guaianolide skeleton could be accomplished using a
pinacol/lactonization cascade to construct both the sevembered ring and the five
membered lactone motif present in thapsigalgim a single operation. To thisé, metal
mediated pinacol reaction could promote theCCbond formation between-&C-7 to
generate dio#l7 in a diastereoselective manneBubsequent lactone formation could occur
spontaneously due to the flexible seveambered ring, which can easdgiopta favorable
conformation for thecyclization Nevertheless, wanticipated that multiplexygenated
functionalities in9 may complicate this process because of their potential interactions with
oneelectron reducing agents. Moreover, at this stage, the facial selectivity of the proposed
pinacol coupling remained ambiguoadbeit we envisioned the-&benzyl ether may dic¢

the cyclization(Scheme 3.7).
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pinacol

TBSO! coupling

lactonization

Thapsigargin

Scheme3.7. Proposed pinacol/lactonization cascade.

We elected to initially investigate the pinacol/lactonization cascade with thestdillished
one electron reducing agent: SIA range of additives such as HMPBPBUOH and MeOH
at different temperatures were examined, but none of guaiar®liches detectedh these
reactions Alternatively, treatment & with SmBp, which was formedh situ, also failed to
promote this cascade procé$sHence, the poor outcome with samarium prompted the

examination of other one electron reducing agents (Scheme 3.8).

TBSO!"

Additive examined = Temperature examined

MeOH rt

t-BuOH 0°C

HMPA -78 °C
LiBr

Scheme3.8. Attempted Smj-promoted pinacol/lactonization cascade.
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Scheme 3.9 outlines therther reagent screening for the proposed pinacol/lactonization
cascade. To this end, Fuods 38nHwabkdigappntiag o | C ol
and afforded a complex mixtutg.Alternatively, treatment o® with low covalent titanium

reagents only delivered reduced side prodtfcts contrast, the vanadiut) reagent with

different additives primarily afford dimerization products. However, the careful analysis of
reaction mixtures led to the identification of a trace amount of the desired pB&dugich

prompted further optimization of this reactionngivanadium complexes.

TBSO!

Reagent examined
BusSnH, AIBN
TiCly, Zn, Pyridine
VCl3, Zn, DMF
VCl3, Zn, THF

Scheme3.9. Reagent screening for the pinacol/lactonization cascade.

Table 3.4 outlines addithal studies utilizing vanadiuih) complexes. The ovellefficiency

for the desired produc8 was improved significantly when V&lwas replaced with
VCI3(THF): (Table 3.2, entry s entry 2). Neverthelesshe addition of DMF did not

improve the efficiency of the pinacol coupling process as outlined earlier (entry 3) and
switching to DMI afforded none of the product, which was ascribed to the formation of a

V(Il) -DMI complex that was insoluble mixture (entry 4ratifyingly, more encouraging

results were obtained when kettilehyde9 was slowly added to a solution of the dimeric
vanadium complex, [YCls(THF)s]2[Zn2Cle], which was prepareth situin the presence of
HMPA,*?>*3 to afford the guaianolide skelet@hin 526 0 % over al |l yi el d an

diastereoselectivity on a grascale (entries 5 and 6).
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Table 3.2. Vanadiungll) -promoted pinacol/lactonization: Additive screening.

TBSO!" VCI3(THF)3, Zn
Additive
Entry Additive Yield
12 THF <5% ‘
[ ) H__N
2 - 20% o TOT h
3 DMF 20% THF DMF
4 DMI -d N/—\N \N/ P
— ~ \N\\/N
5p HMPA 520 b /TP
o o}
6°¢ HMPA 60% DMI HMPA

aV/Clz was used instead. 10 equiv of HMPA was used.12 equiv of HMPA was used.

9No desired product was nisolated
The proposed mechanism of the pinacol/lactonization cascade is delineated in Scheme 3.10.
Treatment o® with the V(II) complex presumably generates thé&elyl radical specied8,
in which the benzyl protected-& oxygen can control the facial seledyvithrough
coordination with the metal center. The intramolecular cyclization leads to h€éwénd
formation and affords dial7, which can then undergo lactonization to furnish guaian@lide

with a high level of diastereoselectivity.
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TBSO! OBn  V(IIyHMPA TBSO! Io! :
o _— ~ o o WOTMS
a NOTMS  slow addition RV ™~
E \VLnCOZMe
9 48

Pinacol coupling

OBn lactonization

~OTMS 60% overall
[gram-scale]

80

Scheme3.10. Mechanism of the pinacol/lactonization cascade.

The structure of 5,7;&icyclic guaianolide8 was confirmed with the aid of extensive
spectroscopic studies. Nevertheless, owing to the flexibilitthessevermembered ring
system, the relativeonfigurationwas only partially confirmed by NOE experiments (Figure
3.1). Thecis-configuration relabnship of G6 and G8 proton is supported by the
enhancement of NOE signals, whereastthas-configuration relationship of @ and C6
proton is ambiguous given the lack of any NOE interactions. Although the configuration of
the C-7 alcohol could notdinterpreted from NMR experiments, the pinacol coupling is very
likely to proceed to generatke cis-diol at G6 and G7 positions Furthermore, the benzyl
protected alcohol at-8 position could serve as a directing group, which can potentially
coordirate the metal center in the transition state to defweith a cis-configuration at @5,

7, 8 positions.
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OBn

Figure 3.1. Elucidation of the stereochemistry of intermed@&te

Overall, stating from the readily available monoterpen®)-(i)-carvone 7, we
successfully constructed the75-tricyclic guaianolide skeleto® in only five steps,
which represents the shortest route to date to prepare this important structure ales provi

a novel entry into many other guaianolide natural products.

3.2.7. Installation of C-10 Oxygenaion
3.2.7.1. Mechanism of Mukaiyama Hydration and Its Applications

The cobaklcatalyzed hydration of olefins with organosilanes under aerobic conditions was
first reported by Mukaiyama and coworkers in 1889Scheme 3.11 outlines the proposed
mechanism for this proce$¥. The rmation of metal hydride complé0 in the presence

of molecular oxygen and PhSik$ thought to facilitate theapidinsertion into okfins to form

a a Co bond which spontaneously undergoes a homolytic cleavage. The resulting radical
speciesh4 can then be trapped by molecular oxygen artbrabine with cobalt catalygt9

to afford complex56, which undergoes transmetalation with Ph$iel releaseperoxide57

and regeneratdbe metal hydrides0. Cleavage of the labile hydroperoxide intermedite

then provides the Markovnikov produs® after a reductive workup.
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PhSiH, L,Co'
|

49
o)
OH o~
)\ - )\ 0,, PhSiH;
R Me Me
58 R 57
L,Co'—H
PhSiH
s 50
Lzo‘olll
o/o
R Me
56 .
O/O chO”
)\ o 49
Me R Me
L,co' R 54
49 55 \/
O,

Scheme3.11. General mechanism of Mukaiyama hydration.

Since its discovery, the Mukaiyama hydration has been utilized extensively in the natural
product total synthesf. In 2011, Romo and coworkers reportadotal synthesis of
sesaiterpene (+omphadiol60, in which the tertiary alcohob9was a key intermediate. To

this end, Mukaiyama hydr at i -bydroxylationofdhgmasf ul |y e
unsaturated ketonérather than the 1;dlisubstituted olefiren routeto the natural product

(+)-omphadiol60 (Eq. 3.11)%

Co(dpm),, PhSiH;
0O,, i-PrOH/DCE

0°Ctort
0 63%

60
(R)'(—)-Z:arvone dr=24 59 (+)-Omphadiol

In 2013, Hiroya and coworkers reported a strategy to prepare the proposed structure of
trichodermatide A2 using a latestage Mukaiyama hydration to introduce theoabl at G

9 position. Interestingly, trifluoroethanol was a necessary component to facilitate the cobalt
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catalyzed hydration at the enol ethebinwith a remarkably high level of chemaegio and

stereoselectivity (Eq. 3.125.

Co(acac),, PhSiH3
02, CF3CH20H, rt H
(3.12)

then K,CO3, MeOH
53%

62
Trichodermatide A

In 2013, Metz and coworkers developed an enantioselective rodutgdayphyllol 65. A
key step in this route is a regioselective cebatalyzed hydration of the trisubstituted olefin
in 63. Gratifyingly, the standard Mukaiyama hydrationndiions delivered the tertiary

alcohol64 in an excellent yield, albeit with poor diastereoselectivity (Eq. $213).

Co(acac),, PhSiH3
O,, THF, rt

o1 (3.13)
(]
dr=2.4:1

(-)-Oxyphyliol

In 2016, Baran and coworkers completed a short synthesis-ph¢tpol68, in which the
bridged hydroxyl group 67 was introducedisinga modified Mukaiyama hydration
protocol. In this case, stoichiometric Mn(acagas required to achieve a good yield and

chemoselectivityEq. 3.14)°
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i) Mn(acac),, PhSiH3

O,, EtOH
(3.14)
ii) TMSOTF, Et;N
DCM, 0 °C RO
0,
66, R = TMS 0% 67, R = TMS

Phorbol

3.2.7.2. Stereoselective Synthesis of Tertiary Alcohal3by Mukaiyama
Hydration

Based on the mechanism of Mukaiyama hydration, we proposed thiat sha generated
cobalt hydride complex could stereoselectively add to ti®/C-14 double bond from the
less hindered top fada 8. Moreover, we rationalized the hydroxyl groapG7 position
could assist this addition procegs coordination or hydrogendmding. After homolytic
cleavage of CCo bond in69, radical70 could react with molecular oxygen and Ph$iél
provideperoxide72, which could undergo hydrolysis in the presence of ethanol and water to
afford tertiary alcohol73 with the correctconfiguration Another consideration with the
proposed strategy is the necessity for chemoselectivity, since #E-& olefin can

potentially compete with the-C0/CG-14 derivative(Scheme 3.12).
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addition
— > TBSO

" _PhSi(OEt),0H

~————— TBSO TBSO

Scheme3.12. Mechanism of Mukaiyama hydration of intermedi@te

With these considerations in mind, we examined various conslifion the selective
installation of the €L0 hydroxyl group. Treatment of8 under the standard Mukaiyama
hydration condition led to chemoselective hydratiothefC-10/G-14 olefin witha high level

of diastereoselectivity, albeit in moderate yield (Table &8y 1). Although switchinghe
solvent to ethanol permitted modestimprovementin yield (enty 2), the alternative
Mn(dpm)s catalyst was inferior (entr§).22 Gratifyingly, loweringthe reaction temperature
afforded a more encouraging result (edpywhich was further improved by tséow addition
of PhSik and bubbling oxygen into the reaction systenprovidethe optimal yield for the

formation of tertiary alcohof3 on a gram scal@entry5).

110



Table 3.3. Mukaiyama hydration: Optimization.

Catalyst
PhSiH3
Solvent TBSO'
0,
Temperature
Entry Catalyst Solvent O2 Temperature Yield
1 Co(acag) THF Balloon pressure rt 40%
2 f EtOH f f 53%
3 Mn(dpm) A i i 41%
4 Co(acagy fi fi 0°C 72%
5 f f Bubbling f 79%

Both the relative configuration and structural assignment of the key tricyclic intermé8liate

was confirmed by extensive spectroscopic studies and singgeal Xray diffraction

analysis. The obvious NOE correlations of thd@methyl group betwee@-6 and C8

protons supported the proposed stereochemical outcome of the @atbflzed Mukaiyama

hydration at €10 position More importantly, all the structural assignments were further

verified by a singlecrystal structure of intermediaf® (Figure3.2).

Figure 3.2. Elucidation of the structure of intermediat&
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3.2.7.3. Synthesis of Acetate Z by Selective Acetylation

Preliminary attempts to selectively acetylate thg&0Qertiary alcohol irr3 demonstratethat

this was a very hindered position. The combinatidériewis acid and proton acids with
different acetylating agents, which are commonly used in acylatioten€aly hindered
alcohols?’ afforded very low yields and led to sigieéint decomposition (Scheme 3)13

Surprisingly, basic conditiorsg ambient temperatui@so failed to provide promising results.

Acetylating agent examined

Proton acid examined

Lewis acid examined Base examined

Ac,0 CSA Sc(0Tf); EtsN
AcCl TsOH Cu(OTf), Pyridine
Isopropenyl acetate TMSOTf DMAP
Bi(OTf)s BusP
I LIHMDS

Scheme3.13. Attempted acetylation of intermediaf8.

In view of the unexpected challenge with the acetylation of #i® @ydroxyl group, we
decided to systematically investigate this step using the standard acetgtgimtg, namely
Ac20 with DMAP 2" Acetylation at room temperatuaad at60°C in different solvents after
prolonged reaction time, only resulted in tleeoveredstarting materiar3 and <10% yield

of the desirednoncacetylated producit4 (Table 3.6, atries £3). Neverthelesgreatment

of 73 with a large excess of DMAP at 110 enabled the rapid acylation to genefgaite
acetylated addudt5 as a major product (entry 4). Hence, we recognized the importance of
using high temperature, which prompted additional experiments with less DMAP at elevated

temperature to supress the formatiorvbflentry 5). Gratifyingly, under these conditions
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the tertiary acetat@4 was obtained in 93% yielithout any of thebis-acylated adduci5

(entry 6). Nevertheless, the reaction was sensitive to reaction scale, wherein inseparable
mixtures of74 and75 were obtained when reactions were carriedooutip b 500 mg (entry

7). This problem was solved by further reducing the amount of DMARe&rly one
equivalent, which afforded good yields that couldbg&ined on a consistent basrsnearly

gramscale (entry 8).

Table 3.4. Acetylation: Optimization.

AC2O
DMAP (X equiv)

Solvent
Temperature

Entry DMAP Solvent Temperature Result
1 10 equiv DCM rt >90% of73 + <10% of74
2 40 equiv THF 60°C fi
3 A PhMe A fi
4 A A 110°C >80% of75
_ 50% of 73 + 50% of74
5 3 equiv i fi
(2 mg scale)
93% of75
6 A A fi
(10 mg scale)
>90% of74 + 75
7 A A fi
(500 mg scale)
. 96% of 74
8 1.1 equiv f fi

(800 mg scale)
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3.2.8. Inversion of C-8 Configuration

In the next stage, inversion of tikenfigurationat G8 positionin tertiary acetat&4 was

required for the synthesis of thapsigarfjinTo this end, we sought to identify a method to
invert theconfigurationat C-8 position Unfortunately, deprotection of the benzyl protecting
group with Pd/C resulted ithe decompsition of the starting material, which is presumably
due to the acidic nature of this reagent. In contthstclean and selective removal of the

benzyl group was achieved using Pd(&8)under an atmosphere

Pd(OH),/C, H,
B — e

IBX

NaBH,

S
94% overall

[gram-scale]

Scheme3.14. Inversion of G8 configuration

of hydrogen in EtOAcowithout any evidence fothe reduction ofC-4/C-5 double bond.
Filtration of Pd(OH)/C catalyst afforded the secondary alco6] which was immedizly
oxidized into the corresponding ketonéwith IBX and reduceah situto provide the desired

alcohol2 in excellent overall yield and diastereoselectivity (Scheme 3.14). Interestingly, the
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slow cleavage of the TMS protecting group methanolwas observed, which could be
attributed to the anchimeric assistance by the newly form8d@iroxy group due to their

spatial proximity?°

The diastereoselective reduction of this transformation can be explained by steric factors. The
bulky TMS protected €1 tertiary alcohol sterically blocks the bottom face and pelymits
the nucleophile to attack from the top face as illustrated in Figure 3.3, which leads to the

excellent diastereoselectivity.

Figure 3.3. Explanation of the diastereoselective reduction.

3.2.9. Synthesis of Enone 8

In order to functionalize the-€ positon and complete the synthesisnversion of TBS ether

in the common synthetic intermedi&ato enoneBl was studieds outlined in Scheme 3.14.
Selective acylation of the -8 hydroxy group in2 using butyric anhydrideand DMAP
afforded79 in quantitative yield, which was followed by removal of TBS protecting group
under mild acidic conditiomto provide seondary alcohol80 without any detectable
epimerization. Oxidation of the allylic alcohol 8 with IBX generatedhe desirecenone

81 in a good yield (Scheme 3.15). Since both the allylic alc8B@nd the enon&l are

known, it permits the comparison of their spectral datsich suppors the assignment.
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(Prc0),0

DMAP
99%

97% | AcOH

IBX

90%

Scheme3.15. Threestep synthesis of eno4.

Alternatively, we developed anepot protocol to prepare enor&d from 2 (Eq. 3.15).
Selective acylation o2 proceeded cleanly, which perm#s in situ Jones oxidation of the
TBS ether to furnish the key,b-unsaturated cyclopenteno@#in 87% yield,and thussets

the stage for the completion of the synthesis.

(PrC0O),0, DMAP
then CrO3

_——
87%
one pot

116



3.2.10.End-game: Completion of the Total Synthesis of Aapsigargin

The final stage of the synthesis required advanceme81 & thapsigarginl, which was
achievedvina modi fi cati on ostep f@diocol SthemeBaWH).dle t hr ee
octanoxyl side chain at the Zposition was introduced stereoselectively using Mn(@4As)

the oxidant in benzene and octanic acid as a mixed solvent system to8&fiardnodest

yield. Diastereoselective reduction of tAg-unsaturated ketone B2 with Zn(BH.)2 in

diethyl ether at 20 °C, followed by the angeloylation of the sterically hindere@ @lcohol

using anhydridé&4 in the presence of NaHG@fforded the natural prodydhapsigargiri,

in 64% yield over two step. All the spectra data matches with the reported tatoesirm

the completion of this ageft3233

Mn(OAc);3

R

octanoic acid
61%

Thapsigargin

Scheme3.16. End-game: Completion adhetotal synthesis of thapsigargin.
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3.3. Summary

A concise, efficient and scalable synthesis of thapsigdrfyjom commercially availableR)-
(i)-carvone? was developed as shown in Scheme 3.17. Our synthetic strategy is inspired by
nat ur e decarbon dont formation sequence, which facilitates the construction of a
highly functionalized sesquiterpene lactone skeleton in five stegpan enantioselective
ketone alkylation and a diastereoselective pinacol cyclization. Owubetbtal synthesis of

1 was accomplished in 12 steps (longest linear sequence) with 5.8% overall yiel®f¥(m (
)-carvone?7. Notably, the total synthesis wascomplished in less than otterd of the
number of steps required by Ley and coworkers (42 steps) and more than 40 times more
efficient than the synthesis reported by Baran and coworkers (0.137% overall yield).
Furthermore, the efficient fivetep syrttesis of8 represents one of the shortest approaches

to the guaianolide skeleton developed to datehich we anticipate will allow the rapid
preparation of a library of simplified thapsigargin analogs for detailed strilattiety
relationship studiesWe anticipate that this synthetic route could provide the basis for a
manufacturing route to this important agent, particularly given the brevity and scalability of
the synthesis. Finally, we believe that this biosynthetically inspired synthesis ofjdrgpsi

1 will provide a guide for the construction of related polyoxygenated terpenes.
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1. 1BuOCI 3. cat. Pdy(dba);*CHCl3

2. Dibal-H (S)-BINAP, LiCl
[ — - >
then TBSCI then 10, LIHMDS OTBS £ \OTMS
7 88% 93% 22
(R)-(-)-Carvone [gram-scale] [gram-scale] E = CO,Me
55% 4. O3, Ph3P then

[gram-scale] | piperidinium acetate

6. Co(acac), 5. VCly(THF),

TBSO'! PhSiH3, O, Zn, HMPA TBSO'"
-
79% 60%

[gram-scale] [gram-scale]

III

7. Ac,0 ” 8. Pd(OH),/C, H,

DMAP TBSO! OBn then IBX; NaBH,4

85-96% ~OTMS 94%
[gram-scale] 8} [gram-scale]

9. (PrC0O),0 | then CrO4
DMAP 87%

11. Zn(BH,), 10. Mn(OAc)3

12. 84, NaHCO,
64%

C7H15CO,H
61%

82 81
R' = Butanoyl! R' = Butanoy
R? = Octanoyl

Thapsigargin
R’ = Butanoyl
R? = Octanoyl

Scheme3.17. Complete synthetic route for the synthesis of thapsigargin.
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3.4. Experimental Procedures

All reactions were carried out under an atmosphere of argon in anhydrous solvents using
ovendried or flamedried glassware and commercially available reagents that were used as
received unless otherwise stated. Anhydrous dichloromethane (DteiMBhydrofuran

(THF), diethyl ether (D), and toluene (PhMe) were obtained by passing degassed solvents
through activated alumina columns in a Grubbs solvent purification syBie3olMVID-6

of Innovative Technology Inc.). Hexamethylphosphoramide (HMPA) and dimethyl sulfoxide
(DMSO0) were distilled from Caglunder reduced pressure and stored over 4A molecular
sieves. Triethylamine was distilled from Galthder an atmosphere of argonnalytical thin

layer chromatography (t.l.c.) was performed onqoated 0.2 mm thick silica gel 48sa

plates (Merck) and visualized using UV light and by treatment with acidic vanillin solution

(in EtOH), followed by heating. All compounds were pudfidy flash column
chromatography using silica gel 60 {603 & m, Silicycle) and gav.
consi stent with being O095% the assigned st

obtained from a Buichi M560 melting point instrument. Optical ro@tn s 5 )(Werd |

measured on an Anton Parr MCP 200 polarimeter with a tungsten halogen lamp (589 nm) at
the stated temperature using a 0.7 mL quartz cell of 100 mm length. Solution concentrations
(c) are given in g/100 mL*H NMR and**C NMR spectra werescorded on Bruker Avance

600 spectrometers with a TBI probe in Ch&It ambi ent temperature.
are given in ppm and calibrated using the signal of residual undeuterated solvent as internal
reference forH N MRy = (7.86 ppm for CDG) and using the signal of the deuterated
solvent for'3C N MR = {7iL6 ppm for CDG). H NMR data are reported as follows:
chemical shift (multiplicity, first order spin system if available, coupling constant,

integration). Coupling constantg) (are eported in Hz and apparent splitting patterns are
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designated using the following abbreviations: s (singlet), d (doublet), t (triplet), g (quartet),
sextet, m (multiplet), br. (broad), app. (apparent) and the appropriate combinations thereof.
IR spectra wee recorded on an Agilent Technologies Cary 630RTATR) spectrometer.
Wavenumber s ( 3')andthe@bbmiiatioasw (Weak, <83f06), m (medium, 33
66%), s (strong, >66%) and br (broad) are used to describe the relative intensities of the IR
absorbance bands. Mass spectra were obtained through the Department of Chemistry Mass

Spectrometry Service at Queends University.

(R)-5-(3-Chloroprop -1-en-2-yl)-2-methylcyclohex2-en-1-one (11).

1"

Silica gel €a.5.0 g) was added to a stirred solution®)t(i )-carvoner (3.03 g, 20.14 mmol)

in pentane (60 mL) followed by the dropwise additiortesf-butyl hypochlorite(2.73 ml,

24.17 mmol) at room temperature. The resulting mixture was stirred at room temgpéyat

ca. 12 hours before being filtrated through a pad of silica gel and washed with 1:4 diethyl
ether/pentane. The resulting solution was concentriatacaicuoto afford crude allylic
chloride11 as a yellow oil, which was used in the next step wittiotther purification. A

small portion of crude product was purified by flash column chromatography (silica gel, 1:9

Et.O/pentane) to afford thalylic chloride 11 as a colorless oil.

[a]5 141.5 (c = 0.45, CHG); lit. [a]5 135.1 (c = 0.39, CHG).*
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IH NMR (600 MHz, CDC}) U -6§3 (M 51H), 5.25 (s, 1H), 5.05 (s, 1H), 4.09 (d, A of
AB, Jas = 12.0 Hz, 1H), 4.07 (d, B of ABlxg = 11.9 Hz, 1H), 2.92.94 (m, 1H), 2.65 (ddd,
A of ABXY, Jag = 16.0 Hz,Jax = 3.7 Hz,day = 1.3 Hz, 1H), 2.52.52 (m, 1H), 2.37 (dd, B
of ABX, Jag = 16.0 Hz,Jex = 13.1 Hz, 1H), 2.31 (app. ddt, B of ABXYZe = 17.9 Hz Jex

= 10.7 HzJsv = Jsz = 2.4 Hz, 1H), 1.78 (d] = 1.0 Hz, 3H).

IR (Neat) 2953 (w), 2922 (w), 2887 (W)66 (), 1431 (m), 1364 (m), 1252 (w), 1107 (m),

1014 (w), 901 (m), 748 (m) ¢

tert-Butyl(((1R,5R)-5-(3-chloroprop-1-en-2-yl)-2-methylcyclohex2-en-1

yl)oxy)dimethylsilane (13).

OTBS
13

Diisobutylaluminum hydride (22.2 ml, 22.2 mmol, 1M in hexanes) was added dropwise to a
stirred solution of ketongl (ca. 20 mmol) in DCM (100 ml) &t78 °C. The resulting mixture

was stirred forca. 30 minutes, before TBSCI (9.11 g, 60.4 mmol) and inoa@#.11 g, 60.4
mmol) were added and the reaction warmed to room temperature and sticadL@bhours.

The reaction was then quenched with slow addition of water (50 ml) and partitioned between
DCM (100 ml) and aqueous 1M HCI solution (200 ml). Dinganic phases were combined,
washed with sat. aqueous NaH£$0lution (200 ml), dried over anhydrous MgS@ltered

and concentrateih vacuoto afford the crude product. Purification by flash column
chromatography (silica gel, 1:10 DCM/hexanes) affdrtteeTBS ethed 3 (5.33 g, 88% over

two steps) as a colorless oil.

[a]®144.0 (c = 2.05, CHG); lit. [a]%133 (c = 1.98, CHG).2
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IH NMR (600 MHz, CDC§) & -534 (%,71H), 5.18 (s, 1H), 5.02 (s, 1H), 48@5 (m,

1H), 4.09 (s, 2H), 2.50 (app. t@i= 11.9, 3.3 Hz, 1H), 2.12.13 (m, 1H), 2.12.08 (m, 1H),
1.961.91 (m, 1H), 1.70 (dJ = 0.9 Hz, 3H), 1.55 (app. td,= 12.4, 10.0 Hz, 1H), 0.92 (s,
9H), 0.11 (s, 3H), 0.10 (s, 3H).

IR (neat) 2951 (w), 2928 (m), 2886 (W), 2855 (W), 1641 (w), 1449 (w), 1251 (m), 1090 (s),

1061 (s), 892 (s), 832 (s), 772 (s), 748 (mj'cm

Methyl (2S,3R)-4-(benzyloxy)2,3-dihydroxy -2-methylbutanoate (14).

OH

BnO\/'»/COzMe

HO *
14

K3[Fe(CN)] (105 g, 286 mmol), NaHC£X24.0 g, 286 mmol), ¥CO; (39.5 g, 286 mmol),
MeSQNH:2 (9.2 g, 95 mmol), (DHQDBPHAL (547 mg, 0.667 mmol) andRsQ-2H.0
(0.105 g, 0.286 mmol) were added successively stiraed solution of methyl E)-4-
(benzyloxy)2-methylbut2-enoates (21.0 g, 95.0 mmol) in ¥O (238 ml) andBuOH (238
ml) at 0 °C. The reaction mixture was stirred at 0 °Ccéorl8 hours before beinguenched
with sat. aqueous N8C; solution (600 ml). Theesulting mixture was partitioned with
EtOAc and the combined organic phases weredhed over anhydrous MgS(filtered and
concentratedin vacuo to afford the crude product. Purification by flash column
chromatography (silica gel, 1:3 EtOAc/hexanedrded thediol 14 (22.9 g, 94%) as a
colorless oil. Optical purity was determined by chiral HPLC analysis (CHIRALPAKHAD
column), hexane:propanol = 90:10, flow rate = 1.0 mL/mirg ¢major) = 18.6 min, &
(minor) = 21.8 min>99%ee

[a]? +13.6 (c = 1.19, CHG)
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IH NMR (600 MHz, CDC¥) & -728 (81,65H), 4.52 (s, 2H), 3.93 (ddb= 6.9, 5.7, 4.2

Hz, 1H), 3.71 (s, 3H), 3.69.65 (m, 2H), 3.56 (s, 1H), 2.85 @@= 6.9 Hz, 1H), 1.39 (s, 3H).

13C NMR (150 MHz, CDCH) i 17 5. 9 2128.51, B27.94675.83, 74.42, 73.68, 69.85,
52.88, 22.28.

IR (neat) 3481 (br, w), 2950 (W), 2867 (W), 1734 (s), 1452 (m), 1365 (w), 1245 (m), 1121 (s),
1067 (s), 910 (m), 730 (s), 697 (s)'ém

HRMS (ESI, [M+Na]") calcd for GaH1s0sNa 277.1046, found 277.1033.

Methyl (S)-4-(benzyloxy)2-methyl-3-oxo-2-((trimethylsilyl)oxy)butanoate (10).

0]
BnO CO,Me

TMSO ~
10

DMSO (18.60 ml, 262 mmol) was added dropwise stirmedsolution of (COCI) (9.18 ml,

105 mmol) in DCM (500 miati 78 °C. The resulting solution was stirred fwa. 30 minutes,
before asolution of14 (22.22 g, 87 mmol) in DCM (100 ml) was added dropwise and stirred
at the same temperature &@. 30 minutes. EN (30.4 ml, 218 mmol) was then slowly added
dropwise and the reaction mixture was stirreddar30 minutes ai 78 °C before it was
warmed to 0 °C and the mixture stirred for a furtber30 minutes. Imidazole (29.7 g, 437
mmol) and TMSCI (22.34 ml, 17%mol) were added and the reaction stirredcfmrl hour
(t.l.c. control)at 0 °C. The reaction was then quenched with water (500 ml), the organic phase
was washed with sat. aqueous NaHG0OIution (1000 ml), dried over anhydrous MgSO
filtered and conentratedn vacuoto afford the crude product. Purification by flash column
chromatography (silica gel, 1:20 EtOAc/hexanes) affordedkeb@nelO (21.4 g, 75%) as a

colorless oil.
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[a]? 4.6 (c = 1.34, CHG)

IH NMR (600 MHz, CDCY)  86-782 (m, 4H), 7.307.27 (m, 1H), 4.59 (d, A of ABJas

= 11.7 Hz, 1H), 4.54 (d, A of ABlas = 18.5 Hz, 1H), 4.54 (d, B of ABlag = 12.0 Hz, 1H),

4.49 (d, B of ABJag = 18.4 Hz, 1H), 3.69 (s, 3H), 1.57 (s, 3H), 0.14 (s, 9H).

13C NMR (150 MHz, CDC}) 11204.89, 170.78, 137.42, 128.46, 128.04, 82.89, 73.28, 71.46,
52.75, 23.05, 1.63.

IR (neat) 2954 (w), 2896 (w), 1733 (s), 1451 (w), 1369 (w), 1251 (m), 1182 (m), 1123 (s),
1001 (m), 840 (s), 734 (s), 697 (s)'ém

HRMS (ESI, [M+Na]) calcd for GeH240sNaSi347.1285, found 347.1279.

Methyl (25,4R)-4-(benzyloxy)6-((1R,5R)-5-((tert-butyldimethylsilyl)oxy) -4-

methylcyclohex3-en-1-yl)-2-methyl-3-oxo-2-((trimethylsilyl)oxy)hept -6-enoate (2).

OTBS E

22
E= COzMe

The tert-butyldimethylsilyl etherl3 (7.52 g, 25 mmol) in THF (150 ml) was added to a
mixture of Pd(dbak-CHCIlz (0.259 g, 0.25 mmol),S-BINAP (0.623 g, 1.0 mmol) and
anhydrous lithium chloride (2.54 g, 60.0 mmol) at room temperature and the resulting mixture
was stirred forca. 30 minutes LIHMDS (27.5 ml, 27.5 mmol, 1M in THF) was added
dropwise to a stirred solution of ketoh@(8.92 g, 27.5 mmol) in THF (75 ml) at 0 °C. The
resulting solution was stirred foa. 10 minutes before being addeéd cannula to the catalyst
solution at 0 °C. The reaction mixture was then stirre¢@86 hours at 0 °C before being
quenched with sat. aqueous MH solution (250 ml) and partitioned with EtOAc. The
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organic phases were combined, washed with satuesjedous NaCl solution, dried over
anhydrous MgSQ filtered and concentrated vacuoto afford the crude productH NMR
analysis of the crude product indicated an 8:1 diastereomeric ratio favoring the desired isomer
22. Purification by flash column cbmatography (silica gel, 1:40 to 1:10 EtOAc/hexanes)
afforded thealkene22 (13.68 g, 93%) as a slightly yellow oil, which was an 8:1 mixture of
two inseparable diastereomers.

[a]? 125.3 (c = 1.00, CHG)

IH NMR (600 MHz, CDC¥) U -727 (8,%H), 5.44.40 (m, 1H), 4.88 (s, 1H), 4.86 (s,

1H), 4.72 (ddJ = 9.2, 3.1 Hz, 1H), 4.51 (d, A of ABag = 11.5 Hz, 1H), 4.32 (d, B of AB,

Jag = 11.5 Hz, 1H), 4.22.16 (m, 1H), 3.69 (s, 3H), 2.61 (dd, A of AB3¥as = 15.2 Hz,Jax

= 2.6 Hz, 1H), 2.3@.26 (m, 1H), 2.23 (dd, B of ABXJag = 15.2 Hz Jsx = 9.2 Hz, 1H), 2.08

2.01 (m, 2H), 1.84..82 (m, 1H), 1.68 (s, 3H), 1.55 (s, 3H), 1.51 (appJtd12.5, 10.1 Hz,

1H), 0.91 (s, 9H), 0.16 (s, 9H), 0.09 (s, 3H), 0.08 (s, 3H).

13C NMR (150 MHz, CDCH) i 207 . 40, 170. 97, 149. 41, 137.
127.86, 123.32, 110.21, 83.30, 79.48, 72.38, 71.74, 52.73, 39.81, 38.94, 36.99, 31.93, 26.02,
23.95, 19.81, 18.26, 1.803.99,14.72.

IR (neat) 2954 (w), 2931 (w), 2891 (w), 28&V), 1754 (w), 1731 (m), 1642 (w), 1452 (w),

1251 (m), 1122 (m), 1061 (m), 893 (m), 834 (s), 773 (M), 697 (M) cm

HRMS (ESI, [M+NaJ) calcd for GoHs20sNaSk 611.3195, found 611.3196.

Methyl (2S,4R)-4-(benzyloxy)-6-((1R,4R)-4-((tert-butyldimethylsilyl)oxy) -2-formyl -3-

methylcyclopent2-en-1-yl)-2-methyl-3-oxo-2-((trimethylsilyl)oxy)hept -6-enoate (9).
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TBSO!-

E = CO,Me

A stream of dry air/@was slowly bubbled through a solutioredkene22 (2.50 g, 4.25 mmol)

in EtOACc (80 ml) ati 78 °C. The reaction was carefully monitored by t.l.c. (checked every 2

minutes to avoid oveoxidation) until full conversion. The reaction mixture was then purged

with dry air forca. 10 minutes before adding triphenylphosphine (3.34 g/4l.thmol) and

gradually warming the mixture to room temperature where it was stirred for a foatHie€y

hours. Piperidinium acetate (0.123 g, 0.849 mmol, 0.2 equiv) was then added and the resulting

reaction mixture was heated at 78 °Cdar12 hours.The reaction was then cooled to room

temperature andoncentratedn vacuoto afford the crude product. Purification by flash

column chromatography (silica gel, 1:20 to 1:10 EtOAc/hexanes) affordealdélyde9
(1.42 g, 55%) as a colorless oil.

[a]?16.6 (c =0.98, CHG)

IH NMR (600 MHz, CDCY) U 9. 89 -71.29 (m, 4HNH V.26.2Z (m3151), 4.90 (s,
1H), 4.85 (s, 1H), 4.79 (dd,= 9.1, 2.8 Hz, 1H), 4.55 (app.X= 6.8 Hz, 1H), 4.47 (s, 2H),
3.68 (s, 3H), 3.38 (app.d,= 7.6 Hz, 1H), 2.62 (dd, A of ABXJas = 15.7 Hz,Jax = 2.5 Hz,
1H), 2.49 (app. dt, A of ABXYJas = 13.2 Hz,Jax = Javy= 7.9 Hz, 1H), 2.30 (dd, B of ABX,
Jag = 15.0 Hz,Jex = 9.1 Hz, 1H), 2.11 (s, 3H), 1.52 (s, 3H), 1.48 (app. dt, B of ABXY =
13.1 Hz,Jex = Jev = 6.4 Hz, 1H), 0.90 (s, 9H), 0.16 (s, 9H), 0.09 (s, 3H), 0.06 (s, 3H).
13C NMR (150 MHz, CDCH) i 207 . 53, 189. 46, 171. 09,
128.32,128.26, 127.73, 112.45, 83.28, 79.48, 79.35, 72.52, 52.76, 47.3734(B8825.90,

23.91, 18.22, 12.06, 1.844.31,14.75.
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IR (neat) 2955 (w), 2933 (w), 2891 (w), 2858 (w), 1752 (m), 1730 (m), 1677 (m), 1448 (w),
1188 (m), 1122 (m), 1004 (m), 836 (s), 776 (M), 697 (mi}-cm

HRMS (ESI, [M+H]") calcd for GoHs107Si» 603.318, found 603.3184.

(3S,3aR,4R,6aR,8R,9bS)-4-(Benzyloxy)-8-((tert-butyldimethylsilyl)oxy) -3a-hydroxy-3,9-
dimethyl-6-methylene 3-((trimethylsilyl)oxy) -3a,4,5,6,6a,7,8,%0ctahydroazuleno[4,5

b]furan -2(3H)-one (8).

A mixtureof VCI3(THF)3 (6.22 g, 16.33 mmol) and zinc powder (0.65 g, 9.94 mmol) in DCM
(80 ml) was stirred foca. 30 minutes at room temperature. DCM (100 ml) and HMPA (7.41
ml, 42.6 mmol) were added followed by the syringe pump addition of aldehy2d4 g,
3.55 mmol) in DCM (20 ml) oveca. 6 hours. The reaction mixture was quenched with
agueous sat. aqueous potassium sodium tagoéigon (250 ml) and sat. agueous NaHCO
solution(100 ml) and the resulting mixture stirred vigorously dar 3 hours. The organic
phase was separated and washed with water (x2) and sat. aqueous NaCl dolkediaver
anhydrous MgS@ filtered and concentrateth vacuo to afford the crude product.
Purification by flash column chromatography (silica gel, 1E2®Ac/hexanes) afforded
guaianolide8 (1.22 g, 60%) as a colorless oil.

[a]? 187.4 (c = 0.43, CHG)

IH NMR (600 MHz, CDC}) U -78B2 (;195H), 5.24 (s, 1H), 4.92 (s, 1H), 4.88 (s, 1H),

4.72 (d, A of AB,Jas = 11.0 Hz, 1H), 4.56 (app.d,= 7.1 Hz, 1H), 4.52 (d, B of ABlas =
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11.0 Hz, 1H), 4.10 (app. 4,= 4.9 Hz, 1H), 3.70 (app. 4,= 8.6 Hz, 1H), 2.83 (s, 1H), 2.49
(dd, A of ABX, Jag = 13.5 Hz,Jax = 5.3 Hz, 1H), 2.46 (app. dt, A of ABXYag = 11.9 Hz,
Jax = Jay= 6.5 Hz, 1H), 2.33 (dd, B of ABXlag = 13.6 Hz,Jex = 4.3 Hz, 1H), 1.85 (s, 3H),
1.49 (ddd, B of ABXY Jag = 12.0 Hz Jsx = 10.1 Hz Jsy = 8.2 Hz, 1H), 1.44 (s, 3H), 0.92 (s,
9H), 0.18 (s, 9H), 0.11 (s, 3H), 0.09 (s, 3H).

13C NMR (150 MHz, CDCk) U 175. 85, 146. 65, 146. 15, 137.
128.27, 112.32, 82.51, 79.23, 78.86, 78.01, 74.11, 71.47, 48.07, 42.86, 36.59, 26.03, 18.35,
17.58, 12.32, 1.484.32,1 4.65.

IR (neat) 3547 (w), 2956 (w), 2931 (w), 2898 (w), 2863, (1782 (M), 1643 (w), 1444 (w),

1351 (w), 1252 (m), 1075 (s), 968 (m), 836 (s), 775 (s), 698 (i1 cm

HRMS (ESI, [Mi H]") calcd for GiH4706Siz 571.2917, found 571.2934.

(35,3aR,4R,6S,6aS,8R,9bS)-4-(Benzyloxy)-8-((tert-butyldimethylsilyl)oxy) -3a,6
dihydroxy -3,6,9trimethyl -3-((trimethylsilyl)oxy) -3a,4,5,6,6a,7,8,9b

octahydroazuleno[4,5b]furan -2(3H)-one (B).

A stream of Qwas slowly bubbled through a solution of guaianoBdé@.72 g,3.00 mmol)
and Co(acag)(0.232 g, 0.901 mmol) in anhydrous EtOH (38 ml) while PRSB53 ml,
7.51 mmol) was addeda syringe pump oveca. 1 hour at 0 °C. The deep green reaction
mixture was stirred for a furthen. 1 hour at O °C before quenchediwsat. aqueous N&0s

solution (15 ml), sat. agueous NaHgsplution (10 ml) and EtOAc (15 ml). The resulting
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mixture was vigorously stirred faa. 24 hours at room temperature before being partitioned
with EtOAc. The organic phases were combined, washed with sat. aqueous NaCl solution,
dried over anhydrous MgS(filtered and concentrated vacuoto afford the crude product.
Purification by flashcolumn chromatography (silica gel, 1:4 EtOAc/hexanes) afforded the
alcohol 73 (1.40 g, 79%) as a colorless crystalline solid.

Melting Point: 176.2178.5°C

[a]X172.3 (c = 0.37, CHG)

'H NMR (600 MHz, CDC}) U -7B2 (8,8H), 5.26.18 (m, 1H), 4.62 (d, A of ABJas

=10.7 Hz, 1H), 4.53 (d, B of ABlag = 10.6 Hz, 1H), 4.52 (app.d= 5.7 Hz, 1H), 3.94 (dd,
J=11.0 Hz, 4.7 Hz, 1H), 3.21(app. td, 7.6 Hz, 2.5 Hz, 1H), 2.35 (app. dt, A of ABXY¥,

12.9 Hz,dax = Jay = 7.5 Hz, 1H), 2.31 (dJ = 1.6 Hz, 1H), 2.12 (dd, A of ABXJas = 13.2

Hz, Jex = 4.7 Hz, 1H), 2.04 (dd, B of ABXlss = 13.1 Hz,Jex = 11.1 Hz, 1H), 1.86 (s, 3H),

1.52 (ddd, B of ABXY Jag = 13.0 Hz,Jgx= 7.9 Hz,Jsy= 6.8 Hz, 1H), 1.49 (s, 3H), 1.43 (s

1H), 1.07 (s, 3H), 0.91 (s, 9H), 0.22 (s, 9H), 0.09 (s, 3H), 0.08 (s, 3H).

13C NMR (150 MHz, CDCH) i 175. 39, 146. 10, 137. 43, 128.
83.56, 80.31, 79.45, 77.70, 75.25, 72.79, 72.21, 53.70, 45.29, 35.89, 26.04, 22.19, 18.33,
18.15 12.98, 1.5414.30,14.66.

IR (neat) 3497 (br, w), 2952 (w), 2929 (w), 2895 (w), 2855 (w), 1781 (m), 1456 (w), 1252
(m), 1131 (s), 1089 (s), 1062 (s), 860 (s), 839 (s), 776 (s), 698'(s) cm

HRMS (ESI, [M+Na]) calcd for GiHseO:NaSk 613.2987, found 613.2958.

(3S3aR,4R,6S,6aS,8R,9bS)-4-(Benzyloxy)-8-((tert-butyldimethylsilyl)oxy) -3a-hydroxy -
3,6,9trimethyl -2-oxo-3-((trimethylsilyl)oxy) -2,3,3a,4,5,6,6a,7,8,9b

decahydroazuleno[4,5b]furan -6-yl acetate (7).
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Acetic anhydride (2.6 ml, 28.3 mmol) was added to a solution of the tertiary at{io67

g, 2.83 mmol) and DMAP (0.38 g, 3.11 mmol) in PhMe (56 ml). The resulting reaction
mixture was heated at 110 °C fm.6 hours {.I.c. control) then cooled to room temperature.
The reaction mixture was directly applied to flash column chromatography (silica gel, 1:10
EtOAc/hexanes) to afford trecetater4 (1.52 g, 85%) as a white foam.

[a]? 167.6 (c = 0.49, CHG)

IH NMR (600MHz, CDCk) U -7B1 (B1,75H), 5.18 (br. s, 1H), 4.63 (d, A of ABg =

10.6 Hz, 1H), 4.5%.49 (m, 1H), 4.50 (dd, B of ABlas = 10.5 Hz, 1H), 3.95 (dd} = 10.9,

5.3 Hz, 1H), 3.87 (app. td,= 7.9, 2.2 Hz, 1H), 2.62.60 (m, 1H), 2.60 (dd, B of ARlas =

12.9 Hz,Jex= 5.2 Hz 1H), 2.31 (d] = 1.5 Hz, 1H), 2.26 (app. dt, A of ABXYas = 13.1 Hz,

Jax = Jay= 7.5 Hz, 1H), 1.99 (s, 3H), 1.86 (s, 3H), 1.49 (s, 3H), 1.46 (ddd, B of ABXe¥

13.3 Hz,Jgx= 8.1 Hz,Jgy= 6.6 Hz, 1H), 1.27 (s, 3H), 0.9%, 9H), 0.21 (s, 9H), 0.09 (s, 3H),
0.07 (s, 3H).

13C NMR (150 MHz, CDCH) i 175. 40, 170. 42, 146. 46, 137.
127.22, 83.78, 83.72, 80.42, 79.25, 77.60, 75.21, 72.55, 50.98, 38.66, 36.11, 26.03, 22.67,
20.15, 18.29, 18.22, 13.0658,14.29,14.64.

IR (neat) 3451 (br, w), 2952 (w), 2929 (w), 2896 (w), 2856 (w), 1782 (m), 1716 (m), 1364
(m), 1249 (s), 1062 (s), 971 (s), 836 (s), 735 (s), 698 () cm

HRMS (ESI, [Mi H]") calcd for GsHs10sSiz 631.3128, found 631.3104.
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(35,3aR,4S,6S,6aS,8R,9bS)-8-((tert-Butyldimethylsilyl)oxy) -3,3a,4trihydroxy -3,6,9

trimethyl -2-oxo-2,3,3a,4,5,6,6a,7,8,98ecahydroazuleno[4,%b]furan -6-yl acetate (2).

Pd(OH)Y/C (0.59 g, 20 wt %) was added to a solution of acéttd .34 g, 2.12 mmol) in
EtOAc (42 ml) and the resulting mixture backfilled with (43). The reaction mixture was

then stirred under Hballoon pressure) fara. 20 minutest(l.c. control)before purging with

Ar for ca. 20 minutes. The catalyst was theltefied through cotton wool and the solvent
removedn vacuoto provide a residue that was redissolved in DMSO (15 ml). IBX (2.96 g,
10.59 mmol) was then added and the reaction stirred at room tempeeafi@@ours. MeOH

(45 ml) was added to the reamtimixture and stirred fara. 15 minutes before NaBHO0.24

g, 6.35 mmol) was addediat0°C. Afterca.5 minutes, the reaction mixture was partitioned
between sat. aqueous NMH solution and EtOAc. The organic phases were combined,
washed with saaqueous NaHCg&solution (x2), dried over anhydrous Mg&@ltered and
concentratedn vacuo The residue was then dissolved in MeOH (50 ml) and slowly
concentrated, repeating the procedure five times to afford the crude product. Purification by
flash cdumn chromatography (silica gel, 1:1 EtOAc/hexanes) to affordebhendaralcohol

2(0.93 g, 94%) as a white foam.

[a]? 164.7 (c = 0.21, CHG)

IH NMR (600 MHz,CDC4) U 5.81 (s, 1H), JA65HE 1H),s+34 1 H) ,

(@pp. t,J = 3.4 Hz, 1H), 4.29 (s, 1H), 4.04 (appJt 7.3 Hz, 1H), 3.08 (s, 1H), 2.90 (dd, A
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of ABX, Jag = 14.3 Hz,Jax = 3.8 Hz, 1H), 2.30 (dd, B of ABXas = 14.3 Hz,Jex = 3.0 Hz,

1H), 2.18 (app. dt, A of ABXYJag = 13.1 Hz Jax = Jav= 7.5 Hz, 1H), 1.97 (s, 3H), 1.85 (s,

3H), 1.52 (app. dt, B of ABXYJas = 13.1 Hz,Jex = Jey= 7.0 Hz, 1H), 1.47 (s, 3H), 1.36 (s,

3H), 0.91 (s, 9H), 0.09 (s, 3H), 0.07 (s, 3H).

13C NMR (150 MHz, CDCH)i 176. 01, 171.62, 147602858 126. 9
77.76, 69.13, 50.36, 39.71, 35.67, 26.02, 22.77, 22.35, 18.29, 16.46i 13274 4.63.

IR (neat) 3356 (br, w), 2952 (w), 2929 (m), 2886 (w), 2856 (W), 1764 (m), 1727 (m), 1700

(m), 1365 (M), 1248 (s), 1068 (s), 983 (s), 834 (s), 775 (S)(SJ3Bi™.

HRMS (ESI, [Mi H]") calcd for GsHs0sSi 469.2263, found 469.2251.

(35,3aR,4S,6S,6aS,9bS)-6-Acetoxy-3,3adihydroxy -3,6,3trimethyl -2,8-dioxo-

2,3,3a,4,5,6,6a,7,8,98ecahydroazuleno[4,5b]furan -4-yl butyrate (81).

Butyric anhydride (79 ul, 0.472 mmol) was added to a stirred solution of the secondary
alcohol2 (111.0 mg, 0.236hmol) and DMAP (5.8 mg, 0.04vimol) in DCM (5 ml) at room
temperature. The reaction solution was stirred dar 1 hour ¢.l.c. control) at room
temperature before acetone (15 ml) and one drop of water were added. Jones reagent (0.5 ml,
0.990 mmol, 2M) was then added in two portiooa. B0 minute intervals) at 0 °C. The
reaction mixture was stirred foa.5 hours (l.c. control)at O °C lefore it was quenched with

'PrOH (0.5 ml). The resulting mixture was partitioned between sat. aqueous Nasi@dn
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and EtOAc. The organic phases were combined, washed with sat. agueous NaCl solution (50
ml), dried over anhydrous MgSQfiltered and concentrated vacuoto afford the crude
product. Purification by flash column chromatography (silica gel, 1:2 EtOAc/hexanes)
afforded theenone81 (86.7 mg, 87%) as a white solid.

Melting Point: 216°C (decomposed)

[a]® 749.0 (c = 0.35, CHG); lit. [a]Z 14.0 (c = 1.0, CHG).®

'HNMR (600 MHz,CDC}) U 5. 81 ( s,J=B.Bihz IHRA.7BITS5 (hald)p . t
4.19 (s, 1H), 3.32 (dd, A of ABXJag = 14.5 Hz Jax = 3.0 Hz, 1H), 3.20 (s, 1H), 2.42 (dd, A

of ABX, Jag = 19.4 Hz Jax = 6.4 Hz, 1H), 2.34 (dd, B of ABXlag = 19.5 Hz,Jgx = 1.9 Hz,

1H), 2.27 (tJ = 7.5 Hz, 2H), 2.09 (dd, B of ABXJag = 14.5 Hz,Jsx = 3.4 Hz, 1H), 1.98 (s,

3H), 1.92 (s, 3H), 1.61 (settd,J= 7.3 Hz, 1.9 Hz, 2H), 1.50 (s, 3H), 1.20 (s, 3H), 0.93 (t,

= 7.4 Hz, 3H).

IR (neat) 3416 (br, w), 2966 (w), 2935 (w), 2876 (w), 1792 (m), 1734 (s), 1701 (s), 1692 (s),

1636 (w), 1369 (m), 1245 (s), 1166 (s), 1080 (s), 986 (m), 735 (i) cm

(3S,3aR,4S,6S,6aR, 7S,9bS)-6-Acetoxy-4-(butyryloxy) -3,3adihydroxy -3,6,9trimethyl -

2,8-dioxo-2,3,3a,4,5,6,6a,7,8,98ecahydroazuleno[4,5b]furan -7-yl octanoate (&).

Mn(OAc)sA 2,8 (399.0 mg, 1.414 mmol) was added to a solution of e®an@00.0 mg,

0.236 mmol) in octanoic acid (6 ml) and benzene (30 ml). The reaction mixture was refluxed
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for ca. 4 hours while removing water using a Destark apparatus. The brown reaction
mixturewas then cooled to room temperature and partitioned between sat. aqueoussNaHCO
and EtOAc. The organic phases were combined, washed with sat. aqueoussNald@in

(xb), dried over anhydrous MgaCfiltered and concentrated vacuoto afford the crude
product. Purification by flash column chromatography (silica gel, 1:2 EtOAc/hexanes)
afforded a brown foam, which was further crystallized froa©OEb give theenone82 (81.5

mg, 61%) as a white solid.

Melting Point: 161.5162.0°C

[a]® 189.6 (C = 0.44, CHG)

H NMR (600 MHz, CDC}) U 5. 82 (s ,J=BHMHz 1H} 5.88s, IHpp52 . t
(s, 1H), 3.26 (s, 1H), 3.20 (dd, A of ABXas = 14.7 Hz,Jax = 3.2 Hz, 1H), 2.58 (s, 1H),
2.392.31 (m, 2H), 2.22.26 (m, 3H), 2.00 (apy, J = 1.8 Hz, 3H), 1.94 (s, 3H), 1.6658

(m, 4H), 1.49 (s, 3H), 1.39 (s, 3H), 1:323 (m, 8H), 0.95 (t) = 7.4 Hz, 3H), 0.87 (t) =

6.9 Hz, 3H).

IR (neat) 3424 (br, w), 2956 (w), 2930 (m), 2858 (W), 1794 (m), 1709 (s), 1634 (w), 1458

(W), 1369(m), 1242 (s), 1160 (s), 1079 (s), 993 (s), 914 (m), 732 (. cm

Thapsigargin (1).

Thapsigargin
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Zn(BHa)2 (0.4 ml, 0.20 mmolg¢a.0.5 M in EtO)® was added dropwise to a stirred solution of
enoned2 (10 mg, 0.018 mmol) in ED (2 ml) ati 20 °C. The reaction mixture was stirred

for ca.5 hours at this temperature before another portion of ZgegE6i4 ml, 0.20 mmolca.

0.5 M in EtO) was added dropwise. The reaction mixture was stirred for a feeHehours

before cartilly being partitioned between sat. aqueous NaEDTA solution and EtOAc. The
organic phases were combined, washed with sat. aqueous NaCl solution, dried over anhydrous
NaSQ, filtered and concentrated vacuo. The crude product was then dissolved in RhM

(0.5 ml) and the anhydrid4*?2(54.1 mg, 0.176 mmol) and NaHG (9.5 mg, 0.352 mmol)

were added to the solution, which was heatedcé”5 hours at 90 °C in the dark. The
reaction was then cooled to room temperature and directly applied to flhsmnco
chromatography (silica gel, 1:3 EtOAc/hexanes) to aftbapsigarginl (7.3 mg, 64% over

two steps) as a white foam.

[a]®153.8 (c = 0.12, CHG); lit. [a]® 142.4 (c = 0.17, CHG).*2

IH NMR (600 MHz, CDC}¥) U 6 J4712, 1(5Hg, 1H), 5.68 (s, 1H), 5.65 (s, 1H), 5.63
(app. t,J = 3.6 Hz, 1H), 5.48 (app. d,= 3.3 Hz, 1H), 4.28 (s, 1H), 3.39 (s, 1H), 3.04 (dd, A

of ABX, Jag = 14.6 Hz,Jax = 3.1 Hz, 1H), 2.77 (s, 1H), 2.8624 (m, 5H), 1.99 (dg] = 7.3,

1.7 Hz, 3H), 1.921.91 (m, 3H), 1.89 (s, 3H), 1.86 (s, 3H), £B55 (M, 4H), 1.48 (s, 3H),

1.39 (s, 3H), 1.33.21 (m, 8H), 0.94 (1) = 7.4 Hz, 3H), 0.86 (1) = 6.9 Hz, 3H).

13C NMR (150 MHz, CDCH) i 175. 47, 172. 75, 1721389, 170.
130.25, 127.56, 84.72, 84.27, 78.77, 78.71, 77.85, 76.99, 66.28, 57.67, 38.39, 36.69, 34.36,
31.82, 29.21, 29.13, 24.97, 23.04, 22.75, 22.73, 20.73, 18.13, 16.37, 15.97, 14.23, 13.85,
13.12.

IR (neat) 3437 (br, w), 2954 (m), 2926 (m), 2856 (WQILTm), 1771 (m), 1738 (s), 1717

(s), 1648 (w), 1457 (m), 1369 (m), 1234 (s), 1158 (s), 1098 (s), 985 (th) cm
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HRMS (ESI, [M+Na]") calcd for GsHs0012Na 673.3195, found 673.3198.
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3.6. Appendix A: *H and 3C NMR Data for Thapsigargin
'H NMR for Thapsigargin
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13C NMR for Thapsigargin
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Comparisons of NMR Data for Thapsigargin

Table: A Comparison of the’H-NMR Data for Synthetic Thapsigargin

Position Leyds Synt This Work
(600 MHz, CDCY}) (600 MHz, CDCY)
CHCHs 6.09 (m, 1H) 6.11 (qgJ= 7.2, 1.5 Hz, 1H)
H-3 5.72 (br. m, 1H) 5.68 (s, 1H)
H-6 5.67 (br. m, 1H) 5.65 (s, 1H)
H-8 5.62 (br. m, 1H) 5.63 (app. tJ = 3.6 Hz, 1H)
H-2 5.50 (ddJ=3.3,3.2 Hz, 1H)| 5.48 (app. tJ = 3.3 Hz, 1H)
H-1 4.18 (br. m, 1H) 4.28 (s, 1H)
OH N/A 3.39(s, 1H)
H-9 2.96 (ddJ=14.8, 3.2 Hz, 1H) 3.04 (ddJ=14.6, 3.1 Hz, 1H)
OH 2.53 (br. s, 1H) 2.77 (s, 1H)
H-9 6 an@HHf | 2.38 (ddJ=14.8, 4.0 Hz, 1H)
2.362.24 (m, 5H)
(Octanoyl and Butanoyl 2.402.25 (m, 4H)
=C(H)CHs 2.00 (m, 3H) 1.99 (dgJ= 7.3, 1.7 Hz, 3H)
C(O)CCH3 1.92 (m, 3H) 1.921.91 (m, 3H)
C(O)CHs 1.88 (s, 3H) 1.89 (s, 3H)
H-15 1.87 (s, 3H) 1.86 (s, 3H)
C(O)CHCH:
1.62 (m, 4H) 1.651.55 (m, 4H)
(Octanoyl and Butanoyl
H-13 1.51 (s, 3H) 1.48 (s, 3H)
H-14 1.42 (s, 3H) 1.39 (s, 3H)
CHs(CH3)4 (Octanoyl) 1.351.25 (m, 8H) 1.331.21 (m, 8H)
CHs (Butanoyl) 0.95 (t,J = 7.4 Hz, 3H) 0.94 (t,J= 7.4 Hz, 3H)
CH3s(Octanoyl) 0.87 (t,J=6.8 Hz, 3H) 0.86 (t,J= 6.9 Hz, 3H)

A Although the spectral data for thapsigargin from the isolation was not reported, Ley and coworkers

verified the spectral data using a mixed sample of synthetic and natural nidterial.

143



Table: A Comparison of the®*C-NMR Data of Synthetic Thapsigargin

Position Leybs Sy This work
(150 MHz, CDCY) (150 MHz, CDCY)
C-12 175.3 175.5
(Octanoy(l:ar?d Butanoyl) 172.6,172.6 172.8,172.7
C(O)CHs 170.8 171.0
OC(O)C= 167.1 167.2
C-5 141.8 142.0
=C(H)CHs 138.7 138.9
C-4 130.1 130.3
C=C(H)CHs 127.4 127.6
C-10 84.6 84.7
C-3 84.1 84.3
C-7,C-11 78.6, 78.6 78.8, 78.7
C-2 77.7 77.9
C-6 76.8 77.0
C-8 66.2 66.3
C-1 57.5 57.7
C-9 38.2 38.4
OC(O)CH:2 (Butanoyl) 36.5 36.7
OC(O)CH:2 (Octanoyl) 34.2 34.4
CH2 (Octanoyl) 31.6 31.8
CH32(Octanoyl) 29.0 29.2
CH32(Octanoyl) 28.9 29.1
CH32(Octanoyl) 24.8 25.0
C-14 22.9 23.0
CH32(Octanoyl) 22.6 22.8
C(O)CHs 22.5 22.7
C(O)CCHs 20.5 20.7
CH_ (Butanoyl) 18.0 18.1
C-13 16.2 16.4
=C(H)CH3; 15.8 16.0
CHg3 (Octanoyl) 14.0 14.2
CH3s (Butanoyl) 13.7 13.9
C-15 12.9 13.1
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Svnthetic: Lev
I . _
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Santhetic: Baran

Svnthetic: Evans (this work)
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3.7. Appendix B: Single Crystal X-Ray Diffraction Data for Compound 73

A colorless platdike crystal of compound3 having the approximate dimensions of 0.15 x
0.15x 0.15 mm, coated with oil (Paratone 8277, Exxon), was collected onto the aperture of a
mounted Micromour (diameter of the aperture: 100 microns) and quickly transferred to
the cold stream of the Oxfoi@ryostream 700. All measurements were made on a Bruker
AXS Smart Apex Il 3Circle diffractometer using graphiteonochromated Mo Kradiation

(= 0.71073 A) at93 °C An initial orientation matrix and cell was determined using
scans. The data were asired using- andl-scans. Data reduction was performed with the
Bruker SAINT software. A mukscan absorption correction was applied (Bruker SADABS).
The structure was solved using direct methods in the orthorhombic spaceR§@ud
(SHELXT-2014) and refined by fulinatrix leastsquares method d# with SHELXL-2014.

The norhydrogen atoms were refined anisotropically. Hydrogen atoms of the pBklyl

ipso-CH, CHs- and CH- groups were included at geometrically idealized positi@Ad bond

distances 0.95/1.00/0.99/0.98 A) and were not refined. The isotropic thermal parameters of
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these hydrogen atoms were fixed at 1.2 times (phang CH- groups) and 1.5 times (GH

groups) that of the preceding carbon atddoth the tert-Butyl and phenylgroups are

disordered over two sites.

Geometrical restraints and restraints on the anisotropic

displacement parameters were applied to model their disorder. The data are deposited under

CCDC 1522757 and they can be downloaded free of chamge the Cambridge

Crystallographic Data Centre wavw.ccdc.cam.ac.uk/data_request/cif

Table. Crystal data and structure refinement for compound 3.

Identification ©de
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 = 25.242°
Refinement method

Data / restraints / parameters
Goodnes®f-fit on F2

DY001_a

C31 H50 O7 Si2

590.89

180(2) K

0.71073 A

Orthorhombic

P212121

a=10.161(2) A a=90°.
b=11.489(2) A b= 90°.
c = 30.374(6) A g=90°.
3545.8(12) B

4

1.107 Mg/n®

0.139 mml

1280

0.150 x 0.150 x 0.150 m#n

1.341 to 27.059°.
-12<=h<=12-14<=k<=14-38<=|<=38

30155

7731 [R(int) = 0.0261]

99.8 %

Full-matrix leastsquares on 4
7731/ 468 /474

1.030
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Final R indicegl>2sigma(l)] R1 =0.0410, wR2 = 0.0980

R indices (all data) R1 = 0.0540, wR2 = 0.1056
Absolute structure parameter 0.03(3)

Extinction coefficient n/a

Largest diff. peak and hole 0.463 and0.230 e.A3
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Chapter 4

Tot al Sy n tThheaspissi gaafr gtilne Fami | vy and

4.1. Strategy and Retrosynthetic Analysis

The successful total synthesis of thapsigargin demonstrated the pdtebiofsynthetically
inspired strategy for the synthesis of complex natural products. Hence, wemedithe
further application of this abiotic strategy should facilitate the total synthesis of the entire
family of thapsigargin natural products. By taking advantage of the rapid and scalable
synthesis of the common intermedigidescribed in Chapter 8ye latestage divergent nature

of our approach should permit thgnghess of thapsigarging without the G2 oxygenated
substituent, the thapsigargiBsvith the G2 oxygenatedubstituent and a library of structural

analogs (Scheme 4.1).

R = acyl group Common Synthetic Intermediate R? R3 = acyl groups

|

[Thapsigargin Analogs}

Schemed.l. Strategic analysis of the divergent synthesis of thapsigargins and analogs.
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The retrosynthetic analysis of thapsigargihsand 3 takes advantage of the structural
homology within this family since they primarily differ by the presence or absence of the C

2 substituent, as outlined in Scheme 4.2. We envisaged the elaboration of the oxygenation
present in the common synthetic intermediateould be pivotal to ensugecise installation

of different acyl groups. For the synthesid ofelective acylation of the-8 hydroxyl group

R = acyl group R = acyl group Common Synthetic Intermediate

R2 R3 = acyl group R2 R3 = acyl group R? = acyl group

Schemed.2. Retrosynthetic analysis of thapsigargins.

and removal of the 3 TBS protecting group i@ would provide allylic alcoho# which
would undergothe selective angelation of the -& hydroxyl group to furnish the
pentaoxygenated thapsigargihs For the synthesis @&, selective acylation of the -8

hydroxyl group and direct oxidation of the3_TBS ether fron2 would afford enon& which

could permit the c¢heme&gpasitiontoindomae a@tylbxylgidei d at i
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chain. Sereoselective reduction of th&3 ketone in5 and subsequent angelation of the

resulting alcohol would complete the synthesis of hexaoxygenated thapsigargins

4.2. Total Synthesis of Nortrilobolide, Trilobolide and Thapsivillosin F

4.2.1. Introduction of Nortrilobolide, Trilobolide and Thapsivillosin F

Nortrilobolide 7, which differs from thapsigargin at theZposition (Figure 4.1), was first
isolated fromThapsia garganicd_ in 0.07% vyield by Christensen and coworkers in 1991.
Although there is no oxygenated substituent at tHepgOsition in7, it exhibits equipotent
inhibition of SERCAs to that of thapsigardinHence, nortrilobolide7 has recently been
utilized as an alternative to thapsigarfyinthe development of a new generation of anticancer
agents’ Trilobolide 8, a pot@t natural counterpart of westudied thapsigargin, was isolated

from laser trilobumin 0.5% yield in 1968. The biological activity profile o8 is very similar

Nortrilobolide Trilobolide Thapsivillosin F

Figure 4.1. Structure of pentaoxygenated thapsigargins.

to that of thapsigargin. Additionallg,demonstrates significant immunostimulatory activity,
which has lead to the development of novel chemotherapsyeits® Thapsivillosin F9 is
much less studdein terms of biological activities, compared to trilobolitlend nortrilobolide
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8.5 The unique structural feature ®f s t -hnsatuthtedester at&position which may

serve as a Michael acceptor in some capacity.

4.2.2. Total Synthesis of Nortrilobolide, Trilobolide and Thapsivillosin F

We envisionedacylation of the secondary alcohol aB8@ositionin the common ynthetic
intermediate2 would be favoed over the € and G11 tertiary alcohols and should provide
excellent chemoselectivity. Gratifyingly, treatmentokith butyric anhydride and DMAP

in DCM afforded the corresponding acylated products guantitative yield Althoughthe

(RCO),0
DMAP, THF

then AcOH, H,O

12

Scheme4.3. Onepot synthesis of compound§-12.
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subsequentmoval of TBS protecting group was problematic with TBAF and-haffered
TBAF, mild acidic conditions (AcOH/ED/THF = 3:1:1) led to cleanleavageof the TBS
group. Gratifyingly, the acylation and deprotections steps could be combined using THF as
the solvent, thereby providing a epet process to afford0 in 97% overall yield. In our
future work, we envision preparation of compoutdsand12 will be achieved in the same

manner by simply using different anhydrides (Scheme 4.3).

Angelation of alcohollO with anhydride14 was carried out under the mild Yamaguchi
acylation conditions described in Chapter 3 to provide nortrilob@fidéin 80% yield. This
acylation was much more rapid and high yielding than that with the thapsigargin synthesis,
which is due to the absence of th& Gubstituent thereby rendegithis alcohol less sterically
encumbered. The same acylation condition khbe applicable in the synthesf trilobolide

8>2"and thapsivillosin P’ (Scheme 4.4).
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anhydride 14
NaHCO3 |
80%

(0] O Cl
Yoy
Cl Cl
14

Thapsivillosin F

Schemed.4. Completion of the total synthesof nortrilobolide, trilobolide

and thapsivillosin F.

In summary, the synthesis of nortrilobolidevas accomplished in 10 steps (LLS) from the
commercially availableR)-(i)-carvone in 13% overall yield, which represents another
example of the bisynthetically inspired and lattage divergent strategy for the rapid
construction of highly oxygenated guaianolide natural products. ThiseHtejent and
scalable strategy should also pd®/a practical route to trilobolid® thapsivillosin F9 and

a wide range of structural analogs.
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4.3. Total Synthesis of Thapsigargicin, Thapsivillosin C, Thapsivillosin L,

Thapsivillosin J and Thapsitranstagin

4.3.1. Introduction of Hexaoxygenated Thapsigargins

Hexaoxygenated thapsigargins were isolated from both the plant spetiagssé garganica

L andlaser trilobum An increasing number of guaianolides in this family have been isolated
and identifie, which have structural homology. Nevertheless, wik exception of
thapsigarginl5, the biological activities of most hexaoxygenated thapsigargins, including
thapsigargicin 16, thapsivillosin L 17, thapsivillosin J 18, thapsivillosin C 19 and
thapsitranstagir0 (Figure 4.2), have not been explored, whmtovides a compelling

mandde to develop practical synthesif these agents for their biological evaluafion.

Thapsivillosin J Thapsivillosin C Thapsitranstagin

Figure 4.2. Structure of some hexaoxygenated thapsigargins.
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4.3.2. Synthesis of Thapsigargicin, Thapsivillosin C, Thapsivillosin L,

Thapsivillosin J and Thapsitranstagin

In an analogous manner to thapsigargin, th8 TBS ether in the common synthetic
intermediate2 could bedirectly converted tahe corresponding enoneshich provides a
synthetic handle for the selective oxidation ®HDbond at C2 position Treatment o with
butyric anhydride afforded the corresponding8 Gicylated product in quantitative yield,
which was then subjected to situ Jones oxidation ofhe G3 TBS ether to generate the
desired enon@1in 87% overall yield ¢f. Chapter 3). We envision enoB2should also be

accessible using the same method (Scheme 4.5).

(RCO),0, DMAP, DCM

CrOg, acetone

Schemed.5. Onepot synthesis of compoun@4 and22.

In the proposed future work, by taking advantage of the method in the synthesis of compound
23 in Chapter 3, we envision the combination of Mn(QAwjth various carboxylic acids,
including octanoic acid, hexanoic acid, butyric acid and isovaleric acid, should promote the

U-acyloxylation of enone1 and 22 to provide esterg4-28 (Scheme 4.6). It is worth
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mentioning that the installation of different length carboxylic acids -&t gsition with

different steric hindrance is particularly useful for the preparation of thapsigargin analogs.

(0]

Schemed.6. Collective synthesis of compoun@3-28.

In the simibr fashion to synthesis of thapsigargld described in Chapter 3, the
di aster eosel ec tuisatwated letbnee-28i usimy Zr(BH). tbllowed by
the treatment of the crude alcohols withand NaHCQ should complete the installation of
the acyl groups in hexaoxygenated thapsigargins, to provide thapsigd®itiapsivillosin
L 17, thapsivillosin J18, thapsivillosin C19 and thapsitranstagiRO, respectively (Scheme

4.7).
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Thapsivillosin L Thapsitranstagin

Schemed.7. Completion of the total synthesis of thapsigargin, thapsigargicin, thapsivillosin
L, thapsivillosin J, thapsivillosin C and thapsitranstagin.

Hence, our future work will focus on tlwenpletion of the total synthesiof thapsigargicin

16, thapsivillosin L17, thapsivillosin J18, thapsivillosin C19 and thapsitranstagi?0. The
versatility of the common synthetic intermedi&end wellexecuted latstage divergent
strategy will the erlale synthesis of a library of analogs with other structural modifications

that may be medicinally relevant.
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4.4. Experimental Procedures

For the general information, see Chapter 3

(3S,3aR,4S,6S,6aS,8R,9bS)-6-Acetoxy-3,3a,8trihydroxy -3,6,9trimethyl -2-oxo-

2,3,3a,4,5,6,6a,7,8,90ecahydroazuleno[4,5b]furan -4-yl butyrate (10).

Butyric anhydride (69 ul, 0.425 mmol) was added to a stirred solution of the secondary
alcohol2 (100.0 mg, 0.212 mmol) and DMAP (5.2 mg, 0.042 mmol) in THF (3 ml) at room
temperature. The reaction solution was then stirreatdob hours {.I.c. control)at room
temperature before adding water (3 ml) and AcOH (9 ml). The reaction mixture was stirre
for a furtherca. 24 hours before being concentraiadvacuoto afford the crude product.
Purification by flash column chromatography (silica gel, 1:2 EtOAc/hexanes) afforded the
allylic alcohol10(88.2 mg, 97%) as a white foam.

[a]?151.9 (c = 0.36, CHG)

'H NMR (600 MHz, CDC$) U4 5. 69 (s, J=13HHz, 1Hj, 4.691(apg. P p . t
6.6 Hz, 1H), 4.19 (app. §,= 6.9 Hz, 1H), 3.10 (dd, A of ABXJag = 14.9 Hz,Jax = 3.3 Hz,

1H), 2.66 (s, 1H), 2.39 (app. dt, A of ABXY¥jss = 14.0 Hz Jax = Jav = 8.2 Hz, 1H), 2.28 (s,

1H), 2.27 (tJ = 7.7 Hz, 2H), 2.19 (dd, B of ABXlas = 14.7 Hz,Jex = 4.0 Hz, 1H), 1.97 (s,

3H), 1.95 (s, 3H), 1.80 (d,= 6.3 Hz, 1H), 1.66..59 (m, 3H), 1.48 (s, 3H), 1.33 (s, 3H), 0.94

(t,J= 7.4 Hz, 3.
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IR (neat) 3402 (br, w), 2971 (W), 2937 (w), 2873 (w), 1765 (s), 1704 (s), 1445 (m), 1368 (m),

1242 (s), 1166 (s), 1076 (s), 1017 (s), 735 (m)j-cm

Nortrilobolide (7).

Nortrilobolide

Anhydride 14 (76 mg, 0.246 mmol) and NaHG@9 mg, 0.0.703 mmol) were added to a
mixture of the allylic alcohol0 (15 mg, 0.035 mmol) in PhMe (1 ml). The reaction mixture
was stirred in the dark at 90 °C foa. 6 hours. The reaction was then cooled to room
temperature and directly applied tdash column chromatography (silica gel, 1:2
EtOAc/hexanes) to affordortrilobolide 7 (14.3 mg, 80%) as a white foam.

[a]? 168.6 (c = 0.24, CHG); lit. [a]’ 49 (c = 0.05, CHG).!

IH NMR (600 MHz, CDC¥) U 6 J% 13, 1.50Hg,,1H), 5.70 (s, 1H), 5.63 (appl £

3.6 Hz, 1H), 5.58 (app. § = 4.7 Hz, 1H), 4.37%.35 (m, 1H), 3.29 (s, 1H), 3.12 (dd, A of
ABX, Jas = 14.7 Hz,Jax = 3.1 Hz, 1H), 2.54 (s, 1H), 2.54 (app. dt, A of ABX¥}g = 14.6
Hz, Jax = Jay= 8.5 Hz, 1H), 2.27 (tJ = 7.5 Hz, 2H), 2.16 (dd, B of ABXlag = 14.6 Hz Jsx

= 3.8 Hz, 1H), 2.01 (dql = 7.2, 1.6 Hz, 3H), 1.97 (s, 3H), 19189 (m, 6H), 1.66..60 (m,

3H), 1.48 (s, 3H), 1.30 (s, 3H), 0.94Jt 7.4 Hz, 3H).

161



13C NMR (150 MHz, CDC§) & 151,5172.72, 171.02, 167.83, 143.75, 138.71, 131.29,
127.89, 85.85, 79.71, 78.87, 78.83, 77.65, 66.58, 51.02, 38.63, 36.71, 32.28, 22.62, 22.19,
20.86, 18.14, 16.47, 16.03, 13.86, 13.27.

IR (neat) 3432 (br, w), 2960 (w), 2928 (w), 2875 (w), 1788 (m), XAAT0 1707 (s), 1649

(W), 1456 (w), 1340 (m), 1235 (s), 1156 (s), 1079 (s), 1017 (s), 802 (s), 735¥s) cm

HRMS (ESI, [Mi H]") calcd for GeH3s010 507.2236, found 507.2235.
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4.6. Appendix: H and 13C NMR Data for Nortrilobolide
'H NMR for Nortrilobolide
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13C NMR for Nortrilobolide

Nortrilobolide
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Effect of Concentration onH NMR

Nortrilobolide

f1 (ppm)

~ 5 meg in 0.5 ml CDCI3
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Comparisons of NMR Data for Nortrilobolide

Table: A Comparison of the'H-NMR Data of Natural and Synthetic Nortrilobolide

Position Natural This Work
(500 MHz, CDCY¥) (600 MHz, CDCY)
CHCH; 6.10 (m, 1H) 6.11 (qqJ = 7.3, 1.5 Hz, 1H)
H-6 5.70 (br. s, 1H) 5.70 (s, 1H)
H-8 5.63 (t,J = 4 Hz, 1H) 5.63 (app. t) = 3.6 Hz, 1H)
H-3 5.59 (br. tJ =7 Hz, 1H) 5.58 (app. tJ = 4.7 Hz, 1H)
H-1 4.39 (br. s, 1H) 4.37:4.35 (m, 1H)
OH 3.66 (s,1H) 3.29 (s, 1H)
H-9 3.14 (ddJ =15, 3 Hz, 1H) 3.12 (ddJ=14.7, 3.1 Hz, 1H)
OH 2.91 (s, 1H) 2.54 (s, 1H)
H-2 2.54 (dt,J= 14, 7 Hz, 1H) 2.54 (app. dt) = 14.6, 8.5 Hz, 1H)
COCHCH; 2.30 (t,J= 7 Hz, 2H) 2.27 (t,J=7.5 Hz, 2H)
H-9 6 2.07 (ddJ =15, 4 Hz, 1H) 2.16 (ddJ = 14.6, 3.8 Hz, 1H)
=CHCH3 2.01 (m, 3H) 2.01(app. doJ = 7.2, 1.6 Hz, 3H)
COCH3 1.97 (s, 3H) 1.97 (s, 3H)
COCCHs 1.90 (m, 3H)
1.91-1.89 (m, 6H)
H-15 1.90 (br. s, 3H)
COZ:EEZZ%H"‘ 1.68 (;?;tet’ 2H) 1.661.60 (M, 3H)
H-13 1.47 (s, 3H) 1.48 (s, 3H)
H-14 1.31 (s, 3H) 1.30 (s, 3H)
CH.CH3 0.94 (t,J =7 Hz, 3H) 0.94 (t,J = 7.4 Hz, 3H)

" The integration for this peak was incorrectly reported in the isolation(3H).
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Table: A Comparison of the®*C-NMR Data of Natural and Synthetic Nortrilobolide

Position Natural This Work
(125MHz, CDCk) (150 MHz, CDCY)
C-12 175.1 175.5
C=0 (Butanoyl) 172.4 172.7
C(O)CHs 170.6 171.0
C=0 (Angeloyl) 167.7 167.8
C-4 143.9 143.8
=C(H)CHs 138.5 138.7
C-5 130.9 131.3
C=C(H)CHs 127.8 127.9
C-10 85.5 85.9
C-3 79.5 79.7
C-7 78.7 78.9
C-11 78.8 78.8
C-6 77.2 77.7
C-8 66.5 66.6
C-1 51.1 51.0
C-9 38.5 38.6
C(O)CH: 36.6 36.7
C-2 32.2 32.3
C(O)CHs 22.4 22.6
C(O)CHCH: 21.9 22.2
C(O)CCHs 20.7 20.9
C-14 18.0 18.1
=CHCH3 16.4 16.5
C-13 15.9 16.0
CHxCH3 13.7 13.9
C-15 13.1 13.3
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